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Abstract: Molecular ion recognition is one of the most inten-
sively studied areas of supramolecular technology. The reason
for this is the essential role that ions play in many biological
as well as industrial processes. On the other hand, however, it
has been proved that ions can have a negative impact on human
health and the environment. For these reasons, it is extremely
important to develop rapid and simple methods allowing the de-
termination of ions in different types of samples. Recently, much
attention has been focused on the design of simple, amide-based
ligands that are capable of selective anion recognition. Here, we
present examples of anion receptor application in ion sensing as
well as transport through the membrane cell area.

1. Introduction

Anions are ubiquitous in nature. They play a fundamental role in many vital pro-
cesses, such as transport across cell membranes, homeostasis and processes associated
with changes of energy (Steed and Atwood, 2009). Chloride anions are an impor-
tant electrolyte responsible for constant potential maintenance on both sides of the
membrane. Disorders in their transport lead to various diseases, e.g. cystic fibrosis.
Carboxylates are involved in numerous metabolic processes. Succinates and citrates
participate in energy production in mitochondria, and acetates are substrates for the
biosynthesis of fatty acids (Beer and Schmitt, 1997). Anion recognition or transport is
involved in almost every biochemical process. Thus, the design of receptors capable of
anion recognition which are commonly found in nature, gives the possibility of learn-
ing more about biochemical mechanisms. This may contribute to the development of
new therapeutic systems. In addition, the complexation of anions is also important
from the environmental point of view. Anthropogenic anions, including phosphates
and nitrates from agriculture, constitute one of the major pollution hazards respon-
sible for the eutrophication of lakes and rivers. The radioactive pertechnetate ions
produced during nuclear fuel reprocessing is also a matter of environmental concern.
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Therefore, methods allowing rapid, selective, and inexpensive determination of anions
in different types of samples (environmental, industrial) are needed. Investigation of
supramolecular systems contributes to the development of many fields of science such
as modern analytical chemistry, medicine, technology, and environmental protection.

2. Challenges in anion coordination

For many years supramolecular chemistry was related mainly to the recognition and
selective binding of cations. Anion complexation processes were much less known.
Although the first anion receptor was synthesized in the late 60s by Park and Sim-
mons, a proper boom in this area appeared about 25 years ago (Park and Simmons,
1968). This slow growth is related to the difficulties caused by the design of receptors
capable of anion binding. Anions are larger than isoelectronic cations, which gives a
lower charge to size ratio. This reduces the contribution of electrostatic interactions
with the host. An additional difficulty is the high solvation energy of anions, which
means that the environment of complexation has a major impact on the process of
molecular recognition. The more polar a solvent is, the higher its ability to compete
for the binding sites of the host molecule (Gale, 2011). The different shapes of anions
and the dependence of their forms on pH are other aspects that must be taken into
account for the complementary receptor design (Tab. 1).

Tab. 1. Examples of anion shape.

Shape Example

spherical F−, Cl−, I−, Br−

linear N3
−, CN−, SCN−, OH−

triangular flat CO3
2−, NO3

−

tetrahedral PO4
3−, VO4

3−, SO4
2−,

MnO4
−

octahedral [Fe(CN)6]4−, [Co(CN)6]4−

complex DNA in the form of a dou-
ble helix

The hydrophobicity of the anion also has a large impact on the complexation
process. The hydrophobic anions are strongly complexed by hydrophobic binding
sites (Beer and Schmitt, 1997).

3. Anion receptors

Compounds capable of binding anions can be divided into several groups depending
on the type of ion interactions. Anion hosts may be present in neutral form or
have a positive charge. Positively charged ligands bind substrate via electrostatic
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interactions. In the case of a neutral anion receptor, the complex formation takes place
mainly through the hydrogen interaction, so in the ligand structure groups capable
of forming such bonds are often introduced. For this reason, derivatives of amides,
sulfonamides, ureas, thiourea or heterocycles bearing -NH residues are often applied.
The presence of electron-withdrawing substituents or positively charged groups in
the host structure increases the polarity of the NH fragment, which favours the anion
binding. However, too strong polarization can lead to proton transfer from the ligand
molecule to the anion (deprotonation) (Amendola et al., 2006). In the process of
anion complexation the solvent plays an important role. The higher the polarity of
the environment, the weaker the influence of hydrogen interaction. Neutral receptors
are able to bind the anion in an aqueous environment when several H-donor groups
are present.

The design and synthesis of abiotic anion receptors is of great importance in many
branches of science. Hydrophilic ligands forming complexes in aqueous media can be
used as enzyme models since most biochemical processes occur in water. Such com-
pounds can also act as active agents which allow the creation of new therapeutic
systems. Lipophilic ligands capable of selective ion transport through a hydropho-
bic membrane can provide valuable information about cellular processes. There is
also a possibility that they can serve as drug-like molecules which increase the ion
permeability through lipid bilayers in membranes containing defective channel pro-
teins (Busschaert et al., 2012). In addition, appropriate lipophilic anion receptors
can be used as ionophores in ion-selective electrodes. Potentiometric sensors of this
type, both classic and miniature, are widely used in clinical or environmental analy-
sis. These electrodes allow quick and easy ion determination (Pomecko et al., 2010).
Ligands having chromo- or fluorophore moiety may be used in spectroscopic meth-
ods for anion identification and determination. The change of colour or fluorescence
that occurs upon ion complexation may allow its simple identification or even a semi-
quantitative assaying (so called ”naked-eye sensor”) (Martinez-Manez and Sancenon,
2003).

3.1. Chemosensors

Chromo-and fluorogenic receptors, next to electrochemical receptors, form the basic
group of molecular sensors. The task of a chemosensor is to transform information
from the molecular level (formation of a host-guest complex) onto a macroscopic
level (easily measured signal - such as change of colour or fluorescence) (Bojinov and
Georgiev, 2011). A typical molecular receptor consists of two parts: the binding
fragment (called a receptor) and the signalling part (called a reporter). The bind-
ing and signalling elements may be connected to each other by a covalent bond or
intermolecular interactions. The most popular materials are sensors with covalently
linked receptor-reporter subunits. In this case, both the complexation process of the
respective analyte and signal generation take place within the same molecule. For
chromogenic receptors, colour change during the corresponding anion binding occurs
as a consequence of changing the energy difference between the HOMO and LUMO
orbitals (Martinez-Manez and Sancenon, 2003). A perhaps less common, but impor-
tant group create sensors, where the receptor and signalling element are connected
by non-covalent intermolecular interactions. If an analyte is present in the solution
of such a system complementary to the ligand, then an exchange reaction takes place
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by which the signalling molecule is released.
Nowadays, much attention is paid to the synthesis of simple acyclic receptors.

Podands, due to their flexibility, can easily adapt to the shape and size of the ion
in comparison to their cyclic analogues. The idea is to design an easy to prepare,
inexpensive and selective compound capable of efficient anion recognition. For these
reasons, many scientists focused on amide derivatives. Ligands, having in structure
an amide group, possess the ability to bind anions through hydrogen bond formation.
Amides are widely distributed in nature. A strong amide bond is present in the
proteins. This is why abiotic receptors containing amide moiety perform a biomimetic
function. This offers insight into biochemical processes such as cell transport and
enzymatic catalysis, and metabolic processes (Bondy and Loeb, 2003). Crabtree and
co-workers obtained simple derivatives of isophthalic and dipicolinic acids (Fig. 1).
Due to their flexibility, ligands 1 and 2 create almost linear hydrogen bonds. The
acidity of the NH group has a significant impact on the stability constant value.
A complex of fluoride ion with ligand 1 having three electron donating substituents (-
CH3) in methylene chloride was weaker than a complex of F− with ligand 2 (constant
stability K=7.5·103 M−1 and 2·4·104 M−1, respectively). This difference results from
the lone electron pair on the nitrogen atom, which makes greater steric hindrance than
the aromatic CH bond. Although an electrostatic repulsion between the negatively
charged ion and the lone pair weakens molecular recognition, this effect is observed
only in the case of larger ions (Br−, I−). Smaller and hard anions (F−) are better
hydrogen bond acceptors (Crabtree et al., 1999).

Fig. 1. Receptors for fluoride ions

Incorporation of –NO2 and –OH residues in aromatic rings of ligand 2 resulted
in colorimetric and naked-eye anion sensor for dihydrogen phosphate (ligand 3 Fig.
2 both in pure DMSO and DMSO-water mixture, which extends its application in
rapid anion detection (Wagner-Wysiecka 2012).

Pyrrole derivative 4 synthesized by Gale et al. proved to be a selective ligand
for acetates (K= 251 M−1 DMSO-d6). However, its urea analogues 5 and 6 reveal
higher affinity to acetate ions (Fig. 3). The constant stability in DMSO-d6was 3210
and 8080 M−1, respectively (Gale, 2006). Again, the presence of chloride substituents
favours anion complexation.

For biological purposes, molecular recognition is often tested in a mixture of or-
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Fig. 2. Naked-eye sensor for dihydrogen phosphate

Fig. 3. Hosts for acetate (4-6) and phosphate ions (7)

ganic solvent with water, as all biological processes take place in an aqueous envi-
ronment. Anthraquinone derivative 7 binds phosphates in DMSO: water (95:5) with
stability constant K= 1520 M−1. This high efficiency of complex formation may result
from the presence of the four electron-withdrawing substituents (Cl). An analogue of
ligand 7 without the chlorine atoms on the aromatic rings showed a poorer ability to
bind phosphate (K= 198 M−1) (Gale, 2006).

3.2. Anion transporters

The transport of anions through the membrane cell is an essential part of many vital
processes. It has an impact on osmotic balance, regulation of pH value, and signalling
pathways. The proper action of channel proteins located in the lipid bilayer plays the
key role in anion transport. Dysregulation of anion permeability across the membrane
leads to diseases (so called ”channelopathies”), of which cystic fibrosis is an example.
Therefore, the design and synthesis of small anion transporters is currently an area of
intense interest. To obtain pharmaceutical application, anion transporters have to fit
several rules. For proper absorption, distribution, and metabolism, compounds should
have molecular weight less than 500, not more than 5 hydrogen bond donors, fewer
than 10 hydrogen bond acceptors, and log P not greater than 5 (Lipinski’s rule of 5)
(Busschaert and Gale, 2013). There are two mechanisms of ion transport. Molecules
can form pores inside the membrane, through which anions diffuse. Another possibil-
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ity is to create a mobile carrier which binds anions and then the complex is diffused in
the lipid bilayer. Isophthalamides, calixarenes, calixpyroles, ureas, thioureas as well
as squaramides are promising candidates for anion carriers. Derivatives of dipicolinic
acid obtained by Yamnitz et al. (2010) proved to be efficient chloride transporters.
Triarenes aggregate themselves in order to build an ion channel inside the membrane.

4. Summary

The design and synthesis of anion receptors is a challenging task. However, in the last
25 years much contribution has been made in understanding the molecular recognition
mechanism. Small and simple amide-based ligands that mimic naturally occurring
ion carriers can find biochemical application. Moreover, chromo- and/or fluorogenic
receptors can serve as an effective tool in modern analytical methods.
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