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A zinc–salophen/bile-acid conjugate receptor
solubilized by CTABr micelles binds phosphate in
water†

Ondřej Jurček,a Massimo Cametti,*b Marta Pontini,‡a Erkki Kolehmainena and
Kari Rissanen*a

Receptor 1, composed of two deoxycholic acid moieties appended

to a Zn–salophen complex, was prepared, characterized and

tested for anion binding by 1H NMR and UV-vis spectroscopic

techniques. While in polar DMSO, 1 is able to bind phosphate (K =

∼700 M−1), the addition of water severely diminishes the associ-

ation. In a 1 : 9 water–DMSO mixture, the binding constant K is

only ca. 20 M−1. Notably, in an aqueous solution of CTABr micelles

(CTABr 10 mM, cmc = ∼1 mM), the zinc–salophen conjugate 1,

due to its two non-polar bile-acid moieties, becomes solubilized

and, most importantly, it almost completely recovers its binding

ability towards phosphate, displaying a remarkable affinity (K =

∼450 M−1) in water.

Introduction

Anions are ubiquitous in the natural world and their recog-
nition and binding constitute a central theme in Supramolecu-
lar Chemistry.1 In particular, phosphates – major components
in bio-mineralised materials, such as exoskeletons and bones,2

and essential parts of DNA and RNA3 – have prominent impor-
tance in biological processes, but also they represent signifi-
cant environmental hazards for their widespread use as
fertilizers. Hence, the development of species able to bind
phosphate and phosphorylated molecules efficiently and selec-
tively has attracted increasing attention in the last few
decades.4

As evidenced by many authors, anion binding presents
several additional challenges compared to cation binding,
related to the greater size (compared to isoelectronic cations),
the smaller charge density, and their varying shapes and geo-
metries and pH sensitivities. Moreover, in protic solvents and
water, solvation/hydration energies for anions are usually high
and this represents a severe obstacle to binding, which
explains the paucity of anion receptors able to be effective in
water or aqueous media.1a–c

In general, among the plethora of different intermolecular
interactions available, metal coordination is considered one of
the most efficient a receptor could rely on. In organic solvents,
metal sites are established as excellent binding centres for
anions.1,5 However, translating the same systems in water has
turned out to be difficult. Firstly, simple neutral metal com-
plexes are usually insoluble in water and this requires the
introduction of synthetic modifications, which naturally
should avoid any possible interference with the binding site.
Furthermore, once the solubility issues are solved, the
affinities observed could be lower than expected.6 A completely
different approach aims at constructing a “protective” environ-
ment around the receptor binding site that could serve as a
shield for the binding event from the competing bulk water.
Among a few successful attempts in this direction,7 a demon-
stration of the above concept for the binding of anions was
achieved by using aqueous CTABr micelles as carriers for a
simple UO2–salophen receptor.7a In that case, a strong binding
to fluoride in water, unattainable without the micellar environ-
ment, was indeed observed.

Despite the effective strong Lewis acid character and anion
binding aptitude of UO2–salophen complexes,8 uranium is
mildly radioactive and this severely limits any possible exploi-
tation of their properties in real-world applications. Hence, the
need to study other metal centers able to bind anions, for
instance, Zn(II) cation, is evident. It is well known that Lewis
basic groups are excellent axial ligands for Zn–salen and –salo-
phen complexes, and this explains why they have recently
attracted attention in a number of structural,9 catalytic10 and
host–guest chemistry studies.11
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Here we report on the novel zinc–salophen/bile-acid receptor 1
(Scheme 1) constituted by a central Zn–salophen complex, conju-
gated with two deoxycholate amido moieties at both sides linked
by Huisgen copper-catalyzed click reaction. Receptor 1 is solubil-
ized easily in aqueous CTABr micelles. Under such conditions,
the 1·CTABr system maintains its ability to bind phosphate by
displaying a remarkable affinity. Receptor 1 represents the first
example of a metal–salophen complex specifically designed to be
incorporated into a micellar system. In this respect, bile acid moi-
eties were chosen as ideal structural units due to their proven
affinity for lipophilic membranes.12 Huisgen copper-catalyzed
click chemistry13 was employed as a convenient method to
connect the two structural elements, viz., the metal–salophen
unit and the bile acid moieties together into the new receptor 1.

Results and discussion
Synthesis

5-Azidomethyl-2-hydroxybenzaldehyde (3) was prepared in two
steps by transformation of salicylaldehyde to a corresponding
chloromethyl precursor, which was subsequently converted
into azide.14 Propargyl amide 2 was prepared via amidation of
deoxycholic acid by propargyl amine in the presence of DCC
and DMAP. Compounds 2 and 3 were connected by Huisgen
copper-catalyzed click chemistry to form the 1,2,3-triazole ring
and give compound 4. Two units of 4 were merged together by
formation of bis-Schiff base with ortho-phenylenediamine in
order to afford the final ligand. Subsequent addition of Zn(II)
salt (one-pot) led to the receptor 1 in 80% yield (Scheme 2).

Anion binding properties in DMSO

While in weakly coordinated solvents, tetra-coordinated Schiff
base Zn(II)-complexes are known to auto-saturate their metal
coordination sphere by formation of dimeric species and/or
aggregates,9 in coordinating solvents such as DMSO, they
usually exist in the monomeric form and adopt a square pyra-
midal configuration at their metal centre, where the solvent is
axially coordinated. The replacement of the solvent axial
ligand by stronger donating species (amines, anions, etc.) is
known to produce significant changes in the optical pro-
perties, which can be easily monitored by UV-vis spectroscopy.
We initially investigated the anion binding properties of recep-
tor 1 in DMSO, where it is soluble at 25 °C, by 1H-NMR titra-
tion experiments in which the time averaged signals of the
receptor were monitored as a function of increasing concen-
tration of the target anion, added as TBA salt. This preliminary
test allows also a direct comparison of the binding ability of 1
with other anion receptors reported in the recent literature.1a–c

DMSO is becoming a very popular solvent to test binding since
it might be considered as the upper limit in terms of competi-
tiveness among common aprotic solvents. As an example of a
typical experiment, the titration between a 2 mM solution of
the receptor 1 and (TBA)H2PO4 is shown in Fig. 1a. Clearly, all

Scheme 1 Molecular formula of the Zn–salophen/bile-acid conjugate 1.

Scheme 2 Synthetic procedure for 1.

Fig. 1 (a) Chemical shift variations observed for signals of 2 mM 1 upon
addition of increasing amounts of (TBA)H2PO4 (from bottom to top) in DMSO-
d6 at 300 K; (b) a plot of the chemical shift variations observed for the imine
CHvN signal of 1 vs. (TBA)X concentration (X = Cl−, AcO−, H2PO4

−) in DMSO-d6

at 300 K (lines represent best fit curves for each data set).
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the receptor protons display a shift upon addition of increas-
ing aliquots of the anion (from bottom to top). With the excep-
tion of the signal around 8.15 ppm,15 the observed chemical
shifts are shielded (upfield) and they were interpreted as due
to the increase of electron density on the salophen framework
upon formation of the negatively charged [1-phosphate]−

complex. The anion is expected to interact with the Zn(II)
centre via a coordinative bond thus forming a penta-
coordinated square pyramidal complex.11

A plot of the observed δ of iminic protons versus the phos-
phate (○) concentration is shown in Fig. 1b, along with the δ

variations observed upon addition of Cl− (●) and acetate (▼)
anions. Each data set can be easily fitted by making use of a
non-linear least squares method and applying a 1 : 1 binding
isotherm equation. Measurements were run in duplicate and
the σ-weighted average of the association constants16 for each
anion is reported in Table 1. Acetate and phosphate anions are
bound to 1 to a similar extent, while chloride displays a lower
affinity. In the case of phosphate, the association constant was
also confirmed by independent UV-vis titration experiments
(see the ESI†). In the case of (TBA)H2PO4,

31P NMR was also
attempted but without success (see the ESI†).

Not surprisingly, addition of water to the DMSO solution
strongly reduced the binding. For example, in a 1 : 9 water–
DMSO mixture, the association constant K for phosphate
drops to ca. 20 M−1 (see Fig. S1 in the ESI†). This finding,
again, illustrates the intrinsic difficulty that anion receptors
encounter in the presence of a strongly competing solvent. In
pure water, had 1 been soluble, a negligible association could
be expected.

Anion binding properties in CTABr–water

Although the Zn–salophen receptor 1 is insoluble in water, its
two amphiphilic deoxycholic acid moieties enhance its lipo-
philic nature and strongly affect the solubility in organic
pseudo-phases (viz., micelle). Consequently, 1 can be solubil-
ized into aqueous CTABr micelles. The solubilization process
is availed by adding a concentrated DMSO solution of 1 into
the CTABr–water solution to a final 99 : 1 water–DMSO
mixture, which becomes coloured of an intense yellow. The
solubilization of 1 in the presence of CTABr is effective only
above the critical micellar concentration (cmc) of CTABr (ca.
1 mM), whereas sodium dodecyl sulphate (SDS) and sodium
deoxycholate systems, below and above their cmc, do not yield
appreciable results.

The UV-vis spectrum of compound 1 in water (1% DMSO,
CTABr 10 mM) displays unstructured absorption with two main
bands around 295 and 400 nm, hypsochromic shifted with
respect to those observed in DMSO (299 and 403 nm, respect-
ively). The close adherence to the Lambert–Beer law at different
wavelengths (ESI†) indicates the absence of significant aggrega-
tion phenomena within the range of concentrations explored.

A plot of the UV-vis absorption changes of the 1·CTABr
system upon addition of (TBA)H2PO4 in water (10 mM CTABr,
1% DMSO) is shown in Fig. 2a. The most evident effect is
related to the decrease of intensity of the characteristic band
centered at 400 nm by increasing the anion concentration.
Three isosbestic points (284, 321 and 372 nm) can be easily
spotted, hinting at the presence of two species, viz., 1 and
[1-phosphate]− complex, responsible for the absorption. Profiles
of the absorbance (at 355 and 400 nm) versus phosphate con-
centration are shown in Fig. 2b. Data analysis confirms the
presence of a 1 : 1 equilibrium and affords an association con-
stant K of 450 ± 30 M−1 (Δε = −8050 and 3240 at 400 and
355 nm, respectively).17 This figure is, remarkably, of the same
order of magnitude of the binding in DMSO (ca. 60%) and
demonstrates that the micellar environment has an influence
not only on the solubility of 1 in water, but also on its affinity

Fig. 2 (a) Absorption spectra taken over the course of the titration of a 1%
DMSO–water solution of 1 (0.1 mM) with (TBA)H2PO4 in the presence of CTABr
(10 mM) at 25 °C; (b) a plot of the absorbance (355 and 400 nm) vs. phosphate
concentration and best fit curves, represented as full lines.

Table 1 Association constants (K, M−1) for complexes between Zn–salophen
complex 1 and selected anions in DMSO-d6 at 300 K

Anion K (±σ) Δδ (CHvN), ppm

Chloride 215 ± 5 −0.186
Phosphate 720 ± 30 −0.177

(680 ± 30, Δε403 = −1740)a —
Acetate 830 ± 50 −0.205
Phosphatea,b 20 ± 3 (Δε403 = −5450) —

a By UV-vis spectroscopy; b in DMSO–water 9 : 1.
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for phosphate anion whose binding can be achieved also in
water (having in mind that in a 1 : 9 water–DMSO mixture the
affinity is ca. 22 times lower). The selectivity of the binding
was also tested over chloride and acetate. Interestingly, ana-
logous titration experiments with (TBA)Cl do not show any sig-
nificant variation of the absorption of 1, thus indicating
absence of binding. Spectral variations in the visible region are
observed upon addition of (TBA)AcO under the same experi-
mental conditions. However, the data do not lend themselves
to a simple analytical interpretation. Indeed, the initial linear
dependence of Abs vs. AcO− concentration is followed, at con-
centration above ca. 0.01 M, by a second linear tract having a
smaller slope, but with no indication of reaching any plateau
(see the ESI†). Such a trend is not consistent with a simple 1 : 1
binding event, despite the presence of isosbestic points.
Leaving quantitative information aside, the comparison of the
absorption response of 1 to the addition of acetate and phos-
phate strongly suggests a higher affinity for the latter anion
(see Fig. 6S in the ESI†). However, preliminary data collected
by DLS show that the addition of acetate (especially at concen-
tration higher than 0.01 M) might have an effect on the size of
the CTABr micelles. This introduces an additional variable to
the supramolecular system which needs to be fully analyzed.

Conclusions

Anion binding in water by abiotic receptors remains a chal-
lenge, especially if the comparison with natural anion binders,
such as anion binding proteins,18 is elicited. Despite being not
well investigated, one practicable strategy to obtain high
affinities in water might rely on making the binding event to
occur in a more favourable environment. Micellar interior and/
or surface could provide an alternative environment to a given
receptor, thus improving the affinity for the target analyte.
Here, the Zn–salophen/bile-acid conjugate, 1, insoluble in
pure water and scarcely able to bind phosphate in 9 : 1 DMSO–
water, becomes solubilized into aqueous CTABr micelles
(10 mM). More importantly, in this novel environment, 1 is
capable of binding phosphate with an affinity similar to that
in pure DMSO and, remarkably, more than 20 times higher
than that measured in 9 : 1 DMSO–water. Also, the selectivity
over chloride anion improves significantly.

Considering the average aggregation number of micelles
made of CTABr at 10 mM around 300 K (of the order of 102) and
the relative concentration of 1 and the surfactants monomer
(1 : 100), we expect that, approximately, each micelle contains
no more than a single Zn–salophen/bile-acid conjugate 1.

This work demonstrates the validity of a less conventional
approach in the study of binding in solution, and highlights the
importance of the 1·CTABr system as an efficient phosphate
receptor in water, also in the light of the possibility of its use in
anion transport through lipophilic membranes.19 Work is in pro-
gress to explicate the effect of different metal ions and formal
charge (trivalent metals such as Al(III),20 or Fe(III),21 would
generate a “+1” species) on the metal salophen moiety and to

investigate the influence of different bile-acid derivatives either
symmetrically or non-symmetrically decorating the central
binding unit, aiming at an increased complex’s solubility.

Experimental section
General methods

All the materials were purchased and used as received. 5-Azido-
methyl-2-hydroxybenzaldehyde (3) was prepared by following a
published procedure.14 The 1H and 13C NMR spectra were
recorded using Bruker Avance DPX250 and DRX500 FT NMR
spectrometers. Mass spectra were recorded by ESI-TOF Bruker
instrument model Micromass LCT. DLS studies were per-
formed on the N5 Submicron particle size analyzer.

Synthesis

N-(Prop-2-yn-1-yl)-3α,12α-dihydroxy-5β-cholan-24-amide (2).
Deoxycholic acid (1.92 g; 4.9 mmol) was dissolved in THF
(40 mL), and then DMAP (59 mg; 0.5 mmol) and propargyl
amine (0.84 mL; 12.2 mmol) were added under stirring. After
cooling down the reaction mixture with an ice-water bath, DCC
(1.31 g; 6.4 mmol) was added. The reaction mixture was stirred
overnight at room temperature and then filtered off and urea
precipitated. The mixture was diluted with dichloromethane
(30 mL) and washed with 1 M HCl (15 mL), sat. NaHCO3 (10 mL)
and brine (20 mL). The organic layer was dried over Na2SO4 and
the solvents were removed under reduced pressure. The crude
product was purified by column chromatography on silica gel
using acetone–dichloromethane 3 : 1 as an eluent. The analytical
data for compound 2 were similar to those already published.22

N-{[1-(3-Formyl-4-hydroxybenzyl)-1H-1,2,3-triazol-4-yl]methyl}-
3α,12α-dihydroxy-5β-cholan-24-amide (4). (+)Sodium L-ascor-
bate (26 mg; 1 × 10−4 mol) and CuSO4·5H2O (42 mg;
0.2 mmol) were added in one portion to a stirred mixture of
propargyl deoxycholanamide (2) (300 mg; 0.7 mmol) in water
(2 mL) and ethanol (4 mL). Subsequently, a solution of 3
(124 mg; 0.7 mmol) in ethanol (1 mL) was added. The reaction
mixture was stirred for 2 h at room temperature and then left
under reflux until TLC showed the complete conversion. The
solvent was evaporated. Product 4 was obtained in 95% yield,
after column chromatography, using dichloromethane–metha-
nol 10 : 1 as an eluent. 1H NMR (500 MHz, CDCl3): δ = 11.04 (s,
1H, C3′-OH), 9.87 (s, 1H, H-1′), 7.55 (s, 1H, H-27), 7.52 (d, J7′,5′
= 2.3 Hz, 1H, H-7′), 7.46 (dd, J5′,4′ = 8.5 Hz, J5′,7′ = 2.3 Hz, 1H,
H-5′), 6.99 (d, J4′,5′ = 8.5 Hz, 1H, H-4′), 6.56 (t, JNH,25 = 5.4 Hz,
1H, –NH–), 5.47 (s, 2H, H-8′), 4.45 (d, J25,NH = 5.4 Hz, 2H,
H-25), 3.94 (br. s, 1H, H-12), 3.60 (m, 1H, H-3), 1.99–2.33 (2 ×
m, 2H, H-23), 0.95–1.95 (steroidal 26H), 0.91 (d, J20,21 = 6.1 Hz,
3H, H-21), 0.90 (s, 3H, H-19), 0.64 (s, 3H, H-18); 13C NMR
(CDCl3): δ = 196.0 (C-1′), 173.8 (C-24), 162.5 (C-3′), 145.3 (C-26),
136.2 (C-5′), 134.6 (C-7′), 127.5 (C-2′), 123.5 (C-27), 120.0 (C-6′),
118.8 (C-4′), 73.1 (C-12), 71.7 (C-3), 53.4 (C-8′), 48.3 (C-14), 46.9
(C-17), 46.5 (C-13), 42.1 (C-5), 36.4 (C-8), 36.0 (C-4), 35.2 (C-1,
C-20), 34.7 (C-25), 34.1 (C-10), 33.6 (C-9), 33.1 (C-23), 31.5 (C-22),
30.5 (C-2), 28.7 (C-11), 27.5 (C-16), 27.1 (C-6), 26.1 (C-7), 23.6
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(C-15), 23.1 (C-19), 17.4 (C-21), 12.7 (C-18) ppm; MS (ESI-TOF)
m/z (%): 629.36 (100) [M + Na]+, 1235.82 (8) [2M + Na]+.

Zn–salophen complex (1). Compound 4 (200 mg; 0.3 mmol)
was dissolved in methanol (3 mL) and the solution was refluxed
at 50 °C for 30 min. Subsequently, ortho-phenylenediamine
(18 mg; 0.2 mmol) in methanol (1 mL) and Zn(AcO)2·2H2O
(80 mg; 0.4 mmol) in methanol (1 mL) were added. The reaction
mixture turned orange after the addition of the amine com-
pound and then yellow after the addition of the zinc salt. The
reaction mixture was stirred and left under reflux (55 °C) over-
night. The product was observed on a TLC plate as a yellow spot
fluorescent at 365 nm and it precipitated out from the reaction
mixture after cooling it down (0 °C, in the fridge). Product 1 was
obtained as a yellow crystalline solid in 80% yield. 1H NMR
(500 MHz, DMSO-d6): δ = 8.99 (s, 2H, H-1′), 8.23 (t, JNH,25 = 5.5
Hz, 2H, –NH–), 7.90 (dd, J11a′,11b′ = 3.4 Hz, J10′,11a′ = 6.1 Hz, 2H,
H-11′), 7.85 (s, 2H, H-27), 7.44 (d, J7′,5′ = 2.3 Hz, 2H, H-7′), 7.38
(dd, J11a′,11b′ = 3.4 Hz, J10′,11a′ = 6.1 Hz, 2H, H-10′), 7.25 (dd, J5′,4′
= 8.8 Hz, J5′,7′ = 2.3 Hz, 2H, H-5′), 6.69 (d, J4′,5′ = 8.8 Hz, 2H,
H-4′), 5.39 (s, 4H, H-8′), 4.45 (d, JOH,12 = 4.2 Hz, 2H, C-12-OH),
4.24 (d, J25,NH = 5.5 Hz, 4H, H-25), 4.16 (d, JOH,3 = 4.0 Hz, 2H,
C-3-OH), 3.77 (br. s, 2H, H-12), 3.33 (m, 2H, H-3), 1.96–2.10 (2 ×
m, 4H, H-23), 0.97–1.79 (steroidal 48H), 0.88 (d, J20,21 = 6.1 Hz,
6H, H-21), 0.83 (s, 6H, H-19), 0.55 (s, 6H, H-18); 13C NMR
(DMSO-d6): δ = 172.6 (C-24), 172.0 (C-3′), 162.5 (C-1′), 145.3
(C-26), 139.3 (C-9′), 136.2 (C-7′), 134.6 (C-5′), 127.5 (C-10′), 123.5
(C-4′), 122.3 (C-27), 120.0 (C-6′), 118.8 (C-2′), 116.6 (C-11′), 71.0
(C-12), 69.9 (C-3), 52.6 (C-8′), 48.6 (C-14), 46.1 (C-17), 46.0 (C-13),
41.6 (C-5), 36.3 (C-8), 35.6 (C-4), 35.1 (C-20), 35.0 (C-1), 34.2
(C-25), 33.8 (C-10), 32.9 (C-9), 32.3 (C-23), 31.6 (C-22), 30.2 (C-2),
28.6 (C-11), 27.2 (C-16), 27.0 (C-6), 26.1 (C-7), 23.5 (C-15), 23.1
(C-19), 17.1 (C-21), 12.4 (C-18) ppm; MS (ESI-TOF) m/z (%):
405.10 (100), 875.48 (48), 1369.83 (10) [M + Na]+.

NMR titration. Titrations were performed by addition of
increasing small volumetric aliquots of a concentrated solu-
tion of the (TBA)X salts (X = Cl−, H2PO4

− and AcO−) via a
Hamilton syringe to 0.6 ml of a fresh solution of 1 (2 mM)
placed in the NMR tube. All spectra were recorded on a Bruker
Avance DRX500 spectrometer (500 MHz) at 300 K. Relaxation
delay = 5 s; SW = 12 ppm; TD = 32 K, LB = 0.2 Hz; NS = 32. RG
was adjusted at high TBA salt concentration.

UV titration studies. They were carried out on a LAMBDA
850 UV-vis spectrophotometer stabilized at 300 K. A DMSO
stock solution of 1 was added to 2 mL of a 10 mM CTABr water
solution in the quartz cuvette obtaining a final concentration
equal to 0.1 mM. Increasing aliquots of a concentrated solu-
tion of the anion, in the form of tetrabutylammonium salt,
were added and the spectra recorded.

Acknowledgements

The authors gratefully acknowledge the Programma per Giovani
Ricercatori “Rita Levi Montalcini” 2009 (MC), the Academy of
Finland (KR, project numbers 122350, 140718, 265328 and
263256) and the University of Jyväskylä for financial support.

Notes and references

1 (a) M. Cametti and K. Rissanen, Chem. Soc. Rev., 2013, 42,
2016–2038; (b) M. Cametti and K. Rissanen, Chem.
Commun., 2009, 2809–2829; (c) P. A. Gale, Chem. Soc. Rev.,
2010, 10, 3581–4008; (d) B. A. Moyer, L. H. Delmau,
C. J. Fowler, A. Ruas, D. A. Bostick, J. L. Sessler, E. Katayev,
G. Dan Pantos, J. M. Llinares, Md. A. Hossain, S. O. Kang
and K. Bowman-James, Adv. Inorg. Chem., 2006, 59, 175–
204; (e) Supramolecular Chemistry of Anions, ed. A. Bianchi,
K. Bowman-James and E. Garcia-Espana, VCH Verlag,
Weinheim, 1997; (f ) J.-M. Lehn, J. Inclusion Phenom., 1988,
6, 351–396.

2 F. C. M. Driessens and R. K. Verbeeck, Biominerals, CRC
Press, 1990.

3 S. Neidle, Principles of Nucleic Acid Structure, Academic
Press, London, 2008.

4 A. E. Hargrove, S. Nieto, T. Zhang, J. L. Sessler and
E. V. Anslyn, Chem. Rev., 2011, 111, 6603–6782.

5 J. W. Steed, Chem. Soc. Rev., 2009, 38, 506–519; P. A. Gale,
Chem. Soc. Rev., 2010, 39, 3746–3771; P. D. Beer, Acc. Chem.
Res., 1998, 31, 71–80.

6 See for example: A. Dalla Cort, G. Forte and L. Schiaffino,
J. Org. Chem., 2011, 76, 7569–7572, where fluoride anion is
bound in water with an affinity which is more than four
orders of magnitude lower than that observed by a similar
receptor (having the same binding site, viz., the UO2

center) in DMSO.
7 (a) M. Cametti, A. Dalla Cort and K. Bartik, ChemPhysChem,

2008, 9, 2168–2171; (b) S. Javor and J. Rebek Jr., J. Am. Chem.
Soc., 2011, 133, 17473–17478; (c) T. Riis-Johannessen and
K. Severin, Chem.–Eur. J., 2010, 16, 8291–8295. S. Tomas and
L. Milanesi, J. Am. Chem. Soc., 2009, 131, 6618–6623.

8 M. Cametti, M. Nissinen, A. Dalla Cort, L. Mandolini and
K. Rissanen, J. Am. Chem. Soc., 2005, 127, 3831–3837;
M. Cametti, M. Nissinen, A. Dalla Cort, K. Rissanen and
L. Mandolini, Inorg. Chem., 2006, 45, 6099–6101;
M. Cametti, M. Nissinen, A. Dalla Cort, L. Mandolini and
K. Rissanen, J. Am. Chem. Soc., 2007, 129, 3641–3648;
M. Cametti, A. Dalla Cort, L. Mandolini, M. Nissinen and
K. Rissanen, New J. Chem., 2008, 32, 1113–1116.

9 G. Consiglio, S. Failla, P. Finocchiaro, I. P. Oliveri and S. Di
Bella, Dalton Trans., 2012, 41, 387–395; G. Consiglio,
S. Failla, P. Finocchiaro, I. P. Oliveri and S. Di Bella, Inorg.
Chem., 2012, 51, 8409–8418; M. Mastalerz, H.-J. S.
Hauswald and R. Stoll, Chem. Commun., 2012, 48, 130–132;
A. W. Kleij, M. Kuil, D. M. Tooke, M. Lutz, A. L. Spek and
J. N. H. Reek, Chem.–Eur. J., 2005, 11, 4743–4750.

10 A. W. Kleij, M. Lutz, A. L. Spek, P. W. N. M. van Leeuwen
and J. N. H. Reek, Chem. Commun., 2005, 3661–3663.

11 I. P. Olivieri and S. Di Bella, J. Phys. Chem. A, 2011, 115,
14325–14330; M. Cano, L. Rodríguez, J. Carlos Lima,
F. Pina, A. Dalla Cort, C. Pasquini and L. Schiaffino, Inorg.
Chem., 2009, 48, 6229–6235; A. Dalla Cort, L. Mandolini,
C. Pasquini, K. Rissanen, L. Russo and L. Schiaffino, New
J. Chem., 2007, 31, 1633–1638.

Organic & Biomolecular Chemistry Communication

This journal is © The Royal Society of Chemistry 2013 Org. Biomol. Chem., 2013, 11, 4585–4590 | 4589

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

ee
ds

 o
n 

28
/0

6/
20

13
 0

9:
52

:5
2.

 
View Article Online

http://dx.doi.org/10.1039/c3ob40724a


12 S. Mukhopadhyay and U. Maitra, Curr. Sci., 2004, 87, 1666–
1683; D. Madenci and S. U. Egelhaaf, Curr. Opin. Colloid
Interface Sci., 2010, 15, 109–115.

13 E. Lallana, R. Riguera and E. Fernandez-Megia, Angew.
Chem., Int. Ed., 2011, 50, 8794–8804 and references therein;
R. Huisgen, in 1,3-Dipolar Cycloaddition Chemistry, ed. A.
Padwa, Wiley, New York, 1984, pp. 1–176.

14 V. Ayala, A. Corma, M. Iglesias, J. A. Rincón and F. Sánchez,
J. Catal., 2004, 224, 170–177.

15 The signal at ca. 8.15 ppm belongs to the amidic NH
groups. The small deshielding (downfield shift) observed
upon increasing the anion concentration can be attributed
to incipient H-bonding with the phosphate anion at high
anion concentration.

16 Final K are the weighted average of the values obtained
by two independent experiments using the formula
K ¼ PN

i Ki=σ
2
i

� �
=
PN

i 1=σ2i
� �

, where σ corresponds to the
single measurement fit error.

17 In the absence of titrants, we assume that the zinc(II)
center in 1, where the binding with the guest anion occurs,
would be in its hydrated form.

18 R. Dutzler, E. B. Campbell, M. Cadene, B. T. Chait and
R. MacKinnon, Nature, 2002, 415, 287–294; R. Dutzler,
E. B. Campbell and R. MacKinnon, Science, 2003, 300, 108–
112; J. J. He and F. A. Quiocho, Protein Sci., 1993, 2, 1643–
1647; Z. Wang, H. Luecke and F. A. Quiocho, Nat. Struct.
Biol., 1997, 4, 519–522.

19 P. A. Gale, Acc. Chem. Res., 2011, 44, 216–226.
20 V. Béreau, C. Duhayon, A. Sournia-Saquet and J.-P. Sutter,

Inorg. Chem., 2012, 51, 1309–1318; M. Cametti, A. Dalla
Cort, M. Colapietro, G. Portalone, L. Russo and
K. Rissanen, Inorg. Chem., 2007, 46, 9057–9059.

21 J.-H. Yan, X.-P. Shen and H. Zhou, Acta Crystallogr., Sect. E:
Struct. Rep. Online, 2010, 66, m1090.

22 S. Ikonen, H. Macíčková-Cahová, R. Pohl, M. Šanda and
M. Hocek, Org. Biomol. Chem., 2010, 8, 1194–1201.

Communication Organic & Biomolecular Chemistry

4590 | Org. Biomol. Chem., 2013, 11, 4585–4590 This journal is © The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

ee
ds

 o
n 

28
/0

6/
20

13
 0

9:
52

:5
2.

 
View Article Online

http://dx.doi.org/10.1039/c3ob40724a

