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A cationic calix[4]arene derivative binds both aliphatic and aromatic, carboxylate and sulfonate anions in
aqueous solution thanks to concerted electrostatic and hydrophobic interactions. The sulfonate guest
inclusion is affected by the different mobility of the host caused by the pH change.
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Supramolecular chemistry in water is a rapidly growing area.1

New compounds have been developed which mimic natural sys-
tems in their ability to bind a given substrate with high affinity
and selectivity in water. However, whilst cation recognition is
now a well-established area of supramolecular chemistry, the
coordination chemistry of anions has not received the same atten-
tion with a few exceptions.2

The design and synthesis of hosts for anion recognition is a
demanding one as anions are sensitive to the pH and the medium;
on the other hand, several noncovalent interactions may be
exploited for organic anion recognition, and these include electro-
static, and hydrophobic interactions (p–p or CH–p) or a combina-
tion of both. Furthermore, if charged hosts are used, counterions
may effectively compete for the binding site, as demonstrated by
Schmidtchen et al.3 Thus, owing to the variety of effects that come
into play in anion recognition, this field remains challenging4 and
has been extensively reviewed recently.5

Synthetic anion hosts may be either positively charged or neu-
tral. In the former case, anion binding is due to electrostatic inter-
actions often in combination with hydrogen-bonding and
hydrophobic interactions. N–H groups and/or protonated amines
are the functional groups mainly involved in this class of interac-
tions. Calixarenes are among the most widely used molecular scaf-
folds for the synthesis of artificial receptors,6 thanks to their easy
functionalization and tunable three-dimensional structure. A vari-
ll rights reserved.
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ety of polar groups, such as sulfonates,7 carboxylic acids,8 amines9,
and phosphonates,10 render calixarenes water-soluble, thus paving
the way to the investigation of these hosts in water.11 Though dif-
ferent amino-calixarene derivatives for anion binding have been
reported,5a,12 to the best of our knowledge there are only few pa-
pers concerning molecular recognition in water.3,13 We have previ-
ously investigated the molecular recognition of cationic and
neutral species by calix[4]arenes in water;14 these studies have
shed light on the role played by charged groups in the inclusion
of guests into the calixarene apolar cavity; guest complexation
has been found to occur thanks to the synergy between electro-
static interactions and hydrophobic interactions with the upper
rim and the calixarene cavity, respectively.

We are now focusing our attention on 5,11,17,23-tetrakis-
[(dimethylamino)methyl]-25,26,27,28-tetrahydroxy-calix[4]arene
(1)15 (Scheme 1) that lends itself to the recognition of anionic
guests in aqueous solution; the anions investigated in the present
work are also shown in Scheme 1.

The binding of this host to neutral aromatic guest has been pre-
viously studied in aqueous solution under fairly acidic condition
(pD 1.4)16 where the host is believed to be fully protonated. No
studies have ever been performed in water at neutral pH, nor has
the existence of the zwitterionic form of 1 ever been proved. There
is only indirect evidence suggesting that 1 may exist as a zwitter-
ionic form.15

The acid–base properties of the host were studied potentiomet-
rically in aqueous solution (t = 25 �C).17 The results of the potenti-
ometric analysis are shown in Table 1. Host 1 has two titratable



Scheme 1. Host and guests that were investigated.

Table 1
Log K values for the protonation of 1 (L), 25 �C, I = 0.1 mol dm�3 (NaNO3)

Reaction pKa
a

H2L ¢ HL + H 3.29 (2)
HL ¢ L + H 8.15 (2)

Charges are omitted for clarity.
a 3r in parentheses.
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protons, the first of which is fully dissociated at pH 5, whereas the
second one dissociates appreciably above pH 7.

pKa1 is to be ascribed to the dissociation of a phenolic hydroxyl
of the lower rim,18 whereas pKa2 is associated to the deprotonation
of one of the four ammonium protons of the upper rim. Above pH
8.3–8.5, the emf reading starts drifting slowly and the resulting
potentiometric curves curl back indicating the formation of a pre-
cipitate that is hardly detectable to the naked eye; the precipitate
becomes clearly visible 10–15 min after the onset of the drifting.
As pH increases, the percentage of ammonium residue that is pro-
tonated becomes increasingly smaller, and this (i.e., the loss of a
proton) renders the host insoluble in water.

To further support the potentiometric findings, we performed
electrophoretic experiments at pH 2.0 and 6.8 (phosphate buf-
fers).19 The electrophoretic mobility of 1 was compared to that of
a tetracationic calixarene, employed as a standard.20 The experi-
ments performed at pH 2.0 show that 1 has the same mobility as
the standard tetracationic compound, indicating that the host is
Figure 1. Plots of Dd observed (ppm) versus (a) [1]/[
fully protonated at both the upper and lower rims. At neutral pH
the migration of the host decreases, which is indicative of the loss
of protons. Both potentiometric and electrophoretic data lead to
conclude that only the hydroxyl proton of 1 is lost under neutral
conditions in water.

The 1H NMR analysis in D2O supports both the potentiometric
and the electrophoretic data. Preliminarily, we explored the con-
centration range 5 � 10�4–1.5 � 10�2 mol dm�3 to make sure that
micelles did not form; indeed, the proton signals did not change,
and this rules out micelle formation within the concentration
range of interest. This, in turn, indicates that one of the phenolic
oxygens of the lower rim is deprotonated; the decreased flexibility
has been shown to result from an effective intramolecular hydro-
gen bond between the phenolate and the phenolic units of the low-
er rim.18 It is worth stressing that at pD 7.1 all the four amino
groups are still practically protonated.

1H NMR was also used to determine the stereochemistry of
binding and the inclusion constants for the guests shown in
Scheme 1.21 The investigation of the carboxylates was restricted
to pD 7.1 where both guests exist in their anionic form.

Compared to the uncomplexed guest, the guest proton signals
shift to higher fields with increasing host concentration, indicating
that the guest molecule is encapsulated into the calix[4]arene cav-
ity. Guest signals are also detected as a single resonance due to the
fast exchange between the free and the complexed species on the
1H NMR timescale. For the benzenesulfonate, and for the propane-
sulfonate guest, the complexation-induced shifts (CIS) follow the
order Hpara > Hmeta > Hortho and Hc > Hb > Ha, respectively, regardless
of the pH (Figs. 1 and 2); this shows that the guest is included in
the cavity as illustrated in Figure 3. The chemical shifts of the ben-
zoate and butanoate follow the same order as the benzenesulfo-
nate and propanesulfonate guests, respectively, indicating that
they are included in a manner similar to that of the analogous sul-
fonate derivatives.

All the guests are included thanks to concerted hydrophobic
and electrostatic effects. The binding constant values (Table 2)
indicate that (i) the aromatic anions form stronger complexes than
the aliphatic anions at the same pH; (ii) the inclusion complex of
the guest is stronger in the acidic region than at neutral pH, regard-
less of the nature of the organic group attached to the anionic res-
idue. The tighter binding of the aromatic guests is due to a p–p
interaction that is known to be more effective than the CH–p inter-
action occurring in the aliphatic guest–host complexes.22 Likely,
the tighter binding observed at pH 2 is to be ascribed to the greater
4] pD = 2.3 and (b) [1]/[4] pD = 7.1 in D2O, 25 �C.



Figure 2. Plots of Dd observed (ppm) versus (a) [1]/[5] pD = 2.3 and (b) [1]/[5] pD = 7.1 in D2O, 25 �C.

Figure 3. Optimized structure for 1-benzenesulfonate (left) and 1-propanesulfo-
nate (right); the optimization was carried out with Molecular Mechanics and Force
Field Amber. Explicit water molecules are omitted for clarity.

Table 2
LogK values for the complex formation of 1 with the anionic guests shown in Scheme
1 at different pD and 25 �C

Guest LogKa

pD 2.3 pD 7.1

2 — 2.32 (1)
3 — 1.50 (2)
4 3.09 (1) 2.44 (1)
5 2.24 (2) 1.48 (2)

a r in parentheses.
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mobility of the host in acidic region; such a flexibility would allow
for a better fit of the guest. ITC measurements, currently underway,
indicate that the real situation is more complex than that depicted
by the values of the binding constants only. The enthalpy of inclu-
sion is negative for all the guests (though not of the same magni-
tude)23, whilst the entropy of inclusion is not favorable for all the
guests.

In conclusion we have shown that 1 is able to include both sul-
fonates and carboxylates having an aliphatic or aromatic moiety in
water. The binding strength of the sulfonate guests changes with
the pH, and this is to some extent linked to the different flexibility
of the host in the two pH regions.

The splitting of the binding constant values into the compound-
ing DH and DS values should provide a more detailed description
of the processes occurring in water.
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