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Water-soluble p-sulfonatocalix[7]arene 1 has been synthesized in good yield through standard proce-
dures and its conformational preferences have been investigated by Monte Carlo conformational
searches. The acid-base properties of 1 were investigated by means of potentiometric titration, obtaining
pK, values in agreement with those reported for other p-sulfonatocalix[n]arene homologs. The binding

ability of 1 toward organic quaternary ammonium cations such as Diquat (2), Paraquat (3), and Chlorme-
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quat (4) was investigated by means of 'TH NMR titrations in D,0 at pD=7.3, DOSY NMR measurements,
and 2D ROESY NMR spectroscopy. Spectrofluorimetry proved to be a useful method for the determina-
tion of trace amounts of 2 and 3 in aqueous solution by using Acridine Orange bound to 1 as a chemical

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Molecular recognition’ is an intensely active current area of re-
search, the main aim of which is the preparation of new functional
material with potential applications as sensors,> chromatographic
stationary phases for separation processes,> and membranes and
extractants for pollutants removal* Among the more effective
synthetic supramolecular receptors, calixarene® hosts are of special
interest. They are bowl-shaped macrocycles endowed with a cavity
able to host small molecules or ions. A wide variety of functional
groups may be introduced onto the macrocycle, either at the upper
(or wider) and at the lower (or smaller) rim. Special attention has
been devoted to the recognition properties of calixarene derivatives
in water, because it is the solvent of biological reactions. The scarce
solubility of native calixarene macrocycles in aqueous solutions
may be suitably enhanced by introducing sulfonato groups at their
upper rim.® This allowed an investigation of the binding ability
of the so-called ‘major’ p-sulfonatocalix[n]arenes (those in which
n=4, 6, and 8)° toward amino acids and nucleic acid bases,’
peptides,® organic ammonium cations,® neutral guests,'® and other
biologically interesting molecules such as steroids!! (testosterone,
progesterone, estradiol) and neurotransmitter (acetylcholine).!® In
particular, the recognition properties of p-sulfonatocalix[4]arene
toward organic ammonium cations have been investigated by
microcalorimetry and NMR, indicating that the electrostatic
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interactions between sulfonato and ammonium groups are funda-
mental for adduct stability.”> Recently, Liu et al. have reported
a study on the recognition of 4,4’-dipyridine, 2,2’-dipyridine, and
1,10-phenanthroline by p-sulfonatocalix[5]arene and p-sulfonato-
calix[4]arene at various pH.' Their data indicate that the binding
of these guests is favored by the enthalpic contribution, indicating
that the stabilization of the host-guest adduct is determined by
secondary forces (H-bonds, CH: -, 7---7t, and electrostatic interac-
tions).!* The size of the calixarene cavity also plays a pivotal role in
the binding process.”f Thus, in the above reported case, both 2,2/-
dipyridine and 1,10-phenanthroline showed a higher association
constant for p-sulfonatocalix[4]arene than p-sulfonatocalix[5]ar-
ene, whereas the situation is reversed in the case of 4,4’-dipyridine.
Besides, recently Arena et al.”f have observed that the inclusion of
amino acids in p-sulfonatocalix[4]arene derivatives depends on
the cavity dimension: p-sulfonatocalix[4]arene derivative in a Cyy
conformation has a narrow cavity, in which there is not enough
space to accommodate amino acids. Differently from the major
even-homologs, the synthesis and the recognition properties of
p-sulfonatocalix[7]arene have not yet been reported. On the other
hand, the recognition properties of calix[7]arene!® derivatives can
be of significant interest because of the different dimension of the
macrocyclic cavity and of the peculiar conformational properties
of this new host.'®!” These intriguing aspects prompted us to inves-
tigate the synthesis and the recognition properties of p-sulfonato-
calix[7]arene (1) toward some organic quaternary ammonium ions
of environmental relevance, namely Diquat (1,1’-ethylene-2,2'-bipyr-
idinium, 2) dibromide, Paraquat (1,1’-dimethyl-4,4'-bipyridinium, 3)
dichloride and Chlormequat (2-chloroethyltrimethylammonium, 4)
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chloride, by means of NMR spectroscopy and spectrofluorimetry.
Herein, we wish to report the results of these studies.

2. Results and discussion
The synthesis of p-sulfonatocalix|7]arene 1 followed a classical
procedure starting with p-tert-butylcalix[7]arene, which was

synthesized under Gutsche’s acidic conditions.!® p-tert-Butylca-
lix[7]arene was de-tert-butylated with AlCl3 in toluene following

C)

the reported procedure,”® and successively treated with 96%
H,S04 for 3 h at 80 °C. After a workup procedure based on the
addition of Ba(OH),/Na;CO3 and very similar to that reported by
Shinkai,% we have obtained the nonasodium salt of calix[7]arene-
p-heptasulfonate 1 as a white precipitate.?® The 'TH NMR spectrum
in D0 (400 MHz, 25 °C) of 1, showed two sharp singlets relative
to ArCH,Ar and ArH protons, indicating a high conformational
mobility of the macrocycle. The presence of two signals in the 'H
NMR spectrum of 1 was consistent with a calix[7]arene structure
possessing a C7, molecular symmetry. A better insight into the
conformation of the p-sulfonatocalix[7]arene 1 was obtained by
Monte Carlo conformational searches using the MacroModel-9.0
program®® [OPLS (Optimized Potentials for Liquid Simulations)
force field, H,O solvent]. The starting structures were built on the
basis of the most common conformations adopted by calix[7]arene
skeleton as found in the X-ray crystal structures.’®?! On the basis
of the elemental analysis and of the pK, values reported in the
following section, p-sulfonatocalix[7]arene possesses two readily
ionizable phenolic protons, and at neutral pH exists as the [p-
sulfonatocalix[7]arene]’~ anion. In accordance with these consider-
ations, location of the phenoxide anions at the 1,4 positions always
led to a lower energy with respect to all the other ones. Therefore, all
conformational searches were conducted on this dianion. The low-
est OPLS-energy conformation found by these means and depicted
in Figure 1a is consistent with the X-ray structure'® and lowest
MM3-energy conformation found by Harada and Shinkai'” for
native calix[7]arene skeleton and defined as double-cone pinched.
Instead, p-sulfonatocalix[7]arene built on the basis of the X-ray
pleated-loop/cone structure (Fig. 1b) reported by Perrin et al. for
p-ethylcalix[7]arene,?'? shows an energy higher by 7.0 kj/mol than
that of the double-cone pinched, in accordance with the energy
considerations reported by Harada and Shinkai'” on calix[7]arene
macrocycle. Other common X-ray conformations of the calix[7]ar-
ene skeleton were found at consistently higher energies. In the dou-
ble-cone pinched conformation of p-sulfonatocalix[7]arene 1 both
phenoxide anions at the lower rim are hydrogen bonded to their

Figure 1. Lowest OPLS-energy structures of the double-cone pinched (a) and pleated-loop/cone (b) conformations of p-sulfonatocalix[7]arene 1.
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flanking OH groups as shown in Figure 1a. Analogous stabilization
occurs for the two phenoxide anions of pleated-loop/cone confor-
mation (Fig. 1b).

2.1. Potentiometric determination of the acid dissociation
constants of p-sulfonatocalix[7]arene

The acid-base properties of 1 in water were investigated poten-
tiometrically, at 25 °C. Considering that in aqueous solution the Na*
ions balancing the sulfonato residues of 1 are 100% dissociated,
a high charge for 1 was expected. As a consequence, the ionic
strength of the solution varies with pH and variations of activity co-
efficients of the reacting species occur, which lead to inaccurate
equilibrium constants. As may be easily demonstrated by using
the Specific Interaction Theory,?? an effective control of the activity
coefficient variations of 1 could be obtained by adding to the solu-
tion under investigation a thousand fold excess of a 100% dissoci-
ated electrolyte. Thus, all the solutions were prepared so as to
contain 3 M NaClO4 as the ionic medium. Experiments were per-
formed in the form of potentiometric titrations in which con-
stant-current coulometry was used to vary the pH of the
solutions. The analytical acidity, Ho, of an accurately known
volume, Vj, of a p-sulfonatocalix[7]arene (in the following NayH7L)
solution

S: NayH;L Cy M, HCIO4 Hy M, NaClO4(3.000 — Hg) M

in which Co=10"3 M, high enough to suppress the dissociation of
the hydroxyl protons, was decreased stepwise by using the circuit I

(—)Pt|SolutionS |AE(+) (I)
in which a platinum foil (1 cm? area) was the cathode and

AE: NaClO,4 3.000 M | NaClO, 2.980 M, HCIO4 0.010 M,
Hg>(Cl04), 0.050 M, Hg

was the anode, an auxiliary electrode electrically connected with S
through a salt bridge. The stepwise delivery of an accurately known
current intensity into S for a pre-fixed time interval allowed the de-
termination of the micromoles of H" ions reduced at each step at the
cathode of (I), u. After each addition, the electromotive force E was
measured (in the following emf), at the ends of the galvanic cell (II)

RE |Solution S|GE  (II)
In cell (II)

RE: Ag, AgCl | AgClO4 0.010 M, NaClO4 2.990 M,
AgCls)satd | NaClO4 3.000 M

was a reference Ag, AgCl electrode (RE), external to the cell but in
electrical contact with it through a salt bridge, and GE was a glass
membrane electrode. As a criterion for the attainment of a true
equilibrium an emf value varying by less than +0.01 mV over
15 min was assumed. In order to verify both the reversibility of
the equilibria and that no electrochemical reduction of 1 had oc-
curred at the cathode, once a 10~ mol/dm> excess of hydroxide
ions had been produced, the polarity of cell (I) was reversed, and
a back titration was performed. The primary (u, E)co data thus col-
lected were used to determine the equilibrium constants, K, of the
reaction 1

H7L’~ +nH,02nH30% +H7_p L7+~ 1)

Obviously the actual charge of the species was different from the
formal one appearing in Eq. 1, owing to the variable amount of Na™
ions partially neutralizing 1; however, because of the use of the
constant ionic medium method it was not possible to determine
the true number of Na™ and/or ClOz ions appearing in each species,
because their concentration was not varied during the experiments.

4_

-logh

Figure 2. Plot of the primary data of the potentiometric titration of 1 as the formation
function Z versus —log h, for the direct (circles) and the back (crosses) titration. The
solid curve was obtained from Eq. 4, assuming log K;=-3.19; log K,=-8.59;
log K3=-18.0; log K4=-30.0.

In order to evaluate Kj, both H, the analytical proton excess with
respect to the zero level represented by H7L”~ and H,0, and the
concentration of H3O" ions at equilibrium, h (=[H30"]), had to
be determined; the first on the basis of Eq. 2

H = (HoVo—u)/Vo (2)
and the second from the Nernst equation for cell (I) at 25 °C.
E=E°+59.16logh (3)

The constant terms Hg in Eq. 2 and E® in Eq. 3 were determined,
simultaneously, in a preliminary stage of each experiment with the
Gran’s method.?? The (h, H) data were the basis for the evaluation of
the formation function

Z=(h=H)/Co= (D nkah™™) /(14> Kuh™") )

representing the average number of H™ ions dissociated per each
p-sulfonatocalix[7]arene. A plot of the Z(—log h) data collected is pre-
sented in Figure 2. As it is evident from an inspection of Figure 2, a full
reversibility of the protolytic equilibria occurs. The equilibrium con-
stants K, were evaluated from a least-squares regression of the
Z(—log h) points. The best fit was obtained with the following set of
values: log K1=—3.1940.06; log K,=—-8.59+0.09; log K3=—18.0+0.1;
log K4=—30.0+0.8 (the uncertainties representing three times the
standard deviation), corresponding to the following stepwise dis-
sociation constants: pK;1=3.19; pK;2=>5.40, pK,3=9.41, pK34=12.0, in
accord with pKj, values reported for analogous p-sulfonatocalix[n]ar-
enes (n=>5 and 6).24 The distribution diagram of 1 in the 1072-10~ > M
acidity interval is presented in Figure 3. Perusal of the pKj;, suggests
that the dissociation of the first hydroxyl proton is favored by the for-
mation of strong hydrogen bonds within the lower rim, as in
Figure 4a. A similar stabilization of the dianion formed after a further
proton dissociation is expected, on the basis of a hydrogen bond net-
work as the one depicted in Figure 4b.

2.2. NMR determination of the binding ability
of p-sulfonatocalix[7]arene toward Diquat,
Paraquat, and Chlormequat

The recognition properties of p-sulfonatocalix[7]arene (1) to-
ward some organic quaternary ammonium ions of environmental
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Figure 3. Distribution diagram of the Hg_,L7*™~ species at 25°C in the
2<-log h<12 interval. a, represents the concentration of the H n)L‘”")’ species
relative to the total concentration of 1. The plot was drawn assuming the constants
log K1=-3.19; log K,=-8.59; log K3=—18.0; log K4,=—30.0, determined in 3 M NaClO4.

relevance, namely Diquat (1,1’-ethylene-2,2'-bipyridinium, 2) dibro-
mide, Paraquat (1,1’-dimethyl-4,4'-bipyridinium, 3) dichloride, and
Chlormequat (2-chloroethyltrimethylammonium, 4) chloride, were
investigated by means of NMR titrations.?

TH NMR titrations were carried out by increasing the [host]/
[guest] ratio, while keeping constant, at about 10~2 mol/dm?, the
guest concentration. In all cases the signals of guest protons were
observed as averaged single resonances because of the fast ex-
change on the NMR timescale between the free and bonded
guest.%®

The chemical shift of the guest protons usually shifted to higher
fields upon addition of the host (Fig. 5).2°

The observed upfield shifts are very likely determined by shield-
ing effects of the aromatic nuclei consequent to the penetration of
the guest into the cavity of the host. In all cases the stoichiometry
for the reaction 5 is 1:1 as was confirmed by Job plots®>?® (Fig. 6,
insets) (in which G may be 2, 3 or 4).

1+G=21-G (5)

Figures 5 and 6a show the changes in the chemical shift
(Adobs=00bs—Ofree) induced by inclusion of Diquat (2) into the cavity
of p-sulfonatocalix[7]arene (1). As reported,'3¢14?7 these values are
useful to obtain information about the structure of the complexes.
As shown in Figure 6a, for Diquat (2) the higher CIS (Complexation
Induced Shift) was observed for protons H(d), while the lowest CIS
was experienced by the ethylene bridge protons and by the H(a)

94 92 90 88 86 84 82 80 78 76 74 72

Figure 5. Titration of Diquat 2 with p-sulfonatocalix[7]arene 1. Aromatic region of the
TH NMR spectrum (400 MHz, 25 °C, 0.1 M phosphate buffer in D,0) of Diquat 2 after
addition of (from bottom to top) 0.00, 0.11, 0.23, 0.35, 0.46, 0.57, 0.68, 0.80, 0.91,
1.00, 1.12, 1.23, 1.43, and 1.64 equiv of 1.

protons. The A6 value are consistent with the binding mode de-
scribed in Figure 7, in which the guest 2 is sandwiched within the
calixarene aromatic walls, with positive nitrogen atoms close to an-
ionic sulfonato groups to maximize the electrostatic interactions.
This is substantially in agreement with the binding mode proposed
by Liu et al.' for the inclusion of the protonated 2,2’-dipyridine into
the cavity of p-sulfonatocalix[5]arene.

The binding mode of the complex 1-2 depicted in Figure 7, was
confirmed by a 2D ROESY spectrum (see Fig. S7 in Supplementary
data). In fact, a weak cross-peak at 8.54/7.46 ppm between H(a)
proton of Diquat 2 and aromatic Ar-H protons of p-sulfonatoca-
lix[7]arne 1 can be seen in the ROESY spectrum of the complex
1-2. In addition, a strong cross-peak was present at 7.82/7.46 ppm
between the broad singlet relative to H(b) and H(d) proton of 2
and Ar-H protons of p-sulfonatocalix[7]arne 1, indicating their
closer spatial proximity.

Recently, Diffusion-Ordered SpectroscopY (DOSY) NMR has
been particularly used in host-guest chemistry®>?® to rule out the
possibility of 2:2 complexes in the form of a molecular capsule,?®
or other higher order species. Thus, we decided to perform DOSY
NMR measurements to investigate these aspects for the complex

Figure 4. Stabilizing hydrogen bonds in HeL®~ (a) and HsL?~ (b) anions.
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Figure 6. Plots of the A¢ (ppm) of the protons of Diquat 2 (a), Paraquat 3 (b), and Chlormequat 4 (c) versus [p-sulfonatocalix[7]arene]/[n] (n=2, 3, and 4), at 25 °C in D,0 (400 MHz)
and 0.1 M phosphate buffer (pD=7.3.). [2]=1.4 mM, [3]=1.8 mM, [4]=1.8 mM. Insets: Job’s plots.

Figure 7. Energy-minimized structure of the complex formed between p-sulfonatoca-
lix[7]arene 1 (blue) and Diquat 2 (yellow) (MacroModel V. 9.0, OPLS force field).

formed between p-sulfonatocalix[7]arene 1 and Diquat 2 (Fig. 8). In
particular, in a phosphate buffer at 298 K, we obtained a diffusion
coefficient of 6.14x107'°m?/s for Diquat 2 (Table 1), while in
a 1:1 mixture with p-sulfonatocalix[7]arene 1 Diquat 2 showed
a significant decrease in the diffusion rate (3.37x10~° m?/s). This
indicates that p-sulfonatocalix[7]arene 1 and Diquat 2 form a stable
complex, which diffuses more slowly than free Diquat 2. The DOSY
technique, in addition, provides information about the size of the
molecular aggregate in solution. In fact, by means of the Stokes—
Einstein equation, the diffusion coefficient of the complex 1-2 can
be converted into its hydrodynamic radius Ry and this value can
be compared with the calculated radius obtained by OPLS-mini-
mized structure of the complex 1-2 (Fig. 7). Thus, combining the
diffusion coefficient of the complex 1-2 (D=3.37x10"10m?fs)
with the viscosity of D;0%? at 298 K in the Stokes-Einstein equation
(R=kgT/67nD; where kg is the Boltzmann constant, T is the absolute

temperature, and 7 is the viscosity of D0 at 298 K),3° a hydrody-
namic radius Rh(exp):7.28/\ was obtained. This value is in good
agreement with the hydrolytic radius Rh(calcd):8.7OA calculated
from the OPLS-minimized structure of the complex 1-2 shown in
Figure 7. In conclusion, the results of DOSY experiments are in ac-
cord with the 1:1 stoichiometry deduced by means of Job’s plot.
In fact, the calculated hydrodynamic radius (7.28 A) matched very
well with the theoretical value of the 1:1 complex for 1-2
(8.70 A), ruling out the possibility of higher order host-guest com-
plexezsé such as molecular capsules of the type reported by Dalgarno
etal

In the case of Paraquat 3, upon complexation with p-sulfonato-
calix[7]arene (Fig. 6b) higher CIS were observed for H(a) and H(b)
aromatic protons with respect to methyl groups.?® The inclusion
of the Paraquat 3 into the cavity of p-sulfonatocalix[7]arene 1 was
confirmed by a 2D ROESY spectrum (see Fig. S8 in Supplementary
data). In fact, this spectrum exhibits cross-peaks at 8.31/7.51 ppm
between H(a) proton of Paraquat 3 and aromatic Ar-H protons of
p-sulfonatocalix|[7]arene 1, and cross-peaks at 7.71/7.51 ppm be-
tween the singlet relative to H(b) and Ar-H protons of p-sulfonato-
calix[7]arene 1.%% In addition, a cross-peak between methyl groups
of Paraquat 3 and aromatic ArH protons of the p-sulfonatocalix[7]-
arene 1 at 3.90/7.51 was indicative of the inclusion of the Paraquat 3
into the cavity of p-sulfonatocalix|[7]arene 126 DOSY NMR data
(Fig. 9) were consistent with a 1:1 stoichiometry of the complex
1-3 as determined by means of Job’s plot. In fact, the hydrodynamic
radius of the complex 1-3 Rp(exp)=8.72 A (Table 1) derived by diffu-
sion rate (D=2.32x101" m?/s) was in good agreement with hydro-
lytic radius of the complex 1-3, Riycalcd)=8.83 A (Table 1) calculated
from the OPLS-minimized structure of the complex 1-3.26

In the case of Chlormequat 4 (Fig. 6¢) a higher complexation
induced shift was observed for ammonium methyl protons,
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Figure 8. 2D-DOSY spectra recorded in 0.1 M deuterated phosphate buffer, pD 7.3 at 300 K with: (a) Diquat 2 and (b) mixture of p-sulfonatocalix|[7]arene 1 and 2 in a 1:1 ratio.

Table 1
Diffusion coefficients and experimental Ryexpy and calculated Rycaica) hydrolytic
radii for the complexes 1-2 and 1-3

Table 2
Association constants (Kj.¢) of 1:1 adducts of p-sulfonatocalix[7]arene 1 with differ-
ent guests

D107 m?/s Rigexp) /A Ri(cateay’/A
Diquat 2 6.14
Complex 1-2 3.37 7.28 8.70
Paraquat 3 8.00
Complex 1-3 2.32 8.72 8.83

2 The NMR diffusion measurements were performed on 5 mM samples in 0.1 M
deuterated phosphate buffer, pD 7.3 at 300 K.

b The experimental hydrodynamic radii were calculated by means of the Stokes—
Einstein equation (assuming spherical shape of all the assemblies) using the corre-
sponding diffusion coefficients. These values were compared with the average
radius (Rp(calcd). See table) of the energy-minimized structures of the complexes
obtained by means Monte Carlo conformational searches (50,000 steps, Macro-
Model OPLS force filed).

consistently with the inclusion of this charged group into the cavity
to give C-H---w interactions.?®

The association constants Kj.¢ of the three complexes were
determined either by a non-linear regression analysis of NMR
titration data,®® and by using the data processing program
HypNMR.3! The results were coincident within the experimental
uncertainty, and are presented in Table 2. As is evident from Table 2,

(@)
-9.8

956 -
941
9.2 |l

-9.0

Log D [m?/s]

-8.8 1

-8.6 4

-8.4 1

-8.2 4

2 1110 9 8 7 6 5 4 3 2

Guest log K7.¢+30

HypNMR Non-linear regression
Diquat 4.6+0.2 4.57+0.05
Paraquat 4.5+0.1 4.5+0.1
Chlormequat 4.09+0.09 4.08+0.08

the doubly charged guests Diquat 2 and Paraquat 3 show a slightly
higher affinity for p-sulfonatocalix[7]arene (1) than singly charged
Chlormequat 4 suggesting that the binding of these charged guests
is influenced by the strength of electrostatic interactions between
sulfonato and ammonium groups.

2.3. Spectrofluorimetric determination of Diquat, Paraquat,
and Chlormequat

Considering the good affinity of 1 toward 2, 3, and 4, we decided
to investigate the possibility to use 1 to detect their presence in the
environment. To this purpose, a spectrofluorimetric method was
used, which was based on the use of Acridine Orange (5), as

(b)
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96 | | ' ||
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-8.6
8.4 4

-8.2 4
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Figure 9. 2D-DOSY spectra recorded in 0.1 M deuterated phosphate buffer, pD 7.3 at 300 K with: (a) Paraquat 3 and (b) mixture of p-sulfonatocalix[7]arene 1 and 3 in a 1:1 ratio.
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Figure 10. Fluorescence spectra of Acridine Orange 5 (1.0-10~® M) in the presence and
absence of p-sulfonatocalix[7]arene 1 (10~ M): 0.0; 0.025; 0.050; 0.10; 1.0; 10.0, in
aqueous solution at pH=7; fluorescence decrease by addition of 1 to 5.

a chemical indicator of the binding of 2 or 3 to 1. Actually, the detect-
able emission of 5 at 525 nm is suppressed in the presence of 1,
owing to the formation of adduct, according to reaction 6 the
equilibrium constant of which is Kj 5.

145215 (6)

The decrease in fluorescence intensity of Acridine Orange upon the
addition of calixarenesulfonate was mainly attributed to the inclu-
sion complexation.?? The decrease in fluorescence intensity by ad-
dition of 1 to 5, as evidenced in Figure 10, allowed to determine,
through the Benesi-Hildebrand method,3? the association constant
of 1-5. Assuming a 1:1 stoichiometry,

H+G=2H-G (7)

the inclusion complexation of the Acridine Orange (5) with the
p-sulfonatocalix[7]arene 1 is expressed by Eq. 7 and the complex
stability constant (Ks) is given by Eq. 8.
_ HG]
It is well-known that the fluorescence intensity is proportional to
the concentration of the fluorophore in dilute solution,> therefore

AF = Ae-[HG] 9)

where AF and Ae¢ denote the changes in the fluorescence intensity
and molar fluorescence intensity of the Acridine Orange upon
complexation with calixarenesulfonate.

Under the conditions employed, the initial concentration of the
guest is much larger than that of the host, i.e., [Go] > [Hp]. There-
fore, the combination of Eqs. 8 and 9 leads to the extended
Benesi-Hildebrand equation (Eq. 10),>* which was used to calculate
the complex stability constants from the slope and intercept of
[Hol[Gol/AF versus [Hp] plots.
HollGo] _ 1 [Ho]

AF 7~ KassAe ' Ac (10)

A typical plot of this function for the complexation of Acridine
Orange (5) with the p-sulfonatocalix[7]arene 1 to 25 °C in aqueous
solution is illustrated in Figure 11, where the [Hp][Go]/AF values are
plotted against the [Hp] values, affording an excellent linear
relationship according to the Benesi-Hildebrand Eq. 10. From
the slope and intercept of the straight line the values of
Kass=(19,130£50) M~! and A¢=8.6 M~! have been calculated. The
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Figure 11. Typical plot of [Ho][Go]/AF versus [Ho] for the complexation of Acridine
Orange (5) with p-sulfonatocalix|[7]arene 1 at 25 °C in aqueous solution.

value obtained, valid at 25°C and at zero ionic strength, was
log K1.5=4.2834+0.007 (uncertainty is 3¢) to be compared with
the ones reported in Table 2. Accordingly to Table 2, it appears
evident that only the detection of 2 or 3 is possible as far as the
displacement reaction 11 proceeds.

15+G=21-G+5 (11)

In reaction 11, G is 2 or 3, and 1-G represents the complexes of 2
or 3 with 1. None of the species appearing in reaction 5 had a signif-
icant UV-vis emission except 5, whose fluorescence emission at
525 nm increased as far as it was displaced from 1-5 by G. In Fig-
ure 12, the fluorescence spectrum of 1-5 solutions in the presence
of increasing amounts of 2 is presented. The fluorescence emission
intensity at 525 nm increases linearly with the concentration of 2,
added to 1-5, up to 40 uM.

Therefore, this approach could be used as a fluorometric method
for the detection of organic quaternary ammonium ion 2 of envi-
ronmental relevance in aqueous solution. Similar behavior was ob-
served for 3 (see Figs. S9 and S10 in Supplementary data).

In order to check the analytical usefulness of this method for
the determination of Paraquat and Diquat, we have analyzed
various solutions at various concentration of organic quaternary
ammonium ion. The assessed detection limit is not inferior to
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Figure 12. Fluorescence spectra of Acridine Orange 5 (1.0-10~° M) in the presence of
p-sulfonatocalix[7]arene 1 (1.0-107> M), in aqueous solution at pH=7; fluorescence
intensity increase by addition of 2 (uM): 0.0; 1.0; 10.0; 20.0; 30.0; 40.0, to 1-5.
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0.1 mg/dm?>. This value can be compared to the health advisory
levels usually established for Paraquat of 0.1 mg/L (children short-
term exposure) and 0.2 mg/L (adult intermediate-term exposure)
(EPA 734-12-92-001), and to its maximum contaminant limit
(MCL) in drinking water of 3 pg/L.

3. Conclusion

In summary, the water-soluble p-sulfonatocalix[7]arene deriva-
tive 1 was synthesized through standard procedures. In accordance
with the results of Harada and Shinkai for p-tert-butylcalix[7]arene,
Monte Carlo conformational searches indicate the double-cone
pinched conformation as the lowest energy conformation for p-sul-
fonatocalix[7]arene. The acid-base properties of 1 were investi-
gated by means of potentiometric titration, obtaining pK, values
(pKa1=3.19; pK;2=5.40, pKy3=9.41, pK14=12.0) in agreement with
those reported for analogous p-sulfonatocalix[n]arenes (n=5 and
6). Analogously to these macrocycles, 1 also possesses two readily
ionizable protons, and thereby at pH=7 it exists as the [p-
sulfonatocalix[7]arene]®~ anion. The binding ability of 1 toward or-
ganic quaternary ammonium cations such as Diquat (2), Paraquat
(3), and Chlormequat (4) was investigated by means of 'H NMR ti-
trations in D0 at pD=7.3. The more highly charged guests Diquat 2
and Paraquat 3 showed a slightly higher affinity for p-sulfonatoca-
lix[7]arene than Chlormequat 4, indicating that the complexation
of these charged guests is driven by electrostatic interactions
between sulfonato and ammonium groups. NMR and molecular
mechanics studies indicate that both Diquat 2 and Paraquat 3 are
sandwiched between the aromatic walls of the calixarene cavity
with positive nitrogen atoms close to sulfonato groups to maximize
electrostatic interactions, whereas Chlormequat 4 leads the ammo-
nium methyl protons into the calixarene cavity to give C-H-- =
interactions.

4. Experimental
4.1. General

Reagents, characterization techniques, 1D and 2D NMR spectra,
and energy-minimized structures of the complexes are described in
the Supplementary data.

4.2. Synthesis

p-H-Calix[7]arene!® (4.67 g, 6.3 mmol) was mixed with 30 mL of
H,S04 and the solution was heated at 80 °C for 3 h. After cooling, the
precipitate was recovered by filtration. The precipitate was dissolved
in water, and the solution was added of Ba(OH); until pH=4-5.
Precipitated BaSO4 was removed by centrifugation, and then
Na,CO3 (0.5 M aqueous solution) was added to the filtrate until
pH=8-9. The solution was concentrated and treated with active
charcoal. The filtrate was concentrated in vacuo, and ethanol was
added to the remaining solution to give nonasodium salt of
calix|7]arene-p-heptasulfonate 1 (yield 71%) as a white precipitate.
'H NMR (400 MHz, D50, 298 K): 6 4.01 (s, ArCH,Ar, 14H), 7.51 (s,
ArH, 14H); '3C NMR (100 MHz, D,0, 298 K): 6 31.9 (t, ArCHAr),
126.9 (d, CarH), 129.6 (s, Car), 132.8 (s, Car), 157.3 (s, Car); mp:
300°C (decomp.); Anal. Calcd for C49H330,8S7Nag-8H,0: C,
35.77%; H, 3.00%; Na, 12.57%. Found: C, 35.68%; H, 3.08; Na, 12.65%.

4.3. Binding studies

TH NMR titrations were performed at 298 K in D,0. Chemical
shifts were externally referenced to DSS (3-trimethylsilyl 1-pro-
panesulfonic acid, sodium salt). All experiments were performed
in deuterated phosphate buffer (0.1 M) with a pD value of 7.3.

The guest concentration was kept constant while the host
concentration was varied, examples: (Diquat) [2]=1.40 mM,
[1]=0.16-3.40 mM; (Paraquat) [3]=1.80 mM, [1]=0.30-3.04 mM;
(Clormequat) [4]=1.80 mM, [1]=0.13-3.59 mM. In all cases, the
signals of the guest were followed and the data were analyzed by
a non-linear regression analysis,>> and by using the data processing
program I—lypNMR.31

Supplementary data

Supplementary data associated with this article can be found in
the online version, at doi:10.1016/j.tet.2008.03.017.
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