Angewandte

anions -

5052

Minireviews

P. D. Beer and A. |. McConnell

DOI: 10.1002/anie.201107244

Heteroditopic Receptors for Ion-Pair Recognition

Anna J. McConnell and Paul D. Beer*

cations - ion pairs - receptors - sensors

l on-pair recognition is a new field of research emerging from cation
and anion coordination chemistry. Specific types of heteroditopic
receptor designs for ion pairs and the complexity of ion-pair binding
are discussed to illustrate key concepts such as cooperativity. The
importance of this area of research is reflected by the wide variety of
potential applications of ion-pair receptors, including applications as

membrane transport and salt solubilization agents and sensors.

1. Introduction

Cationic and anionic charged species are ubiquitous and
their importance in chemical, biological, medical, environ-
mental, and industrial processes cannot be underestimated.
For example, many enzymes rely on ionic species for their
function, such as iron in heme proteins, and the eutrophica-
tion of fresh water systems has been linked to the overuse of
fertilizers in agriculture, which leads to a buildup of nitrate
and phosphate anions."! For many decades there has been
considerable interest in the design of synthetic host systems
for cations, and more recently for anions. However, these
monotopic receptors are designed to bind a cation or anion
only. As a consequence, there is an energetic cost that has to
be overcome to separate the individual cation or anion from
its counterion for binding to take place.*?!

The design of heteroditopic receptors containing recog-
nition sites for both the cation and anion, that is, ion-pair
recognition, is an emerging field of research.** Ton-pair
recognition has important applications in the development of
membrane transport, salt extraction, and salt solubilization
agents and sensors.> The three common designs for ion-pair
receptors are shown in Figure 1. In the first design, a cascade
complex results from an anionic guest bridging two encapsu-
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Figure 1. Common designs of ditopic receptors: a) Cascade complex.
Heteroditopic receptor for separated ion pairs (b) and contact ion
pairs (c).
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lated cations (Figure 1a). The other
two are heteroditopic receptors where
the cation and anion are bound as
a separated (Figure 1b) or contact ion
pair (Figure 1c). The binding sites for the cation and anion are
in close proximity for binding contact ion pairs, whereas they
are further apart for binding solvent-separated ion pairs. This
Minireview serves to introduce the topic of ion-pair recog-
nition to the newcomer by focusing on the development of
heteroditopic ion-pair receptors from the fields of cation and
anion coordination chemistry. The concept of cooperativity
will also be introduced before finally discussing the varied
applications of heteroditopic ion-pair receptors. Examples of
heteroditopic receptors have been chosen to highlight key
concepts and principles in ion-pair recognition.”’

2. Heteroditopic Receptors
2.1. Cooperativity

The advantage of heteroditopic receptors over monotopic
receptors was demonstrated by Smith etal. The binding
affinity of an ion to a monotopic receptor can be reduced with
strongly ion-paired species. For example, anion binding to the
urea-based anion receptor in Figure 2a was inhibited by the
presence of alkali metal cations in [D¢]DMSO, with the
largest effect seen with sodium ions, a result of competing ion
pairing outside the receptor.’’ This anion binding inhibition
could be diminished by modification of the receptor design to
include a crown ether for binding the countercation simulta-
neously (Figure 2b). For example, there was little difference
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Figure 2. a) Anion receptor and b) ion-pair receptor reported by Smith
and co-workers.
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in the binding affinity of acetate in the presence and absence
of potassium. In some cases, anion binding was even enhanced
by the presence of the countercation. For example, acetate is
bound 7.5 times more strongly in the presence of cesium.

By taking ion pairing into account, ion-pair recognition is
more complicated than anion or cation recognition as
a number of equilibria exist in an ion-pair binding system
(Figure 3).”! For example, the anion or cation alone may bind
as shown by K, and K; respectively, the ion pair may bind (K,)
or competing ion pairing outside the receptor (K;,) may occur,
thus leading to precipitation of the ion pair. This competing
ion pairing and precipitation is particularly a problem in
nonpolar solvents where ion-pairing effects are stronger.
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Figure 3. Simplified diagram illustrating the various equilibria that can
exist in an ion-pair binding system.

Cooperativity can also play an important role in an ion-
pair binding system since there is more than one binding site.
The simplest situation is noncooperative binding where each
ion binds independently of the other and therefore, K,
depends on K, and Kj. Often this requires that the cation
and anion binding sites are rigid and separated either spatially
or by solvent to prevent interactions between the cation and
anion. Anticooperative binding occurs when the binding of
one ion inhibits the binding of the other, whereas cooperative
binding is observed when the binding of one ion enhances the
binding of the other. Consequently, K, is smaller than the sum
of K, and K; for anticooperative binding, and larger for
cooperative binding.!"!

Recently Venturi et al. have discussed the complexity of
the equilibria and cooperativity in ion-pair binding systems.['']
They investigated the binding of the ion-pair tetramethylam-
monium (TMA) chloride to the respective monotopic recep-
tors, that is the receptors designed to bind only the cation
(Figure 4 a) and only the anion (Figure 4b), as well as binding
to the corresponding ditopic receptor (Figure4c) in 4:1
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Figure 4. a) Monotopic receptor for cations, b) monotopic receptor for

anions, and c) ditopic receptor for ion pairs as reported by Venturi and
co-workers.

CDCI,/CD;CN. In comparing the binding ability of the ditopic
receptor to the monotopic receptors, cation binding was
enhanced by the presence of the anion, but counterintuitively,
anion binding was inhibited by the cation. Therefore ion-pair
binding may not always be superior to binding cations or
anions individually.

Despite the complicated nature of ion-pair binding, there
are many examples of ion-pair receptors that successfully
exploit cooperativity. The examples in the following sections
will illustrate the factors that contribute to cooperative
effects, firstly with a focus on receptors designed to bind
separated ion pairs and then receptors designed to bind
contact ion pairs.

2.2. Heteroditopic Receptors for Separated lon Pairs

Many ion-pair receptors designed to bind spatially
separated ion pairs exploit cooperativity through conforma-
tional and solvent effects. The calix[4]arene-based receptor
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Figure 5. Cation-controlled solubilization of sodium halide ion pairs.

shown in Figure 5 solubilizes sodium halide ion pairs in
CDCl,." The sodium cation was essential for binding the
anion as cation complexation in the ester cavity preorganizes
the urea groups for anion binding. Larger cations such as
cesium were too large to fit in the cavity and therefore cesium
salts did not bind. Solution studies revealed that NaCl binds
most strongly of the sodium halide ion pairs despite its low
solubility as a free salt in chloroform, and this is a result of the
affinity of the urea anion binding groups for chloride.

The solvent in which the ion-pair recognition event takes
place can also affect cooperativity.
While the receptor in Figure 6 binds
fluoride in the calix[4]pyrrole anion
binding cavity in CDClI;, there was
no evidence of fluoride binding in 9:1
CDCly/CD;0OD, and this is most
likely due to the stronger solvation
of fluoride.™™ However, fluoride
binding occurs in this competitive
solvent system in the presence of
a cesium cation bound within the
crown ether cavity, as evidenced by
"H NMR titration experiments and
the solid-state structure. While coop-
erative binding of CsF ion pairs was
demonstrated in 9:1 CDCIl;/CD;0D,
binding of the two ions was found to
be noncooperative in CH;CN as
determined by isothermal calorime-
try.

In the previous examples, the cation and anion binding
sites are relatively distant from each other and therefore
cooperative through-space electrostatic contributions are
expected to be small. Bringing the two sites closer together
enables favorable electrostatic interactions, in addition to
conformational effects, to be exploited for cooperative bind-
ing. A number of groups have reported ion-pair receptors
where the cation and/or anion influence ion-pair recognition.
In an example of cation controlled ion-pair recognition, the
calix[4]arene receptor functionalized with an upper-rim bis-
(benzo[15]crown-5 ether) amide, reported by Evans and
Beer, displays both cooperative and anticooperative binding
depending upon the nature of the ion pair (Figure 7).
Binding of chloride, benzoate, and dihydrogen phosphate
anions to the amide groups was enhanced by up to a factor of

o
)
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Figure 6. Receptor for
CsF ion pairs as report-
ed by Sessler and co-
workers.
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Figure 7. The calix[4]arene-based heteroditopic receptor reported by
Beer and co-workers. a) Cooperative binding of KCl and b) anticooper-
ative binding in the presence of two equivalents of sodium.

ten in 1:1 CD;CN/[D¢]DMSO in the presence of one
equivalent of the potassium cation (Figure 7a). This cooper-
ative binding was attributed to the potassium-induced con-
formational change, which preorganizes the amide groups,
resulting from the formation of a 1:1 potassium/bis-
(benzo[15]crown-5 ether) sandwich complex and favorable
electrostatic interactions between the anion and cation.
However, anticooperative binding was observed when the
two smaller sodium cations bind to the individual crown ether
moieties because electrostatic repulsion between the two
complexed sodium cations prevents the conformational
change favoring anion binding (Figure 7b).

The ditopic receptor reported by Kubo and co-workers
was designed to bind a cation in the crown ether and an anion
in the thiourea cavity (Figure 8)."! Binding of diphenylphos-

\N/‘\o
=
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Figure 8. Ditopic receptor reported by Kubo and c-workers.

phate in CD;CN was enhanced by a factor of 19 in the
presence of potassium because of a dramatic conformational
change of the crown ether upon potassium complexation, and
the electrostatic interactions between the cation and anion.

There are also a number of examples of ion-pair
recognition controlled by anion allosteric effects.'*!”! Arduini
and co-workers reported a calix[4]arene-based receptor (Fig-
ure 9a) wherein anions, such as sulfonate, tosylate, and
chloride, hydrogen bond to the phenolic groups, which results
in preorganization of the upper rim of the calix[4]arene cavity
for binding a TMA cation in CDCL.['! Consequently, the
highest association constants are observed with TMA ion
pairs containing coordinating anions. In contrast, the corre-
sponding receptor with alkyated hydroxy groups binds TMA
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Figure 9. a) Anion-controlled ion-pair receptor reported by Arduini and
co-workers and b) the calix[6]cryptamide receptor for alkylammonium
chloride ion pairs reported by Jabin and co-workers.

cations with noncoordinating counteranions, such as picrate
and trifluoroacetate, more strongly.

Examples of ion-pair recognition controlled by both the
anion and cation are rare. Gac and Jabin report on a calix[6]-
cryptamide receptor that only binds alkylammonium chloride
ion pairs in CDCI, (Figure 9b).® It is proposed that a number
of electronic and conformational changes to the receptor can
only occur in the presence of both the cation and anion.

Another rare example is the calix[4]pyrrole—calix[4]arene
linked receptor in Figure 10 which binds ion pairs in three
different recognition modes."”! The recognition mode adopt-
ed is determined by the size of the ion pair in relation to the
size of receptor cavity. Since the cation in all cases is cesium, it
is the anion that determines the size of the ion pair. When the
anion is fluoride, CsF binds to the receptor as a solvent-
separated ion pair with a water molecule bridging the cation
and anion, and the recognition only takes place when both
caesium and fluoride are present (Figure 10a). In contrast,
when the anion is chloride an unusual 2:2 complex having two
different binding modes is observed in the solid state.
Modeling showed that the cavity is too small for a solvent-
separated ion pair, but too large for a contact ion pair, thus

Figure 10. Three different ion-pair binding modes for a single receptor.
a) Solvent-separated CsF ion pair; b) spatially separated CsCl ion pair;
c) contact CsNO; ion pair.
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resulting in a ‘solvent-loosened’ contact ion pair. The other
binding mode observed for CsCl is the spatially separated ion
pair shown in Figure 10b. Finally, the largest ion pair, CsNOs,
binds to the receptor as a contact ion pair (Figure 10c).

2.3. Heteroditopic Receptors for Contact lon Pairs

Ion-pair recognition can be dramatically enhanced by
binding a contact ion pair. This is energetically favorable as it
minimizes the Coulombic penalty of unfavorable separation
of the two ions upon binding to the receptor.>?! The
macrobicylic receptor from Smith and co-workers (Fig-
ure 11a) exhibited cooperative binding of the contact ion

tBu

NH HN NH HN
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N K* /\ N(\O Na"O/\N
Lt LS

Figure 11. Contact ion-pair receptors reported by a) Smith and co-
workers and b) Tuntulani and co-workers.

pairs of KCl and NaCl in [D¢]DMSO, and in the less
competitive solvent system of 85:15 CDCly/[D¢]DMSO there
was an impressive 300-fold enhancement of chloride binding
in the presence of potassium.””’! The potential of this receptor
for membrane transport and salt solubilization applications
will be discussed in the next section. The group of Smith®! as
well as a number of other groups have continued to exploit
this motif by varying the anion binding group to include a 2,5-
diamidopyrrole, indolocarbazole™ and ferrocene!®! (Fig-
ure 11b). Interestingly, despite having the same cation bind-
ing site as the original receptor reported by Smith and co-
workers, the ferrocene receptor binds NaBr much more
strongly than other sodium and potassium halide ion pairs in
95:5 CD;CN/CDCl;. The absence of NaCl binding in the
solution studies was attributed to competing ion pairing
outside the receptor. However, electrochemical studies in 3:2
CH,Cl,/CH;CN revealed that chloride and bromide binding
can be sensed electrochemically
through cathodic shifts of the ferro- Q
cene redox couple, and the magni-
tudes of these shifts were enhanced in ?‘NUOZP_E/
the presence of sodium cations. 0—"0

Other motifs have also been ex- @
ploited for contact ion-pair binding P °
such as uranyl salophen (Figure 12).4 Cs*
The ditopic receptor binds ion pairs,
such as CsCl, in a dimeric supramolec- Fi

igure 12. Uranyl salo-

ular assembly of two receptors encap- phen receptor for
sulating two ion-pairs in the solid 3 cscl contact ion
state. The anion binds to the uranyl pair.
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center and the cation binds through an electrostatic inter-
action with the anion, as well as through additional stabilizing
cation—m interactions with the aromatic side chains.

The calix[6]cryptamide receptor in Figure 13 has recently
been reported as the first example of a receptor that is
selective for contact alkylammonium fluoride ion pairs in
CDCL.*! The selectivity for fluoride results from the small
size of the anion binding site in the cryptamide cap and it has
been demonstrated that the fluoride is necessary for alkyl-
ammonium binding. Contact-ion-pair binding was also rever-
sible as protonation of the cap with MeSO;H triggered the
release of the ion pair.

Figure 13. Calix[6]cryptamide receptor that is selective for contact
alkylammonium fluoride ion pairs.

Beer and co-workers reported the first contact ion-pair
heteroditopic receptors, which require both the cation and the
anion for ion-pair recognition in CH;CN and 98:2 CD;CN/
D,O (Figure 14).?" These receptors show little affinity for the
cation or anion alone, but there is enhanced binding of
contact ion pairs, such as NaCl and NH,Cl. For this reason
they were termed “cooperative AND” ion-pair receptors
since the ion-pair recognition follows Boolean AND logic. X-
ray crystal structures of the receptor (Figure 14), with and
without a bound ion pair, provide insight into the mechanism
behind this unique ion-pair recognition behavior. In the
absence of the ion pair in the solid state, there is an
intramolecular hydrogen bond between one of the quinone
oxygen atoms and the amide protons of the isophthalamide
anion-binding unit, whereas in the presence of NH,Cl there is
a conformational change with the isophthalamide motif w—mx

Figure 14. Cooperative AND ion-pair receptor reported by Beer and co-
workers, and X-ray crystal structures of the receptor in the absence
(upper) and presence (lower) of a bound NH,Cl ion pair.
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stacking with one of the calix[4]diquinone rings. It was
proposed that only ion-pair binding can compensate for the
loss of the intramolecular hydrogen-bonding interaction in
the free receptor, thus accounting for the low affinity of the
receptor for the cation or anion alone.

3. Applications of lon-Pair Receptors

Examples of the main types of heteroditopic ion-pair
receptors were discussed in the previous sections. This section
will focus on the applications of ion-pair receptors, for
example as salt extraction, salt solubilization, and membrane
transport agents.

3.1. Receptors for Zwitterions

Zwitterions are a special type of ion pair wherein the
cation and anion are part of the same molecule. The binding
of zwitterions exploits many of the same principles as for
binding ion pairs, but has the added design challenge that the
distance between the two binding sites has to be comple-
mentary in size and shape to the desired zwitterionic guest.
For example, the receptor in Figure 15 is able to bind
zwitterions through the azacrown and polyammonium func-
tionalities.””? However, the receptor is unable to discriminate
between y-aminobutyric acid and 6-aminohexanoic acid
which differ only in the length of the methylene spacer
between the anion and cation (n =1 versus n =3) because of
the flexibility of the 1,4-dimethylenebenzene linker group.

Figure 15. Zwitterion receptor based on a polyammonium cage for
binding anions and an azacrown for binding cations.

Zwitterionic recognition has biological importance as
often the guests of interest are amino acids, which exist as
zwitterions at physiological pH. Therefore chiral discrimina-
tion may also need to be considered in the receptor design.
The receptor in Figure 16 was able to enantioselectively
extract the amino acids L-phenylalanine and L-tryptophan
from aqueous solution into CH,CL.*! Three complementary
noncovalent interactions between the receptor and amino
acid guest were proposed to account for the selectivity. The
carboxylate group can hydrogen bond to the guanidinium
unit, the ammonium group binds in the azacrown, and there
are m—m interactions between the naphthalene of the receptor
and the phenyl side chain of the amino acid.

Angew. Chem. Int. Ed. 2012, 51, 5052 —5061
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Figure 16. Zwitterion receptor for L-phenylalanine.

3.2. Salt Extraction Agents

An important application of ion-pair receptors is in the
development of salt extraction agents since ions play crucial
roles in industrial and environmental processes. For example,
the extraction of precious metals from ores is of commercial
interest, and the design of receptors for the selective
extraction and removal of pollutant or radioactive ions is
one solution to environmental problems. A particular target
ion of environmental relevance is the pertechnetate anion
TcO,”, which is a toxic radioactive by-product in nuclear
waste. Beer and co-workers developed the tren-based ion-
pair receptor pictured in Figure 17, and binding studies
revealed that binding of chloride, iodide, and perrhenate
was enhanced in the presence of a sodium cation in CDCl,.*’]
Of particular significance was the 20-fold enhancement of
perrhenate binding, since perrhenate is structurally similar to
pertechnetate. Pertechnetate extraction experiments demon-
strated that the receptor selectively and efficiently extracts
sodium pertechnetate under aqueous conditions simulating
nuclear waste streams.

O, N/\/\N/\\
H

N
Mo
HN

Figure 17. lon-pair receptor for the extraction of sodium pertechnetate
as reported by Beer and co-workers.

Tasker and co-workers have developed a series of salen
derivatives for extracting transition-metal salts from aqueous
solutions into organic solvents.’” The zwitterionic form of the
ligand efficiently extracts close to a 100 % loading of CuSO,
from a pH 3.8 aqueous solution into chloroform (Figure 18).[°!
This approach to solvent extraction has several advantages;
the pH of the aqueous solution remains unchanged and the
loading and stripping of the cation and anion can be
controlled by changing the pH value. More recently, they
have developed salicylaldoxime-based receptors for extract-
ing MX, type ion pairs.*!
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Figure 18. Salen receptor for extracting CuSO, as reported by Tasker
and co-workers.

Polymer-based ion-pair receptors have also shown great
promise as salt extraction agents. Sessler and co-workers
reported the ability of mixed methyl methyacrylate copoly-
mers with appended calix[4]pyrrole and benzo[15]crown-5
subunits to extract potassium halide salts from aqueous
media.’ This could have important applications in medicine,
for example in the control of hyperkalemia.

3.3. Salt Solubilization Agents

The ability of ion-pair receptors to solubilize salts is
another important application of ion-pair receptors for the
reasons discussed in the previous section. The salt solubiliza-
tion properties of the calix[4]arene-based receptor in Figure 5
have already been discussed. The related calix[4]semitube
also solubilizes alkali-metal halide ion pairs in chloroform and
the percentage of solubilization was determined from
"H NMR experiments (Figure 19).*! These experiments re-
vealed that ion pairs with lower lattice enthalpies are
solubilized to a greater extent. For example, KI has the
lowest lattice enthalpy, and as a result, 95 % solubilization was
observed in CDCl;.

Figure 19. Calix[4]semitube for the solubilization of alkali-metal halide
salts.

3.4. Membrane Transport Agents

Related to salt solubilization and salt extraction is the
development of membrane transport agents. There are two
approaches for transporting an ion pair across a membrane:
the dual receptor approach using a mixture of a cation
receptor and anion receptor or the heteroditopic receptor
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approach. Reinhoudt and co-workers investigated the trans-
port of KCI using these two different approaches with the
heteroditopic and monotopic receptors shown in Figure 20.54
At low salt activity the KCl flux for the heteroditopic receptor
(Figure 20a) was similar to that of the mixture of the cation
and anion receptors. However, at high salt activity the flux for
the heteroditopic receptor was approximately two times
slower than for the mixture of the cation and anion receptors
because of slow diffusion of the receptor/ion pair complex.
Smith and co-workers have proposed that this slow diffusion
results from the polarity of the receptor/ion pair complex
since the receptor binds KCl as a separated ion pair and the
polarity can be minimized by binding a contact ion pair.*’]
Smith’s ion-pair receptor in Figure 11 a binds contact KCl ion
pairs and membrane transport studies revealed that the KCI
flux is almost double that of the dual receptor mixture at high
salt activity. The heteroditopic receptor can also transport
alkali halide ion pairs ten times faster than the monotopic
cation and anion receptors with a cation selectivity order of
K" >Na">Li" and an anion selectivity order of I" >Br™ >
Cl.

a)

R = 2-ethylhexyl

Figure 20. a) Heteroditopic receptor and b) mixture of anion and
cation receptors for studying membrane transport of KCl as reported
by Reinhoudt and co-workers.

3.5. Sensors

The application of ion-pair receptors as sensors is
important for the detection of environmentally and biologi-
cally relevant ion pairs. Sensing of ion-pair binding requires
the incorporation of a suitable optical or electrochemical
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reporter group into the receptor design. However, this area of
research is relatively underdeveloped because of the com-
plexity of ion-pair binding compared with anion and cation
binding alone. This is particularly a problem with electro-
chemical sensors as the increased competitiveness of the
solvent system resulting from the background electrolyte can
lead to competing ion pairing outside the receptor and
precipitation of the ion pair. For example, electrochemical
studies with the copper(Il) dithiocarbamate (dtc) receptor
(Figure 21) in 4:1 CHCI;/CH;CN showed cathodic shifts of

o
,/'\
/\/\/\N
8T O M=Ni”,Cu"
M
/ \
ﬁ 0
\\/OJ

Figure 21. Transition-metal dithiocarbamate ion-pair receptors.

the copper(1I)/copper(III) dtc redox couple upon addition of
anions, such as acetate and benzoate, and anodic shifts in the
presence of alkali-metal cations.®® Unfortunately, the elec-
trochemical properties of the receptor in the presence of ion
pairs could not be studied because of precipitation problems.
However, studies in 4:1 [Dg]DMSO/CD,CI, with the corre-
sponding nickel(II) receptor revealed cooperative binding of
potassium acetate.

Ferrocene reporter groups have also been exploited to
detect ion-pair binding, for example NaCl binding is sensed
electrochemically by the receptor in Figure 11b. The related
ferrocene-based receptor in Figure 22 a displays anodic shifts

a)

Figure 22. a) Ferrocene ion-pair receptor and b) ferrocene sensor for
phenylalanine.

of the ferrocene/ferrocenium redox couple in the presence of
cations, such as barium and potassium, and cathodic shifts in
the presence of anions, such as chloride and hydrogen sulfate
in 10:1 CH,CN/CH,CL,."" The simultaneous binding of ion
pairs was demonstrated by cathodic shifts upon addition of
anions to the receptor in the presence of a cation and anodic
shifts upon addition of cations to the receptor in the presence
of an anion. The ferrocene receptor in Figure 22b binds
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phenylalanine in acetonitrile through the crown ether and
amidopyridine motifs after a proton transfer from the carboxy
group of phenylalanine to the amidopyridine group.®® The
binding event was sensed electrochemically in solution
through a 129 mV anodic shift of the ferrocene redox couple
with a 22 mV larger shift than for the corresponding mono-
topic receptor without the crown ether binding site.

Molina and co-workers have recently reported the
ferrocene/imidazopyrene receptor, which can sense ion-pair
binding by both electrochemistry and fluorescence in CH;CN
(Figure 23)." Interestingly, the receptor is able to complex
ion pairs through a single receptor site,
the imidazole ring. Binding of Zn-
(H,PO,), to the receptor was detected
by the cathodic shift of the ferrocene/
ferrocenium redox couple to 550 mV,
a value intermediate between those
for the zinc- and phosphate-only com-
plexes with half-wave potentials of
873 mV and 513 mV, respectively. Ad-
ditionally, the appearance of a band at
A=422nm in the emission spectra
indicated the binding of M(H,PO,),
ion pairs where M is Zn, Pb, and Hg.

Zn2h
o O
S~
Fe ” ,
~

Figure 23. Dual redox
and fluorescent ferro-
cene/imidazopyrene
ion-pair receptor.

3.6. Logic Gates

The majority of the ion-pair receptors discussed exploited
positive cooperativity for binding ion pairs. Generally anti-
cooperative binding is an unwanted effect but it has an
important application in the development of molecular
INHIBIT logic devices. The receptor shown in Figure 24
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yellow color colorless

Figure 24. INHIBIT receptor reported by Tucker and co-workers.

was reported by Tucker and co-workers as a colorimetric
sensor wherein fluoride binding to the urea group switches
the device “ON”, as detected by a color change from colorless
to yellow in acetonitrile.*”!. However, the colorimetric re-
sponse is turned “OFF” upon addition of potassium. It is
proposed that the complexation of potassium in the crown
ether weakens fluoride binding to the urea group, presumably
through competitive ion pairing.

Kim and co-workers reported the fluorescent calix[4]ar-
ene-based INHIBIT gate receptor (Figure 25).*Y1 The com-
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Figure 25. Fluorescent calix[4]arene-based INHIBIT gate as reported by
Kim and co-workers.

plexation of potassium within the crown ether causes a con-
formational change which maximizes m—m stacking interac-
tions between the pyrene units leading to an enhancement of
the excimer emission in acetonitrile. However, in the presence
of dihydrogen phosphate the excimer emission is switched off
as a result of a photoinduced electron transfer (PET) effect.

3.7. Self-Assembly

Ton-pair recognition can also be exploited in self-assem-
bly. TMA halide ion pairs template the formation of
resorcin[4]arene molecular capsule, reported by Szumna
and Atwood, in 1:1 chloroform/methanol by binding within
the cavity through electrostatic, hydrogen-bonding, and
cation— interactions (Figure 26).1*

Ph

Oy NH
Y

Ph

Figure 26. Resorcin[4]arene ion-pair receptor reported by Atwood and
co-workers.

Davis and co-workers have reported the self-assembly of
hexadecameric ion-pair receptors based on guanosine quad-

ruplexes (G1), (Figure 27).¥! Two strontium or barium
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Figure 27. Self-assembled ion-pair receptor reported by Davis and co-
workers. A~ = phenolate-containing anion.

cations bind between pairs of quadruplexes and four pheno-
late-containing anions hydrogen bond to the exterior of the
hexadecamer. More recently, theoretical calculations from
Lippert and co-workers have suggested a stacked adenosine
quadruplex and guanosine quadruplex can act as a ditopic
receptor for NaCLM!

4. Summary and Outlook

Ton-pair recognition is a fast growing field of research
emerging from cation and anion coordination chemistry. This
Minireview has highlighted the different heteroditopic re-
ceptor designs for binding separated and contact ion pairs. In
comparison to binding a cation or anion alone, ion-pair
recognition is more complex with multiple competing equi-
libria and cooperative effects. Nevertheless, the number of
ion-pair receptors being reported is ever increasing and with
that a greater understanding of the processes involved in the
overall ion-pair recognition event. The scope and relevance of
this field of research is illustrated by the potential applications
of ion-pair receptors as membrane transport, salt solubiliza-
tion, and salt extraction agents, and as sensors. Indeed, recent
reports of tritopic ion-pair receptors highlight new areas of
interest within the ion-pair recognition field. The receptor
reported by Liining and co-workers (Figure 28a) is the first
example of a receptor to bind a contact MX, ion pair, and it is
selective for CaCl, over BaCl, and MgCl, in 95:5 CDCly/
[Ds]DMSO.! Jabin and co-workers have reported the first
metal-free tritopic receptor (Figure 28b) for binding contact
M,X ion pairs (where M is an alkylammonium cation)."*"!
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Figure 28. Tritopic receptors reported by a) Liining and co-workers and
b) Jabin and co-wrokers.
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