


1. Introduction

Anion recognition chemistry has its roots in work con-
ducted in the late 1960s around the same time that Pedersen
reported the synthesis and coordination chemistry of crown
ethers and Lehn published the first accounts of cation
coordination chemistry by cryptands. In the 1970s, the
coordination chemistry of group 1 and 2 metal and ammo-
nium cations attracted most interest and consequently cation
recognition is now a well-developed and mature area of
supramolecular chemistry. By contrast, the coordination
chemistry of anions received little attention (with a few
notable exceptions) and it has only been in the last twenty
years that sustained effort has been applied to the problems
inherent in binding anions.[1] There are a number of reasons
for this sudden growth in this new area of coordination
chemistry. Anions are ubiquitous throughout biological
systems. They carry genetic information (DNA is a polyanion)
and the majority of enzyme substrates and co-factors are
anionic. A well known example is carboxypeptidase A,[2] an
enzyme that coordinates to the C-terminal carboxylate group

of polypeptides by the formation of an arginine ± aspartate
salt bridge, and catalyzes the hydrolysis of this residue. The
salt-bridge binding motif is also observed in zinc finger/DNA
complexes[3] and RNA stem loop ± protein interactions.[4]

Anions also play roles in the areas of medicine and catalysis,
whilst pollutant anions have been linked to eutrophication of
rivers (from the over use of phosphate-containing fertiliz-
ers)[5] and carcinogenesis (metabolites of nitrate).[6] The
production of pertechnetate during the reprocessing of
nuclear fuel (and its subsequent discharge into the seas and
oceans) is also a matter of environmental concern.

The design of anion receptors is particularly challenging.
There are a number of reasons for this. Anions are larger than
isoelectronic cations (Table 1)[7] and therefore have a lower
charge to radius ratio. This means that electrostatic binding
interactions are less effective than they would be for the
smaller cation. Additionally anions may be sensitive to pH
values (becoming protonated at low pH and so losing their
negative charge), thus receptors must function within the pH
window of their target anion. Anionic species have a wide
range of geometries (Figure 1) and therefore a higher degree
of design may be required to make receptors complementary
to their anionic guest.

Solvent effects also play a crucial role in controlling anion
binding strength and selectivity. Electrostatic interactions
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Table 1. A comparison of the radii r of isoelectronic cations and anions in
octahedral environments.[7]

Cation r [�] Anion r [�]

Na� 1.16 Fÿ 1.19
K� 1.52 Clÿ 1.67
Rb� 1.66 Brÿ 1.82
Cs� 1.81 Iÿ 2.06
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Figure 1. The structural variety of anions.

generally dominate in anion solvation, and hydroxylic sol-
vents in particular can form strong hydrogen bonds with
anions. A potential anion receptor must therefore effectively

compete with the solvent environment in which the anion-
recognition event takes place. For example, a neutral receptor
that binds anions solely through ion ± dipole interactions
may only complex anions in aprotic organic solvents,
whereas a charged receptor has the capacity to bind highly
solvated (hydrated) anions in protic solvent media. It is no
coincidence that biological anion receptor systems are
optimized to operate in a very specific range of environments
where the source of selectivity for the biological anion is the
difference in free energy lost on dehydrating the anion and
that gained by the interaction of the anion with the binding
site.[8]

Hydrophobicity can also
influence the selectivity of a
receptor. The Hofmeister ser-
ies[9] (Scheme 1), which was
first established through stud-
ies on the effect of salts on the
solubility of proteins, orders
anions by their hydrophobic-
ity (and therefore degree of
aqueous solvation). Hydro-
phobic anions are generally
bound more strongly in hy-
drophobic binding sites.

This review article will highlight important developments in
the recognition and sensing of anionic substrates and look at
recent advances[10±13] that suggest that anion coordination
chemistry will have a rich future in the 21st Century.
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2. Anion Recognition

The design of selective hosts for anions requires that the
geometry and basicity of the anion and the nature of the
solvent medium be taken into account. Complementarity
between the receptor and anion is clearly crucial in determin-
ing selectivities. A useful way of categorizing anion receptors
is to consider the types of noncovalent interaction used to
complex the anionic guest. These include electrostatic inter-
actions, hydrogen bonding, hydrophobicity, coordination to a
metal ion, and combinations of these interactions working
together. The work described in this section is not a
comprehensive review of the literature. It is intended to be
a series of paradigms that illustrate particular elements of
anion recognition.

2.1. Electrostatic Interactions

In some very elegant early work, Schmidtchen produced
the macrotricyclic quaternary ammonium hosts 1 and 2[14, 15]

and found that these receptors formed complexes with a
variety of anionic guests in water.[16] The cavity in recep-
tor 1 has an internal diameter of 4.6 � and forms a strong
complex with an iodide ion (diameter: 4.12 �). The crystal
structure of the iodide complex (Figure 2) reveals that the
anion is encapsulated within the macrotricycle.[17] The larger
receptor 2 is able to form complexes with anions such as
p-nitrophenolate that are too large to form complexes with
receptor 1. Receptors 1 and 2 are positively charged and are
therefore associated with counterions that may compete for
the anion-binding site. To overcome this, Schmidtchen
produced zwitterionic receptors such as 3 and 4 that are
neutral.[18, 19] NMR experiments in water showed that receptor
4 forms stronger complexes with chloride, bromide, and
iodide ions than receptor 1.

Dipolar bonds can also be used for anion recogni-
tion.[20, 21] The phosphine oxide ± disulfoxide macrocycle 5
contains three convergently arranged dipolar bonds that
define an anion binding site below the macrocyclic ring.
NMR studies in CDCl3/CD3OD (98/2) reveal that weak
complexes are obtained with chloride (K� 65mÿ1) and other
anions.

2.2. Hydrogen Bonds

Hydrogen bonds are directional, which allows for the
possibility of designing receptors with specific shapes that are
capable of differentiating between anionic guests with differ-
ent geometries or hydrogen-bonding requirements in non-
polar solvents.

In 1986, Pascal prepared the first purely amide-based anion
receptor.[22] Receptor 6 showed evidence of binding fluoride
ions in [D6]DMSO. In 1993 Reinhoudt and co-workers
produced a series of acyclic tripo-
dal receptors containing amide
groups (7 ± 12)[23] whilst Raposo
et al. synthesized a preorganized
amide-modified cyclohexyl ring
13.[24] Receptors 7 ± 13 are all
C3 symmetric and are consequently
arranged to bind tetrahedral
anions.
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Figure 2. The X-ray crystal structure of the iodide complex of receptor 1
(hydrogen atoms are omitted). Reproduced with permission from ref. [17].
Copyright� The Royal Society of Chemistry 1984.
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Anslyn and co-workers have recently reported the synthesis
of a trigonal box by condensation of 1,3,5-tris(aminomethyl)-
2,4,6-triethylbenzene with three equivalents of 2,6-pyridine-
dicarbonyl dichloride in dichloromethane in the presence of
triethylamine.[25] The rigid cyclophane 14 was formed in 40 %
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yield. Interestingly, because the amide NH groups in 14 are
arranged in a trigonal prismatic array, they are able to
coordinate to the p-electron system of planar anions such as
carboxylates and nitrate. The crystal structure of the acetate
complex of 14 is shown in Figure 3 and reveals that the acetate
anion is bound within the cavity of the box. Anslyn et al.
concluded that nitrate must also be bound within the cavity of
the box because it is planar and bound very strongly (in
CD3CN/CD2Cl2 (3/1 (v/v)) solution it is bound only 2.6 times
less strongly than acetate even though it is 106 times less
basic). Therefore, receptor 14 represents a significant advance
in the coordination of the normally weakly coordinating
nitrate ion.

Urea and thiourea are particularly good hydrogen-bond
donors and are excellent receptors for Y-shaped anions such
as carboxylate through the formation of two hydrogen bonds.
The very simple urea-based receptor 15 shows increasingly
stable complexes with more highly charged and more basic
bidentate anions (Table 2).[26]

Umezawa and co-workers have produced a series of ayclic
thiourea cleft molecules including some highly preorganized
systems containing a xanthene spacer.[27] Receptors 16 and 17
bind anions very strongly with stability constants up to

Figure 3. The X-ray crystal structure of the acetate complex of receptor 14
(hydrogen atoms are omitted). Reproduced with permission from ref. [25].
Copyright� WILEY-VCH 1997.
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Table 2. The basicity and stability constants (in DMSO) of various
bidentate anions with receptor 15.

Guest pKb K [mÿ1]

OPO3H–

PO3H–

CO2
–

PO3
2–

13 30

12 140

10 150

7 2500
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195 000mÿ1 for receptor 17 and H2PO4
ÿ ions in [D6]DMSO.

This is a consequence primarily of the high degree of
preorganization present in these receptors. The selectivity
for H2PO4

ÿ ions can be attributed to the complementary
hydrogen-bonding array present in these clefts that can form
four hydrogen bonds to each H2PO4

ÿ ion. Pyrrole NH groups
may also form hydrogen bonds to anions. In 1996, Sessler and
co-workers reported that calix[4]pyrroles (meso-octaalkylpor-
phyrinogens), macrocycles first synthesized in the nineteenth
century by Baeyer,[28] also coordinate to anions.[29] meso-
Octamethylcalix[4]pyrrole 18 was shown to form complexes
with fluoride, chloride, and dihydrogen phosphate with
stability constants of 17 200, 350, and 100mÿ1 respectively in
CD2Cl2. The conformation of the macrocycle in the solid state

Me
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N N

H H
H

N
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Me

Me

Me

Me

Me

Me

Me

F

18 • F–

changes dramatically upon anion complexation. The free
calixpyrrole adopts a 1,3-alternate conformation wherein
adjacent rings are oriented in opposite directions. However
the crystal structure of the chloride complex of 18 reveals that
the macrocycle adopts a cone conformation with the four
pyrrole NH groups forming hydrogen bonds to the bound
chloride ion (Figure 4).

Figure 4. The X-ray crystal structure of the chloride complex of receptor
18. Reproduced with permission from ref. [29]. Copyright� American
Chemical Society 1996.

The ease of preparing calixpyrroles in high yield makes
them amenable to industrial applications. Indeed, Sessler and
co-workers have already produced calixpyrrole-modified
solid supports (such as Gel M; Figure 5) for the separation
of anions by high-performance liquid chromatography
(HPLC).[30] The separation of oligonucleotides between
twelve and eighteen bases in length by Gel M is shown in
Figure 5.[31] Other uses for these macrocycles include their
incorporation in ion-selective electrodes,[32] in electrochemi-
cally active discrete molecular hosts[33] designed to sense
anionic guests, and in optical sensors for anions.[34]

Figure 5. Separation of dT12 ± dT18 on calixpyrrole-modified silica gel.
Flow rate 0.4 mL minÿ1, mobile phase MeCN/[aq NaCl (250 mm)/aq
Na3PO4 (50 mm)] 1/1 (v/v; isochratic), pH 7.0, column temperature 25 8C,
UV detection at 265 nm. tret� retention time. Reproduced with permission
from ref. [31]. Copyright� The Royal Society of Chemistry 1998.

Sessler, Vögtle and co-workers have reported the synthesis
of a bipyrrole-based [2]catenane 19 that forms extremely
stable complexes with anions. NMR titration techniques
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revealed that the catenane binds anions with very high
stability constants (up to 107mÿ1 with H2PO4

ÿ in [D2]1,1,2,2-
tetrachloroethane).[35] This high stability
is attributed to the formation of a tetra-
hedral cavity between the rings which
provides an ideal coordination geometry
for tetrahedral anion coordination (Fig-
ure 6).

2.3. Electrostatic Interactions and
Hydrogen Bonds

Hydrogen bonds and electrostatic in-
teractions can be used together to pro-
duce very effective receptors for anions.
In fact, the earliest example of a macro-
cyclic synthetic anion receptor, reported in 1968, bound
anions by a combination of these interactions. Park and
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Simmons produced several
macrobicyclic ammonium cag-
es, for example, 20 and 21,
which coordinate to halide ions
through electrostatic interac-
tions and hydrogen bonds.[36]

NMR and crystallographic anal-
ysis showed that the halide ions

are bound within the cage between the two protonated
nitrogen atoms.

Eight years after this work, Graf and Lehn described the
binding of halide ions by compound 22. Receptor 22 is a
tetraprotonated macrotricyclic size-selective ligand,[37] which
binds chloride ions with a stability constant (lg K) of more
than 4 in aqueous solution.[38] The larger iodide ion is too big
to fit into the cavity and is therefore bound only weakly. On
the other hand, receptor 23, an ellipsoidal hexaprotonated
macrobicyclic ligand, was reported by Lehn et al. to be
selective for linear anions such as azide N3

ÿ (lg K� 4.3 in
aqueous solution) that are complementary to the shape of the
cavity.[39, 40]
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In the 1980s, Hosseini and Lehn reported that protonated
ammonium macrocycles 24 and 25 could discriminate be-
tween dicarboxylate ions on the basis of size.[41, 42] Receptor 24
binds shorter chain carboxylates (m� 2, 3) more strongly,
whilst 25 preferentially binds those with longer alkyl chains
(m� 5, 6).
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The protonated version of the hexaazametacyclophane 26
has been shown to bind AMP, ADP, and ATP in aqueous
solution.[43] The anionic phosphate groups of the nucleotides
coordinate to the macrocycle through a combination of
electrostatic and hydrogen-bonding interactions, whilst

NMR studies have indicated that
the nucleoside base p stacks with the
benzene ring present in the macro-
cycle.

As has already been mentioned in
the introduction, care must be taken
with protonated polyammonium re-
ceptors so that the environment is

sufficiently acidic for them to remain protonated whilst not
too acidic to protonate any putative anionic guest. Guanidine
is readily protonated to form the guanidinium ion, which is
stabilized by resonance and charge delocalization. With a pKa

of 13.6, the guanidinium cation is approximately three orders
of magnitude more stable than a protonated secondary amine
(pKa� 10.5). Guanidinium therefore remains protonated up
to high pH values, and is ideal for extending the pH range
over which anion receptors operate.

Schmidtchen and co-workers incorporated the guanidinium
group into a bicyclic ring to form 27 ± 29. These receptors
possess hydrogen-bonding arrays similar to those present in
ureas. This has led to extensive use of guanidinium-based
receptors for binding complementary carboxylate or phos-
phate guests. For example, receptor 27 forms a very stable
complex (K� 1.4� 105mÿ1) with p-nitrobenzoate in chloro-
form.[44] The chiral receptor 30, synthesized by de Mendoza,
Lehn, and co-workers, shows a preference for extracting tert-
butoxycarbonyl (Boc)-protected l-tryptophane into chloro-
form from a racemic mixture in water.[45] In this case, the
guanidinium ± carboxylate interaction is further enhanced by
p ± p stacking.
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Pyrrolic NH groups can be combined with electrostatic
interactions to produce receptors that have an extremely high
affinity for anions. Early work by Sessler et al. demonstrated
that sapphyrins (pentapyrrolic expanded porphyrins first
synthesized by Woodward and co-workers[46]) are capable of
coordinating to anions. The core of the sapphyrin macrocycle
31 may be doubly protonated to form a receptor with a
positive charge and an array of five NH hydrogen-bonding
groups. Solution-phase experiments indicated that fluoride

N
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NH HN

H
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31 • F–

ions bind over 103 times more strongly to diprotonated
sapphyrin than either bromide or chloride ions.[47, 48] X-ray
crystallographic analysis revealed that the fluoride ion is held
in the plane of the sapphyrin ring by five NÿH ´´´ Fÿ hydrogen
bonds (Figure 7).[49]
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Figure 7. The crystal structure of the fluoride complex of diprotonated
sapphyrin 31. Reproduced with permission from ref. [49]. Copyright�

American Chemical Society 1992.

2.4. Metal or Lewis Acid Coordination

Electron-deficient Lewis-acidic centers are able to bind to
anions by an orbital overlap that causes a bonding interaction.
This has led to the production of many new chelating and
macrocyclic hosts for anions containing atoms such as boron,
mercury, silicon, germanium, and tin.

In 1984, Azuma and Newcomb reported the synthesis of a
series of tin-based macrocycles 32 and 33.[50] Coordination
studies with 32 showed that this family of macrocycles would
form 1:1 and 1:2 host:anion complexes with chloride ions in
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34: X = Ph
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32 33

acetonitrile solution,[51] with stability constants ranging from
400 to 850mÿ1.

Newcomb et al. have also synthesized a series of cryptand-
like tin-containing macrobicycles 34 and 35.[52] Anion binding

by these cage systems was found to be kinetically slower than
that observed in the case of the macrocyclic receptors 32 and
33 with exclusively 1:1 complexes being observed.[53] 119Sn
NMR studies showed that fluoride ions were bound five
orders of magnitude more strongly than chloride ions in
chloroform.[54] Crystallographic studies later revealed that
both ions were bound within the cavity. The fluoride ion was
coordinated to both tin atoms (rSn-F� 2.12/2.28 �) whereas
chloride was located much closer to one tin atom than the
other.[55]

One of the earliest examples of synthetic anion coordina-
tion was reported in 1967 by Shriver and Biallas.[56] The
chelating boron-based receptor 36 was found to form stronger
complexes with methoxide ions than monodentate boron
trifluoride. Katz has also produced chelating boron-based
receptors for anions.[57, 58] The anion-coordinating ability of
receptor 37 (with hydride, fluoride, and hydroxide) was
compared with that of the mondentate analogue 38. It was
found that 37 could extract hydride or fluoride ions that were
bound to compound 38. The crystal structures of the hydride
and chloride complexes of 37 show the anions are bound
between the boron atoms.[59]

BMe2 BMe2

F2B BF2

H BMe2

36

37 38

A variety of silicon- and germanium-based receptors
including 39 ± 41 have been synthesized. Compound 39 has
been shown to coordinate to fluoride ions with a stability
constant of lgK> 9 in [D6]acetone.[60] Germanium-based
macrocycles, for example, 40 and 41 have also been pre-
pared.[61, 62] Receptor 40 transports chloride ions more effi-
ciently than bromide ions across organic phases.[63]

SiF3

SiPh2F

Ge Ge
R1

R2

R1

R2

40: R1 = R2 = Me

41: R1 = Cl, R2 = Me

39

Mercury has been used as a Lewis-acidic center in a number
of anion receptors.[64, 65] Some of the most elegant examples of
this type of receptor are the mercuracarboranes produced by
Hawthorne and co-workers.[66] These receptors consist of
carborane cages linked through their carbon atoms by
mercury atoms. One example containing four carborane units
is receptor 42. The X-ray crystal structure of this material
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shows that a chloride ion is bound in the plane of the
macrocycle equidistant (2.94 �) from the four mercury atoms
(Figure 8 a). Hawthorne and co-workers have proposed that
chloride ions present during the synthesis of this material act

Figure 8. The X-ray crystal structures of the chloride (a) and the iodide (b)
complexes of receptor 42. a) Reproduced with permission from ref. [66].
Copyright� VCH 1991. b) Reproduced with permission from ref. [67].
Copyright� American Chemical Society 1992.

as templates around which the receptor forms. Indeed when
chloride was excluded from the synthesis the yield of the
product decreased. Iodide ions are too large to fit into the
cavity of this receptor and instead perch over the cavity
(Figure 8 b).[67] Further examples of anion-templated proc-
esses are discussed in Section 4.2.

2.5. The Hydrophobic Effect

Inoue and co-workers have studied the inclusion of a series
of naphthalenesulfonates by b-cyclodextrin 43 in water.[68] The
binding interaction in these complexes is primarily a result of
the hydrophobic effect, with the naphthalene residue displac-
ing water molecules from the internal cavity of the cyclo-
dextrin. The anionic sulfonate group remains outside the
cavity in contact with the solvent, thereby controlling the
orientation of the naphthalene group within the cavity.
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Atwood, Steed, and co-workers have coordinated transition
metals to the outside of calixarenes in order to reduce the
electron density present in the ªcupº, thus making the cavity
more amenable to hydrophobic anionic guests.[13, 69, 70] The
crystal structures of anions bound in the calixarene cavity of a
number of receptors were elucidated, including the HSO4

ÿ

complex of 44 (Figure 9). Stability constants as high as 550mÿ1

were observed for chloride complexation in aqueous solu-
tion.[71]

Ir

Ir Ir

OH O
OH

O
Ir

6+

44

3. Anion Sensors

With the aim of advancing chemical sensor technology,
considerable recent attention has focused on the design of
receptors that have the ability to selectively bind and sense
the anion recognition event through a macroscopic electro-
chemical or optical response.[11, 72, 73]
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Figure 9. The X-ray crystal structure of the HSO4
ÿ complex of receptor 44

(hydrogen atoms are omitted). Reproduced with permission from ref. [71].
Copyright� American Chemical Society 1997.

3.1. Electrochemical Recognition of Anions

Electrochemical molecular recognition is an expanding
research area at the interface of electrochemistry and supra-
molecular chemistry.[74, 75] Three strategies have been applied
to the electrochemical detection of the formation of recep-
tor ± anion complexes: 1) extraction of a charged guest into a
membrane by a nonelectroactive host and detection of the
resulting membrane potential (ion-selective electrodes
(ISEs), chemically modified field-effect transistors (CHEM-
FETs), potentiometric sensors), 2) detection of a current/
potential perturbation of the properties of a redox-active host
on complex formation (voltammetric/amperometric sensors),
and 3) production of a chemically modified electrode (CME)
consisting of a redox-active matrix and an anion-selective
binding site.

Many of the neutral lipophilic urea- and thiourea-contain-
ing receptors discussed earlier have been successfully incor-
porated into ion-selective electrodes (ISEs) which are capable

of selective anion detection.
For example, Umezawa and
co-workers have recently pro-
duced chloride-selective
membranes based on bis-urea
systems such as 45.[76]

Reinhoudt and co-workers
have incorporated an array of
lipophilic uranylsalophane
derivatives such as 46 a ± i

(Scheme 2) into chemically modified field-effect transistor
(CHEMFET) membranes and shown that these devices are
capable of selectively detecting a range of anions (for
example, fluoride may be detected in the presence of a 150-
fold excess of SCNÿ), and is dependent upon the lipophilic
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a R1 = R2 = H
b R1 = OMe,R2 = H
c R1 = NHC(O)Me, R2 = tBu

d R1 = F, R2 = H
e R1 = C6H5, R2 = H
f R1 = R2 = tBu

g R1 = OCH2C(O)NH(4-MeC6H4), R2 = H
h R1 = NHC(O)C7H15, R2 = tBu
i  R1 = NHC(O)NHC3H7, R2 = tBu

46

Scheme 2. Synthesis of uranylsalophane complexes 46.

and hydrogen-bond donor/acceptor substituents near the
uranyl binding site of the receptor.[77±79]

Recently KraÂ l et al. have incorporated calixpyrrole macro-
cycles (for example, 18) into ISEs and shown that the
membrane is capable of acting as an anion sensor at low
pH values.[32]

A variety of organic, organometallic, and inorganic redox-
active centers have been incorporated into various host
frameworks and been shown to electrochemically detect
charged and neutral guests.[80, 81]

The first redox-active class of anion receptor based on the
cobaltocenium moiety was reported by Beer and Keefe in
1989.[82] Since then, a plethora of acyclic, macrocyclic, and
calixarene receptors containing cobaltocenium have been
prepared (for example, 47 ± 52[83±87]). Cyclic voltammetric
experiments demonstrated that all these receptors could
electrochemically sense anions. The addition of anions to
solutions of the receptors in acetonitrile resulted in significant
cathodic shifts of the reversible Cp2Co�/Cp2Co redox couple.
The complexed anionic guest effectively stabilizes the pos-
itively charged cobalt center making it more difficult to
reduce. For example, complexation of chloride ions by
receptors 47 and 48 induced cathodic shifts of 30 mV and
85 mV, respectively, whereas larger magnitudes of 200 mV
and 240 mV were observed for the complexation of dihydro-
gen phosphate. The electrochemical results correlate well
with stability constants determined by 1H NMR spectroscopy,
with the highest K values obtained with the H2PO4

ÿ ion.
The anion-coordination properties of the cobaltocenium-

bridged calix[4]arene receptors are dependent upon the
degree of preorganization of the upper rim.[88±90] Stability
constant values for the isomeric receptors 50 and 51 suggests
that exchanging the positions of the tosyl substituent on the

O

NH HN SS

BuNH HNBu

45
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lower rim of the calix[4]arene has a dramatic influence on the
anion coordination properties of the upper rim. For example,
50 binds acetate much better than H2PO4

ÿ, whereas the
selectivity preference is reversed with isomeric 51. The
cobaltocenium-bridged calix[4]arene 52 forms thermodynam-
ically stronger anion complexes with carboxylate and H2PO4

ÿ

ions than either 50 or 51, and with a notable selectivity for
acetate. As evidenced from the crystal structure of the
chloride complex of 52 (Figure 10), this selectivity preference
may be rationalized by the hydrogen bond donor cavity from
the upper rim bidentate amide group being of complementary
topology for complexing bidentate anions such as carbox-
ylates.

Electrochemical investigations demonstrated that each of
these receptors could sense a variety of anions, with sub-
stantial cathodic perturbations of the respective Cp2Co�/
Cp2Co redox couple by up to DE� 120 mV for 50 and 155 mV
for 52 with acetate being observed. Cathodic shifts of both the
Cp2Co�/Cp2Co and porphyrin oxidation redox couples were
noted by voltammetric methods on complexation of receptor
53 with anions.[91]

The redox-active ferrocene moiety has also been exploited
in the electrochemical sensing of anions, both in organic and
aqueous media.[80, 81] Ferrocene units appended with secon-
dary amides have also been used for anion recognition.[92, 93]

Being neutral these receptors have no inherent electrostatic
attraction for anions, which makes the stability constants, as
determined by NMR spectroscopy, smaller than those of the
analogous cobaltocenium systems. Electrostatic interaction
can, however, be switched on by oxidation of the ferrocene
group to the ferrocenium ion, and consequently these
molecules exhibit interesting electrochemical anion-recogni-

Figure 10. The X-ray crystal structure of the chloride complex of receptor
52. Reproduced with permission from ref. [90]. Copyright� American
Chemical Society 1999.

tion effects. For example, 54 ± 57 were capable of detecting
H2PO4

ÿ ions in acetonitrile as shown by large cathodic shifts
of up to 240 mV in the presence of a tenfold excess of HSO4

ÿ

and Clÿ ions. In contrast receptor 58 binds HSO4
ÿ ions

selectively in the presence of H2PO4
ÿ ions. The basic amine

functionality of 58 is protonated by the acidic hydrogen
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sulfate ion and the positively charged receptor strongly binds
the produced SO4

2ÿ, as noted by a marked electrochemical
reductive-stripping response.
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Astruc and co-workers have produced dendrimers 59 ± 61
containing 3, 9, and 18 ferrocene units,[94] respectively and
found evidence for a dendritic effect in the anion-recognition
process. The largest induced cathodic shift was observed on
addition of H2PO4

ÿ ions. Interestingly as the size of the
dendrimer increases so does the perturbation caused by a
particular anion. Recently the same research group reported
that a cationic metallodendrimer with 24 [CpFe(h6-N-al-
kylaniline)]� termini is capable of recognizing chloride and

bromide ions.[95] Lower rim polyferrocene-substituted calix-
arenes 62 ± 64 have recently been shown to bind and electro-
chemically sense anions, with maximum cathodic perturba-
tions of 160 mV being observed for H2PO4

ÿ.[96]
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Beer et al. have synthesized a series of acyclic and macro-
cyclic ferroceneamine ligands (for example, 65 and 66) that
can selectively bind and electrochemically detect phosphate
and sulfate (in various states of protonation) as well as
nucleotide ions in water.[97±99] For example, 65 senses phos-
phate ions at pH 7 as shown by a cathodic shift of 50 mV,
whereas sulfate does not induce a redox response. In contrast
66 electrochemically discriminates for sulfate over phosphate
at pH 4 in aqueous THF with a cathodic shift of 54 mV.
Calibration curves of the change in the half-wave potential
DE versus the [Aÿ]/[L] ratio at a certain pH value showed that
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it was possible to quantitatively determine phosphate and
sulfate concentrations in the presence of competing anions
with 65 and 66. This result demonstrates their potential use as
prototype anion sensors.[99] The ferrocene-appended guanidi-
nium receptor 67 senses pyrophosphate in methanol/water
mixtures and exhibits cathodic shifts of 70 mV.[100]

Shinkai and co-workers have reported that ferrocenebor-
onic acid 68 is capable of acting as an electrochemical

sensor.[101] This simple molecule has excellent selectivity for
fluoride ions in the presence of other halides and ions such as
SCNÿ, SO4

2ÿ, and H2PO4
ÿ. They found a Kox

value of 1000mÿ1 in MeOH/H2O (1/9) for
fluoride compared to values of less than 2mÿ1

for chloride and bromide. The interaction
between the boronic acid group and the
fluoride ion is attributed to the hardness of
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the boron atom, which strong-
ly interacts with fluoride (a
hard base). On oxidation, the
ferrocene group becomes
more electron-withdrawing,
so decreasing the electron
density of the boron atom
and increasing the strength of
the fluoride complex.

An alternative approach to
electrochemical anion detec-
tion is to produce an electro-
polymerizable monomer con-
taining an anion binding site
and polymerize it onto the
surface of an electrode to
produce an anion-selective
chemically modified electrode
(CME). Fabre and co-workers
have recently produced boro-
nate-functionalized polypyr-
role membranes (poly-69 ;
Scheme 3) that are selective
for fluoride over other puta-
tive anionic guests.[102]

3.2. Optical Sensing of Anions: Luminescent Sensors

The high sensitivity of fluorescent techniques for sensing
target guest species has stimulated an enormous amount of
interest in the covalent attachment of organic and inorganic
luminophores in proximity to charged guest-recognition
sites.[103] Examples of luminescent anion-responsive systems
have combined the anthracene fluorophore with polyammo-
nium,[104] guanidinium,[105] zinc(ii) amine,[106] and very recently
calixpyrrole[34] anion recognition sites. Cyclen-appended phe-
nanthridinium europium and terbium complexes have been
shown to sense halide and hydroxide ions in water.[107, 108]

Tris(2,2'-bipyridyl)ruthenium(ii) ([Ru(bpy)3]2�) has been
one of the most extensively investigated complexes as a result
of its chemical stability, redox properties, excited-state
reactivity, and luminescent emission.[109, 110] Beer and co-

workers have incorporated this moiety into acyclic, macro-
cyclic, and calix[4]arene structural frameworks to produce a
new class of anion receptor capable of optical and electro-
chemical sensing; examples are 70 ± 74.[72, 111, 112] Single-crystal
X-ray structures of the chloride complex of 70 (Figure 11) and
the H2PO4

ÿ complex of 73 highlight the importance of
hydrogen bonding to the anion-complexation process. The
determination of stability constants in DMSO demonstrated
that the acyclic receptors form strong complexes with Clÿ and
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Figure 11. The X-ray crystal structure of the chloride complex of receptor
70. Reproduced with permission from ref. [111]. Copyright� American
Chemical Society 1996.
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H2PO4
ÿ ions. The macrocyclic and calix[4]arene receptors

72 ± 74 form highly selective and thermodynamically stable
complexes with H2PO4

ÿ ions. Electrochemical anion-recog-
nition experiments showed substantial anion-induced catho-
dic perturbation of the redox couple associated with the
ligand-centered amide-substituted 2,2'-bipyridine reduction.
These perturbations were in agreement with stability constant
values, with 73 electrochemically sensing H2PO4

ÿ ions in the
presence of a tenfold excess of HSO4

ÿ and Clÿ ions.
Luminescence emission measurements were also undertaken
to probe the anion-binding process. All receptors exhibited
significant blue shifts in the metal-ligand-charge-transfer
(MLCT) emission band lmax on addition of Clÿ and H2PO4

ÿ

ions, with 73 displaying the largest perturbation (16 nm).
These shifts are not observed with unfunctionalized
[Ru(bpy)3]2� and were accompanied by large increases in
emission intensity (higher quantum yields). It was proposed
that this could be a consequence of the bound anion rigid-
ifying the receptor and inhibiting vibrational and rotational
relaxation modes of nonradiative decay.

An acyclic [Ru(bpy)3]2�-ferrocene receptor 75 in which the
emission of the ruthenium center in the free receptor is
quenched by the ferrocene units has also been prepared by
Beer et al.[113] Interestingly the addition of H2PO4

ÿ ions
switches on the emission with a 20-fold increase. This effect
was not observed with Clÿ or HSO4

ÿ ions. A competition
experiment conducted in the presence of five equivalents of
both Clÿ and HSO4

ÿ ions reproduced the emission increase on
addition of H2PO4

ÿ, thus confirming the property of 75 as a
H2PO4

ÿ-selective luminescent anion sensor.
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Other mixed-metal receptors have included the cleft-type,
in which the d6 metals RuII, OsII, and ReI with various
different bridging groups 76 were employed.[114] These, like
the previous examples, display selectivity for dihydrogen
phosphate over chloride. The strength of binding can be tuned
by the choice of the spacer/bridging moiety to quite a
dramatic effect. For example, the complex with the meta-
phenylene-bridged ligand gives a stability constant with
dihydrogen phosphate of 55mÿ1 in [D6]DMSO, while that
with the para analogue is 4320mÿ1. Other spacers were
utilized, such as ethyl and 2,2'-dimethylpropyl. The corre-
sponding OsII receptors displayed larger anion stability
constants indicating the efficient Lewis-acidic character of
the [Os(bpy)3]2� moiety.
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It is noteworthy that few of the receptors discussed so far
exhibit specific binding and sensing of the chloride ion. Beer
et al. recently prepared the macrocyclic receptors 77 ± 79
which form extremely stable 1:1 complexes on binding
chloride ions in [D6]DMSO, with stability constants of up to
4� 10ÿ4mÿ1.[115] 1H and 31P NMR experiments on 79 showed
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no evidence for the binding of H2PO4
ÿ ions. This remarkable

selectivity may be attributed to the inherently rigid structure
of the macrocycle, since acyclic analogues bind H2PO4

ÿ more
strongly than Clÿ. The larger size and tetrahedral shape of
H2PO4

ÿ make this ion noncomplementary for the receptor�s
cavity. Luminescence studies indicated a blue-shift of the
MLCT emission band with significant intensity enhancement
in response to chloride ions, but no response to H2PO4

ÿ ions.
Interestingly increasing the size of the macrocyclic cavity by
two or four methylene units dramatically reverses the trend in
anion selectivity.
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The neutral isoelectronic rhenium(i) ± bipyridylamide re-
ceptors 80 and 81 have been prepared and shown to
selectively bind and optically sense acetate ions in DMSO
by MLCT enhancement.[116] The mixed ReI-PdII metal macro-
cycle 82 binds a perchlorate ion, which also results in
significant MLCT enhancement in acetone.[117]

Deetz and Smith have synthesized an analogous compound
containing saccharide-binding boronic acid groups (83) and
shown that this material will sense the presence of phos-
phorylated sugars in aqueous solution through perturbations
in the luminescent properties of the complex.[118] The phos-
phate group of the sugar is presumably bound to the amide
NH protons present in the cleft whilst the boronic acid groups
coordinate to the sugar. Rhenium analogues of this material
had previously been used to bind simple sugars.[119]
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Watanabe et al. have produced imidazole-functionalized
ruthenium ± bipyridyl complexes such as 84 which recognize
anionic and neutral phosphodiesters with luminescent signal
enhancement observed for anionic phosphodiesters in ace-
tone.[120] The corresponding 1:1 complexes are proposed to
form between 84 and tetraethylammonium diphenyl phos-
phate (TDPP) or dibenzylphosphate (DBHP; Bz� benzyl).
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Ruthenium(ii)± and rhenium(i) ± bipyridylcalix[4]diquinone
receptors 85 and 86 selectively bind and sense acetate ions
through remarkable retrieval effects of the luminescent
emission intensity.[121] The addition of acetate ions to solutions
of 85 in acetonitrile caused a 500 % increase in the intensity of
the emission, which suggests that anion binding inhibits the
intramolecular oxidative electron transfer quenching mecha-
nism between the ruthenium(ii) ± bipyridyl and calix[4]diqui-
none centers.
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Water-soluble ruthenium(ii) ± bipyridyl ± polyamine recep-
tors such as 87 ± 90 have very recently been prepared and
shown to bind and detect phosphate ions in aqueous media by
MLCT luminescent emission quenching.[122]

Anslyn and co-workers have published several papers on
the recognition of tricarboxylate and triphosphate polyanions
by trisguanidinium receptor species such as 91 (Scheme 4).[123]

This molecule contains three guanidinium groups and is
therefore complementary to guests containing three carbox-
ylate groups. The stability constant determinations revealed
that guests containing three anionic moieties, such as citrate,
are bound more strongly than those with fewer anionic groups
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(for example, acetate). The crystal structure of the tricarbal-
late complex (tricarballate� 1,2,3-propanetricarboxylate) of
91 is shown in Figure 12. This receptor has been used by
Anslyn and co-workers to produce a displacement-assay-type
chemosensor for citrate in beverages.[123] 5-Carboxyfluores-
cein (92) is a commercially available fluorescent probe
containing two carboxylate groups. Its fluorescence is partic-
ularly sensitive to changes in pH values. The two carboxylate
groups present in 92 coordinate to 91. The pKa of the phenol
moiety of 92 is lowered in the complex because of the
positively charged microenvironment. A citrate ion displaces
the carboxyfluorescein from the complex and results in a shift
in the pKa of the phenolate group such that 92 is in a higher
state of protonation when uncomplexed (Scheme 4).[124] The
fluorescence and absorbance of 92 decrease with increasing
protonation. These changes could be calibrated against
standard solutions of citrate to produce a quantitative sensor.

Figure 12. The X-ray crystal structure of the tricarballate complex of
receptor 91 (C-bound hydrogen atoms are omitted). The unit cell contains
two different host ± guest complexes (a and b). Reproduced with permis-
sion from ref. [123]. Copyright� WILEY-VCH 1997.

3.3. Optical Sensing of Anions: Colorimetric Sensors

Colorimetric sensors do not require the use of a potentio-
stat or spectrometer to detect redox or optical perturbations
(color changes are detectable by eye!) and therefore have
advantages over other molecular sensors.

Sessler and co-workers reported that 2,3-dipyrrol-2'-ylqui-
noxalines such as 93 provide a simple, hitherto unexplored

class of anion receptors that allow for the
detection of fluoride ions in dichloromethane
and DMSO under both visual (that is, naked
eye) and fluorescence emission conditions.[125]

In fact, 93 undergoes a clear yellow to purple
color change on addition of fluoride ions that
is not observed on addition of other anions.
The observed color changes also take place in
DMSO but are reversed upon addition of
water. This is presumably because water com-
petes with the pyrrolic NH hydrogen bond
donating sites for fluoride ions. Compound 93
shows a remarkable selectivity for the fluoride
ion (Ka(F)/Ka(Cl)>
1800; Ka(F)/
Ka(H2PO4

ÿ)> 1400).
Anslyn and co-work-

ers have extended their
displacement-assay ap-
proach to include a mo-
lecular ensemble con-
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sisting of the nitrate-selective trigonal amide box[25] 14 and a
variety of colorimetric dyes such as Resorufin (94) or Methyl
Red (95).[126] The resulting molecular ensembles show large
changes in their absorbance upon addition of nitrate ions.

The generality of the approach of Anslyn and co-workers
has been confirmed by Gale et al.[127] The intense yellow color
of the 4-nitrophenolate ion in dichloromethane or acetonitrile
has been shown to dissipate upon addition of calix[4]pyrrole
as a consequence of the formation of a calix[4]pyrrole ± 4-
nitrophenolate complex. The addition of anions causes the
regeneration of the bright yellow color as the added anion
displaces the phenolate ion from the calix[4]pyrrole
(Scheme 5). The intensity of the color is dependent upon
the affinity of the calixpyrrole for the added anion and the
anion concentration.

4. Into the New Millennium: Templation, Anion-
Directed Self-Assembly, Catalysis, and Ion-Pair
Recognition

The previous sections have illustrated through the discus-
sion of a range of artificial receptors the recognition and
sensing of anionic guest species in organic and aqueous
solvent media. The field of anion coordination chemistry is
catching up with cation coordination chemistry and has
recently turned its attention towards supramolecular catalysis,
anion-template effects, and directed self-assembly. In addi-
tion, at the interface of anion and cation coordination
chemistry, new heteroditopic multisite ligands for the simul-
taneous complexation of anionic and cationic guest species
(ion-pair recognition) have been reported.

4.1. Catalysis

Hosseini and Lehn are pioneers in the area of supra-
molecular catalysis of anionic substrates. The results of their
extensive work have recently been condensed into a book
chapter to which the interested reader is directed for further
information.[128] One example, a proposed catalytic cycle for
acetyl phosphate hydrolysis and pyrophosphate synthesis by
macrocycle 96 at pH 7, is shown in Scheme 6. The mechanism

of this reaction is extremely pH sensitive with
the percentage of pyrophosphate formed being a
maximum at pH 7. This result arises because the
mechanism of the transformation relies on the
macrocycle being in the correct protonation
state.

Hamilton and co-workers have used an anion-
binding strategy to stabilize an oxyanion tran-
sition state and so accelerate the 1,4-addition of a
thiol to a maleimide (Scheme 7).[129] The build up
of negative charge on the carbonyl oxygen atom
in the enol transition state of this reaction is

stabilized by hydrogen bonding from a urea group. The
hydrogen bonds to the enol oxygen atom in com-
plex 98 are stronger than those to the carbonyl oxygen atom
in the starting material (97). Therefore the transition state is
stabilized relative to the starting material and catalysis occurs.

Reinhoudt and co-workers have recently demonstrated that
addition of anion-binding urea-based receptors to palladi-
um(ii)-catalyzed hydrocarbonylation reactions of cyclopen-
tene can significantly increase hydroacylation relative to
hydroformylation.[130] The N,N'-disubstituted urea derivatives
99 ± 103 significantly influence the performance of the
[PdX2(dppp)] catalyst (dppp� 1,3-bis(phenylphosphanyl)-
propane) in hydrocarbonylation reactions by coordinating to
the counterions (X�OTs, TFA, OAc), which leads to a
decrease in their metal-binding strength. More weakly
coordinating anions X enhance the electrophilicity of the PdII
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metal ion and are more easily
displaced from the complex, thus
facilitating the formation of 107
(increased turnover) and 109 (in-
creased selectivity for ketones;
Scheme 8). The largest effect was
observed on addition of com-
pound 101.

4.2. Anion Templation and Directed Self-Assembly

Examples of metal ions and other cationic species that act
as templates for the formation of cyclic molecules or other
molecular systems are widespread in the literature.[131] Exam-
ples of anions performing the same function were, until a few
years ago, difficult to find. However, this situation has now
changed, and reports of the templating influence of anions are
now becoming widespread. We have already discussed how
anion templation assisted in the synthesis of Hawthorne�s
mercuracarborand receptor 42. Other early examples of anion
templation (or anion-directed self-assembly) include an
interesting templation effect by nitrate in the synthesis of
expanded porphyrins by Sessler et al. ,[132] the organization of
organophosphate ± oxovanadium clusters around chloride
ions,[133] and the construction of polyoxovanadate cages by
Müller et al.[134, 135] Recently, Müller et al. have employed
H2PO2

ÿ ligands in the formation of nanosized rings of formula
Na21[MoVI

126MoV
28O462H14(H2O)54(H2PO2)7] ´ xH2O (x� 300).[136]

de Mendoza and co-workers have synthesized a tetragua-
nidinium strand (113) that self-assembles around sulfate ions
to form a double helix.[137] Evidence for the anion-directed
helical structure was provided by ROESY NMR spectros-
copy. The complexation behavior of this and other tetragua-
nidinium reagents with a-helical peptides containing nega-
tively charged aspartate residues has been reported by
Hamilton, de Mendoza, and co-workers.[138]
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Lehn and co-workers have discovered a striking example of
anion-directed assembly (Scheme 9).[139, 140] The pentametallic
circular helicate 115 only forms in the presence of chloride
ions. It may be produced by mixing the tris(bipyridine) ligand
114 with an equimolar amount of FeCl2 in ethylene glycol at
170 8C. The chloride ion bound in the center of the helicate is
locked in place and cannot be exchanged for other anions such
as hexafluorophosphate or trifluoroacetate (triflate). If other
iron(ii) salts such as tetrafluoroborate or sulfate are used
instead of chloride a hexameric complex 116 is obtained
(Scheme 9). The chloride ion is therefore playing a role in the
assembly of this beautiful complex (Figure 13).

Fujita et al. have used a variety of carboxylate guest ions to
template the formation of metal complexes[141] and have
recently succeeded in constructing coordination nanotubes.
(118 ± 120 ; Scheme 10).[142] For example, pentakis(3,5-pyri-
dine) 117 quantitatively forms a coordination nanotube 118
with [Pd(en)(NO3)2] (en� ethylenediamine) in the presence
of a linear template such as 4,4'-biphenylenedicarboxylate.

Figure 13. The X-ray crystal structure of the circular double helicate 115
(hydrogen atoms are omitted). The templating chloride ion can be clearly
seen at the center of this beautiful complex. Reproduced with permission
from ref. [139]. Copyright� VCH 1996.

Neutral linear templates such as biphenyl and p-terphenyl
were also effective as templates, however, the nanotube did
not form in the absence of any template. The crystal structure
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of [120(4,4'-biphenylenedicarboxylate)2(NO3
ÿ)10] has been

elucidated and reveals that the anionic template is bound
within the tube by p ± p and CH ± p interactions.

Another example of anion-directed assembly was reported
by Mingos and co-workers.[143] Reaction of NiCl2 with
amidinothiourea (atu) in methanol produces a cage complex
121. The complex consists of eight amidinothiourea units that
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coordinate six nickel ions through both nitrogen and sulfur
donor atoms. A chloride ion is bound in the center of the cage
by eight NÿH ´´´ Cl hydrogen bonds (Figure 14). A cage
complex can also be formed by replacing NiCl2 with NiBr2,

however syntheses using nickel
acetate, nitrate, or perchlorate
salts produce simple monomer-
ic[Ni(atu)2]2� complexes. If chlor-
ide ions are subsequently added
to these complexes (as KCl) the
cage complex spontaneously
forms around the halide ion.

McCleverty, Ward, and co-
workers have shown that BF4

ÿ

ions template the formation of
tetrahedral complexes consisting
of four cobalt(ii) ions and six
ligands 122.[144] The templation

N

N
N

N

N
N

122

process appears to be driven
primarily by electrostatic interac-
tions as the fluorine atoms are not
directed towards the cobalt cen-
ters at the corners of the tetrahe-
dron (Figure 15) but rather to-
wards the center of the triangular
faces of the tetrahedron. This is
presumably a consequence of the

anion adopting an orientation that best fits the internal shape
of the cavity. The tetrahedral complex could not be isolated
without an encapsulated anion, and anion exchange between
the cavity and bulk solvent was slow (at least on the NMR
timescale). These facts suggest that the anion is essential in
the assembly process of this complex.

Chloride ions have been used by Zheng and co-workers to
direct the assembly of europium(iii) ± tyrosine cluster com-
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Scheme 10. Synthesis of the coordination nanotubes 118 ± 120.

Figure 14. The X-ray crystal structure of cage complex 121 (hydrogen
atoms are omitted). Reproduced with permission from ref. [143]. Copy-
right� WILEY-VCH 1998.
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Figure 15. A partial representation of the crystal structure of the BF4
ÿ-

templated cage complex 122 (hydrogen atoms are omitted). Reproduced
with permission from ref. [144]. Copyright� WILEY-VCH 1998.

pounds[145] such as [Eu15(Cl)(m3-tyr)10(m3-OH)20(m2-H2O)5-
(OH)12(H2O)8][ClO4]2 ´ 56 H2O (123 ; Figure 16). The metal
ions are assembled into three layers with each containing five
metal ions. The cage is templated around a chloride ion at the
center of the cluster that is coordinated to five europium
atoms with an average Eu ´´ ´ Cl distance of 3.31 �.

Figure 16. A plane through the X-ray crystal structure of 123 (only the Eu
and O atoms are shown) showing the templating chloride ion. Reproduced
with permission from ref. [145]. Copyright� 1999, WILEY-VCH.

Chen and co-workers have formed cyclic hexanuclear
complexes containing quadruply bonded Mo2 units around
carbonate ions.[146] The cyclic complex trans-[{Mo2-
(O2CCF3)2(m-dppa)}3(m6-CO3)(m3-Cl)3]F (124 ; Figure 17) was
prepared by reaction of trans-[Mo2(O2CCF3)2(MeCN)6][BF4]2

and K2CO3 with N,N'-bis(diphenylphosphanyl)amine (dppa)
in dichloromethane. The chloride ions present in 124 presum-
ably originate from the solvent. The analogous reaction
carried out in acetonitrile followed by the addition of ZnX2

(X�Br or I) afforded the analogous bromide or iodide
complexes (125 or 126).

Figure 17. The crystal structure of complexes 124 ± 126 (X�Cl, Br, and I,
respectively; the CF3 groups are not shown and only the ipso atom of the
phenyl groups are shown). Reproduced with permission from ref. [146].
Copyright� The Royal Society of Chemistry 1999.

Stoddart and co-workers have also employed anions in self-
assembly processes.[147] The pseudorotaxane 127 is formed
from tetrakis-p-phenylene[68]crown-20 and four dibenzylam-
monium ions. The crystal structure of this assembly shows an
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ordered PF6
ÿ ion bound in the center of the rotaxane.

Unbound hexafluorophosphate ions are disordered in the
crystal structure, that is, the octahedrally disposed fluorine
atoms are not constrained to point in particular directions.
However, in this case the ordering of the anion suggests the
formation of CÿH ´´´ F hydrogen bonds with the rest of the
assembly, which locks the anion into a single orientation. The
presence of the anion is therefore likely to reduce any
electrostatic repulsion between the dibenzylammonium cations
in the pseudorotaxane, thus assisting the assembly process.

Montalti and Prodi have shown that chloride ions can
control the threading and unthreading of a pseudorotaxane
formed between (9-anthrylmethyl)methylammonium hexa-
fluorophosphate 128 and dibenzo-[24]crown-8 (129 ;
Scheme 11).[148] Chloride ions form a strong ion pair with
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the ammonium group of 128 which
prevents the threading process and
effectively breaks up the pseudo-
rotaxane ensembles present in sol-
ution. Subsequent addition of
Bu3NH� ions (which can compete
for the chloride ions bound in the
ion pairs) drives the equilibrium
back in favor of the pseudorotax-
ane.

Vögtle and co-workers have
employed anion coordination in a
high-yielding rotaxane synthesis.
They discovered that phenolates,
thiophenolates, and sulfonamide
ions are strongly bound in the
tetralactam macrocycles. The
bound organic anion was found to
be capable of reacting as a nucle-
ophile and therefore could be
utilized in rotaxane synthesis. For
example, the complex 130 a ´ 131
(Scheme 12) reacts with molecule
133 to form rotaxane 134 in 95 %
yield (probably one of the highest
yields ever reported for this kind
of synthesis).[149, 150]

Scheme 12. Efficient formation of a rotaxane by precoordination of nucleophilic anions.
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A synthetic solid-state anion channel has recently been
produced by Lippert and co-workers.[151] Lippert found that
reaction of [Pt(en)(H2O)2]2� and 2,2-bipyrazine (bpz) produ-
ces the triangular complex [{Pt(en)(2,2'-bpz-N4,N4')}3]6�. Sub-
sequent reaction with additional [Pd(en)]2� gives a hexame-
tallic triangular complex [{(en)Pd}2.5(2,2'-bpz)3{(NH3)2-
Pt}3][ClO4)6][NO3]5 ´ 5 H2O (135 ; Figure 18) with one of the
corner Pd atoms having 50 % occupancy. A single perchlorate
ion is bound at the center of the triangle. The triangles are

held together by bridging nitrate ions and water molecules to
form channels (Figure 18 c, the perchlorate ions are omitted
for clarity). Therefore this structure not only contains anions
but is also held together by anions. A side view is shown in
Figure 18 d.

4.3. Ion-Pair Recognition

Ion-pair recognition, the simultaneous complexation of
cationic and anionic guest species by multisite receptors, is a
new, emerging, and topical field of coordination chemistry.
These heteroditopic ligands can be designed to exhibit novel
co-operative and allosteric behavior, whereby the binding of
one charged guest can influence, through electrostatic and
conformational effects, the subsequent coordination of the
pairing ion. Such systems have potential as new selective
extraction and transportation reagents for ion-pair species of
environmental importance and for zwitterion recognition.

For example, compound 136 is capa-
ble of coordinating to potassium and
fluoride ions simultaneously. Reetz
et al. showed that the potassium ion is
bound by the crown ether moiety
present in this receptor whilst the
fluoride ion is held by a combination
of orbital overlap with the Lewis-acidic
boron atom and electrostatic interac-

tions with the potassium
ion.[152, 153] The crystal
structure of the potassium fluoride complex is
shown in Figure 19.

Figure 19. The X-ray crystal structure of the potassium
fluoride complex of receptor 136 (hydrogen atoms are
omitted). Reproduced with permission from ref. [152].
Copyright� VCH 1991.

A series of calixarene-based ditopic receptors
have been synthesized by Beer and co-workers.
For example, receptor 137 consists of two
benzo[15]crown-5 moieties attached to the low-
er rim of calix[4]arene through an amide linker.
In the absence of an alkali metal cation,
receptor 137 showed very little interaction with

anions in CD3CN. Upon addition of potassium ions, a
sandwich complex is formed between the two benzocrown
ether units. This results in the amide groups being held close
together, and along with the electrostatic attraction of the
alkali metal cation, preorganizes 137 to bind anions. Dihy-

Figure 18. The cationic molecular triangle of complex 135. a) Structure. b) X-ray crystal
structure with encapsulated perchlorate ion (hydrogen atoms are omitted). c) Packing
diagram showing the anion channel (perchlorate ions are omitted for clarity). d) Side view of
the channel. b) ± d) Reproduced with permission from ref. [151]. Copyright� The Royal
Society of Chemistry 1999.
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drogen phosphate was found to be particularly strongly bound
(lg K> 4) in CD3CN.[154]

The bis(calixarene)rhenium(i) receptor 138 has been shown
to simultaneously bind alkali metal cations and iodide ions
with positive co-operativity. The enhanced affinity of the
bis(calixarene) lower rim ester metal complexes of 138 for
iodide ions is believed to result from electrostatics and a
rigidifying effect of the ester-bound metal cation on the
calixarene frameworks, which results in a central cavity that is
preorganized for iodide binding.[155]
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Beer and Dent have also recently reported the synthesis of
new heteroditopic ruthenium(ii)± and rhenium(i) ± bipyridyl ±
bisbenzocrown ether receptors which, as evidenced from
stability constant evaluations, complex KCl ion pairs in a co-
operative fashion.[156] It is noteworthy that the anion selectiv-
ity properties of the bisbenzo[15]crown-5 receptors 139 and
140 are dramatically switched on binding K� ions. In the
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absence of K� the receptors are selective for H2PO4
ÿ over Clÿ,

whereas following the formation of the intramolecular K� ±
biscrown sandwich complex the reverse selectivity (Clÿ over
H2PO4

ÿ) is exhibited. The K�-induced co-operativity of Clÿ

binding may be a consequence of favorable electrostatic
attraction and conformational effects wherein the sandwich
complex results in a pseudomacrocyclic preorganized struc-
ture suitable for Clÿ binding (Figure 20).
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Figure 20. A pseudo-macrocyclic cavity is formed upon addition of
potassium ions to 139 or 140 that switches on binding chloride ions.

Using a similar strategy, Reinhoudt and co-workers con-
structed a receptor containing anion-binding Lewis-acidic
UO2

� and amide moieties together with cation-binding crown
ether groups.[157] A variety of
complexation experiments re-
vealed that receptor 141 is
capable of binding potassium
and dihydrogen phosphate
ions simultaneously.

By taking the ditopic re-
ceptor strategy a step further
the same workers have pro-
duced a switchable anion re-
ceptor. Receptor 142 consists
of a calix[4]arene with cation-
binding ester groups at the
lower rim and anion-binding
urea groups at the upper rim
(Scheme 13).[158] The two urea
groups are hydrogen-bonded together in chloroform, and so
are not available for hydrogen bonding to any putative
anionic guest species. However when sodium ions are added,
they bind to the ester groups of the calixarene, which causes
the lower rim to contract. This rearrangement forces the urea
groups at the upper rim apart breaking the hydrogen bonds
between the urea groups, thus making them available for
anionic guests.

Receptor 143, synthesized by de Mendoza, Lehn, and co-
workers, provides an elegant example of zwitterion recogni-
tion.[45] The receptor extracts amino acids from aqueous
solution into dichloromethane. This occurs selectively, with a
strong preference for amino acids with aromatic side chains,
such as phenylalanine and tryptophan. A three-point binding
mode has been proposed, with the carboxylate ion bound by
the guanidinium unit, the protonated amine by the aza-crown,
and p ± p interactions between the phenyl side chain of the
amino acid and the receptor�s naphthalene unit enhancing the
strength and selectivity of complex formation. Additionally,
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receptor 143 is optically active, and is selective for l- over d-
amino acids. In fact, no extraction of d-amino acids is
observed.
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The use of ditopic ion-pair receptors as sequestration
agents for environmentally deleterious pollutants has recently
begun to be explored. Radioactive pertechnetate anions are
generated during the nuclear fuel reprocessing process and
are currently discharged into the sea. Beer and co-workers
have reported that the tren-based receptor 144 (tren� tris(2-
aminoethyl)amine), which contains an amidic anion-binding
cavity linked to three cation-binding benzo[15]crown-5
groups, has been shown to efficiently extract sodium pertech-
netate from simulated aqueous nuclear waste
streams.[159] In the absence of a co-bound cation,
the anion binding affinity of the receptor was
considerably reduced.

White et al. have produced a receptor that
contains a dianionic binding site for transition
metal cations and a dicationic binding site for
anions.[160] Receptor 145 (Scheme 14) contains a
salen-based binding site (salen�N,N'-bis(salicy-
lidene)ethylenediamine dianion) capable of co-

ordinating to transition metal cations such as CuII or NiII.
Upon complexation, the phenolic protons transfer to the
morpholine nitrogen atoms. Additionally the presence of the
transition metal forces the receptor into a conformation such
that the protonated morpholine groups are in proximity, and
define an anion-binding site. Metal binding therefore enhan-
ces the anion-binding affinity of the receptor. Extraction
experiments at pH 3.8 demonstrated that 145 is capable of
extracting CuSO4 into chloroform with a near 100 % loading
of receptor.

5. Conclusion

As this brief review has illustrated with a discussion of a
range of artificial anion receptor systems which function
through a variety of molecular interactions, the relatively new
field of anion coordination chemistry has become an estab-
lished area in supramolecular chemistry. Additionally, many
of the well-known concepts of cation coordination chemistry
such as the chelate, macrocyclic, and template effects have
transferred across to the sister field of anion coordination.

Generally, it is possible to rationalize thermodynamic
stability and selectivity trends exhibited by abiotic anion
receptors on the basis of complementary receptor ± anion size
and shape, binding site topology, and anion basicity. Calori-
metric studies are essential in order to elucidate the specific
contributions such as electrostatics, hydrogen bonding, hydro-
phobicity, and the crucial role the solvent has on the anion-
recognition process. To date there is unfortunately a paucity
of enthalpic and entropic data available.[161, 162] As a conse-
quence there is little doubt that this is an area of anion
coordination chemistry that will have to be addressed in order
for the field to develop further. However, based on our
current understanding, it is possible to make simple predic-
tions. Consideration of the nature of the solvent medium in

OO OO

N
O

N

H

NH
O

N

H

HH

H

OEtO O
EtO EtO O

EtO O

OO OO

O
O OEtO

EtO
OEt
O OEt

NO

N
H

H

H N O

N
H

H

H

OO OO

O
O OEtO

EtO
OEt
O OEt

NO

N
H

H

H N O

N

H
H

H

Cl–

Cl–

142

Na+

Na+ Na+

Scheme 13. The Na� dependence of chloride binding by 142.

N N

N N

O O

OH HO tBu

N N

N N

O O

O O tBu

Ni

H H
S

O

O O
O

NiSO4

–NiSO4

145

tBu tBu

Scheme 14. The Ni2� dependence of sulfate binding by 145.



REVIEWS P. D. Beer and P. A. Gale

512 Angew. Chem. Int. Ed. 2001, 40, 486 ± 516

which the anion recognition
event takes place is of paramount
importance. For example, in
aqueous solvents receptors that
bind anions solely by hydrogen
bonding will not function effi-
ciently, and positively charged
receptors or ones that employ a
combination of hydrogen bonds
and electrostatic interactions are
required to overcome competing
solvation effects. Correlations be-
tween the anion stability/selectiv-
ity properties of neutral ferro-
cenoyl receptors and the solvent
Gutmann acceptor number have
been noted.[163] The nature of the
target anion must be taken into
account: Multidentate guanidini-
um receptors, for example, are
more effective for coordinating
oxoanions such as phosphate or
carboxylate wherein convergent
preorganized hydrogen bond do-
nor groups complement the hy-
drogen bond acceptor sites of the
guest anion.

Ultimately, we hope to fully
understand how nature selective-
ly binds, functionalizes, and trans-
ports negatively charged species
and so reach a stage where a
specific receptor can be readily
chosen when a target anion is to
be bound in a particular environ-
ment. At the start of the new
Millennium, it is predicted that
the anion coordination chemist
will meet this challenge and so
provide answers to the many
exciting environmental, biologi-
cal, and medicinal challenges.

Addendum

Since the submission of this manuscript there have been
considerable advances in the synthesis of expanded or ªhigh-
er-orderº calix[n]pyrrole macrocycles (n> 4).[164, 165] Very
recently, Kohnke and co-workers found that meso-dodeca-
methylcalix[6]pyrrole 152, meso-dodecamethylcalix[3]fur-
an[3]pyrrole 150, and meso-dodecamethylcalix[2]furan[4]pyr-
role 151 may be prepared from meso-dodecamethylcalix[6]-
furan 146 (Scheme 15).[166] Reaction of the calix[6]furan 146
with meta-chloroperbenzoic acid (m-CPBA) followed by zinc/
AcOH opens either some or all of the furan rings to afford a
mixture of macrocycles 147 ± 149 containing a,d-diketone
functionalities. These groups can be converted into pyrrole by
treatment with ammonium acetate (Scheme 15).

Although the anion ± calix[6]pyrrole stability constants for
calix[6]pyrrole 152 have not been reported, transport studies
have been carried out in order to compare the abilities of
meso-octamethylcalix[4]pyrrole and meso-dodecamethylca-
lix[6]pyrrole 152 to transport halide ions from an aqueous
(D2O) to an organic (CD2Cl2) phase.[167] These studies show
that 152 extracts chloride ions from D2O to CD2Cl2 most
efficiently. The crystal structures of both the chloride and
bromide complexes of meso-dodecamethylcalix[6]pyrrole 152
were obtained and revealed that the anions are coordinated at
the center of the macrocycle through six NÿH ´´´ Cl/Br
hydrogen bonds. The crystal structure of the chloride complex
is shown in Figure 21.

Sessler et al. have discovered a direct synthetic route to
expanded calixpyrroles. Reaction of acetone with 3,4-difluor-
opyrrole, rather than pyrrole, gives amongst it products
significant quantities of calix[5]pyrrole 154 and calix[8]pyr-
role 155 (Scheme 16, Figure 22).[168] The use of the less
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Figure 21. The X-ray crystal structure of the chloride complex of meso-
dodecamethylcalix[6]pyrrole 152 (hydrogen atoms are omitted). Repro-
duced with permission from ref. [166].
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Figure 22. The X-ray crystal structures of decafluorocalix[5]pyrrole 154
and dodecafluorocalix[8]pyrrole 155 (hydrogen atoms are omitted).
Reproduced with permission from ref. [168].

reactive 3,4-difluoropyrrole in the condensation allows the
macrocylization reaction to proceed under kinetic, rather than
thermodynamic, control at room temperature. In preliminary
work, Sessler et al. have found that decafluorocalix[5]pyrrole
154 exhibits a higher affinity for chloride ions (K� 41 000mÿ1)
than the corresponding octafluorocalix[4]pyrrole analogue
153 (K� 11 000mÿ1) as determined by 1H and 19F NMR
titration experiments in [D3]acetonitrile (0.5 % D2O).

Significant progress has also been made recently in the
detection of oxyanions by lanthanide-containing receptors.[169]

Parker has shown that reversible anion binding to alkylphen-
anthridinium chromophore appended heptadentate cyclen-
triamide or polycarboxylate EuIII- or TbIII-containing recep-
tors such as 156 in aqueous solution is signalled by changes in
the 1H NMR spectrum, emission intensity, and circular
polarization following excitation with the more highly charg-
ed anions (citrate, malonate) forming the strongest com-
plexes.[170]
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