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Preface

It has often been deplored that anion complexation is a less developed area of
supramolecular chemistry. Many recently published reviews and several books
illustrates the current high interest in the field as well as its rapid expansion. In
contrast to most cations, anions (and organic anions in particular) are usually
structurally very diverse group of guests in Cram’s host-guest notation. A
relatively complicated structure, strong solvation and sometimes narrow pH
window of anion existence - all these features make anion sensing relatively
complicated topics with many chalenges to inorganic, organic as well as
analytical chemists. Anion sensing is a typical multifaceted subject that can be
treated from several directions. This was exactly our intention when structure
of the present Volume was being prepared.

Several anion binding proteins with precisely defined crystal structure
reported recently. Nevertheless, by far the most attention is still being devoted
to synthetic host. This is the reason that the first chapter of the present volume
written by E P. Schmidtchen reviews the basic principles imposed on artificial
host molecules used for the sensing of anions. This is followed by chiral recogni-
tion of anions written by I Stibor and P. Zlatuskovd. It can be better expressed
as enantioselective sensing of chiral anions. This subject to the best of our
knowledge has not been treated in literature so far. In fact it is usually hidden
in reviews on enantioselective recognition of chiral organic acids. Changing pH
one can easily switch from free organic acids to their anions. Most of receptors,
however, have been designed for recognition of free chiral acids which means
the completely different structure of binding site in comparison with that
for anions. Much less is known on the principles of recognition of chiral anions.
The following chapter is devoted to one famous molecular scaffold - calixarene.
It has been chosen and reviewed as structural basis for design, synthesis and
study of abiotic anion receptors by P. Lhotdk. The fourth review is covering the
analytically oriented topic - construction and operation of anion sensors
written by E Davis, S. D. Collyer and S. P. ]. Higson. Synthetic metal-based re-
ceptors have been reviewed by P. D. Beer and S. R. Bayly. The bottom-line of all
these artificial molecules is the presence of metal ion(s) in the form of organo-
metallic and coordination complexes that is useful as a reporter group. The
most recent advances in the field are also detailed including the use of metallo-
receptors in dendrimer, functionalised nanoparticle and surface-bound anion



VIII Preface

sensor. The extremely broad subject of chromogenic anion sensors has been
reviewed by C. Suksai and T. Tuntulani followed by abiotic guanidinium re-
ceptors for anion recognition and sensing written by R. J. T. Houk, S. L. Tobey,
and E.V. Anslyn. These receptors have found a number of very interesting appli-
cations as sensors for anions in practice.

Prague, January 2005 Ivan Stibor
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Abstract The foundations of supramolecular complexation of anions by abiotic host com-
pounds are evaluated, with the purpose of determining their qualitative and quantitative
preference over competing species. Starting from a critical assessment of binding models,
the perspective goal in terms of molecular thermodynamics is defined and discussed.
General consequences for the strategic design of artificial anion hosts are delineated and
their translation into receptor structures is suggested. The usage of the available funda-
mental interaction types for anion binding is illustrated with the help of prototypical, yet
concrete, receptors of proven utility.

Keywords Anion host - Host-guest chemistry - Supramolecular association -
Statistical thermodynamics - Binding models

1
Introduction

Anion sensing refers to the qualitative detection - or even better - to the quan-
titative determination of a negatively charged molecular species by a device to
translate its mere presence into a physically manageable signal [1,2]. Common
experience tells us that it may be a great feat to conceptually design and engi-
neer devices that generate signals in time-dependent (e.g. in luminescence)
or equilibrium modes (e.g. in ion-selective electrodes). The main obstacle to
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overcome is not so much to come up with a suitable instrumental response;
most analytes, and in this vein also anions, would answer an initial stimulus in
some processable way. Rather, the problem resides in the discrimination of the
principally integral response from the effects turned up by competing analytes.
Ensuring selectivity in the readable response mandates a differentiation of
species on the molecular level, a process commonly termed molecular recog-
nition. However, two options to cope with the requirement of selectivity can be
distinguished that differ from one another with respect to the recovery of the
sensing device. The first option uses an irreversible transformation involving the
target analyte (the specific anion) to generate an easily quantifiable product.
Selectivity in this case can emerge from the transformation itself, but can also
be improved later on by subsequent manipulations to remove concomitant
contaminants, because the desired product will not be lost. This dosimeter
approach is particularly suited to the accumulative determination of analytes,
but is less favourable if rapid and/or high-amplitude changes in analyte
concentration are to be monitored. The latter situation is better served by the
alternative option for implementing selectivity in sensing devices: it calls for
the employment of supramolecular interactions to scan and probe the variety
and concentration of species present in the system under scrutiny. In essence,
associative complexes of the anionic analyte and the device are formed which,
irrespective of the actual nature of the binding interaction (i.e. covalent or
non-covalent), are weak enough to undergo reversible exchange reactions. In
general, it is this binding reversibility established in a certain time domain that
ultimately governs the selectivity and the time response of the device. Although
some sensor devices relying on the concerted response from an ensemble may
require a different treatment, it is appropriate in this context to subdivide the
events into two components addressing on the one hand the fundamental bind-
ing process, and on the other hand the transformation of this basic binding
event into a readable signal (Fig. 1). Of course, this procedure is purely arbitrary
and there is no physical foundation for it, as in most concrete cases both aspects
are intimately interconnected. In this way, however, we can focus our discussion
on that part of a sensing device that is acting as a molecular host without
regard to the physics of signal generation.

An additional approximation concerns the conversion of binding informa-
tion into the elicited signal, which is assumed to be unaltered irrespective of the
chemical species bound. This is quite a crude premise that is valid only in the
limiting case when the response of the device solely depends on the concen-
tration of the unbound species (as e.g. in certain ion-selective electrodes). In
all other scenarios the chemical nature of the specific analyte, in conjunction
with and relative to the flock of potential competitors, will influence the re-
sponse not only by the fractional occupation of the binding site but also due to
its particular effect on the physical response. If, for instance, an optical sensor
reports the appearance of an absorption band at a certain wavelength owing to
the complexation of the target anion, the signal may be easily perturbed by a
contaminant present in minute amounts only, but interfering by virtue of a
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Fig.1 Schematic dissection of the sensing process (signalling) into two successive sections:
host-guest ground-state complexation and subsequent generation of function.

higher extinction coefficient of its complex at the respective position in the
spectrum. Interferences of this type are quite common in cation detection.
Since the molecular interactions of anions with their corresponding hosts - as
arule - are weaker than seen in the cation-sensing field, the variability in this
influence on signal generation between competing anions is expected to be
narrow. For the sake of simplicity in our further discussion, we ignore the
relatively small differences that must certainly exist and concentrate our at-
tention on the residual factor that determines sensor selectivity: the host-
guest-type reversible association of the anion with a receptive structure and its
optimal layout to enforce utmost discrimination of potential binding com-
petitors.

2
Conceptual Models for Binding

Molecular binding interactions are fundamental properties of all matter.
Though this statement is trivial at first sight and does not deserve special men-
tion, it sets a bold limit to all attempts in the design of specific interactions
towards the construction of selective molecular host compounds. The most
promising approach towards this goal relies on idealized models that reflect
just one prominent aspect of the entire interaction, making it illustrative and
as such easily comprehensible. However, owing to the persuasive power of
pictorial arguments, the premises of the models may be overlooked and their
applicability is then stretched too far. Notorious in this respect is the famous
metaphor of the lock-and-key fit in host-guest binding, coined by Emil Fischer
more than a century ago to cite geometrical complementarity as the origin for
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substrate discrimination between various sugars and glycosidases [3,4]. Beyond
question, geometrical complementarity is an important feature to ascertain
the mutual stickiness of specific binding partners, because it maximizes the
help from the attractive van der Waals interactions which, in combination with
the repulsive interactions of orbital overlap (Pauli principle), serve to sort out
and reject less well-fitting competitors. The requirement of geometrical fit
emerges from the steep distance dependence of the interacting surfaces which,
in the case of the van der Waals attraction, follows an inverse sixth power law
(van der Waals attractive interaction ~r% r=distance), whilst the repulsive
interaction stemming from the Pauli constraint adheres to an even more e
xtreme inverse 12th power law (repulsive energy ~r'2). The overlay of both
distance dependencies gives an energetic well featuring an optimal separation,
the van der Waals contact distance. In conjunction with the accumulative and
monotonously attractive character of the pairwise interaction between
distinct positions in host and guest, these features constitute the driving urge
to form extended interface areas of minimal separation in order to maximize
binding.

In quantitative terms the complementary fit model of host and guest binding
refers to the energetic difference at constant temperature and pressure AH, .
(also called the exothermicity) of just two states: one mole each of host and
guest molecules totally separated as opposed to the associated complex of the
same components in its most favourable configuration. The model has been
expanded in various directions to include other types of interaction, notably
the participation of functional groups which supplemented the model with
Coulomb-, dipolar/multipolar and hydrogen bonding terms, as well as contri-
butions from the intrinsic distortions, bending and deformations affecting the
distributions of electron density within the individual host and guest molecules.
Though considerable improvements on the original idea were implemented over
the years, and even gained in finesse by the inclusion of scaling factors to
account for environmental influences (e.g. distance-dependent dielectric per-
mittivity), the fundamental concept of enthalpy-based two-partner two-state
binding remained unchanged and still dominates most attempts aimed at
understanding molecular host-guest relations today.

In the description and explanation of real experimentally testable situations,
the lock-and-key model claims a success story; however, in many cases — and
among them are the majority of the more interesting biological examples -
it fails to explain host-guest binding affinity and selectivity with reasonably
ambitious satisfaction. For instance, anion binding in water very frequently
shows endothermic rather than exothermic enthalpies of association, an ob-
servation that is incompatible with the naive complementarity model.

The reasons for the mediocre predictive power of simple models are fun-
damental and obvious: above all they suffer from the blunt comparison of
binding enthalpies that emerge from the model treatment with free energies
of binding AG,,,. that derive from the readily accessible affinities by straight-
forward recalculation (AG,s.=—RT In K,.). Such relations are equivalent to
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the neglect of the entropic contributions to binding that is justified only in
the rare case if the interest in associations is restricted to the temperature
regime near zero Kelvin (furnishing T AS~0) or the entropy of association (as
T AS,s0c) 1s very small to render the enthalpy the dominating component. In
reality this situation is considerably less frequent than commonly assumed,
and in addition also depends dramatically on the polarity of the environment.
Entropic factors tend to be of greater importance in intermolecular binding
in the protic solvents typically required to generate anionic species as free
entities in solution. For the calculation of anion binding in polar solvents
around ambient temperature it is mandatory to employ free energies AG, o
although they are less accessible than plain enthalpies and eventually require
the more sophisticated and lengthy calculation methods of molecular dy-
namics.

A second cause for the weakness of the complementarity model arises from
the misconception that the binding process of host and guest is essentially the
same whether it occurs in vacuum or in a condensed phase. For the latter this
idea leads to the frequently voiced opinion that there is no physical contact
between the host-guest partners in solution (they stay separated) if the bind-
ing free energy is zero. It follows from simple inspection of the relation
AG’=-RT In K, that at AG’=0 the association constant K, equals 1, i.e.
for non-zero concentrations of host and guest there is also a finite concentra-
tion of the 1:1 associate complex present. Is this binding? The case has been
investigated in the context of protein denaturation by low molecular weight
additives and has recently been lucidly unfolded by Schellman [5] and
Timasheff [6]. The interaction between host and guest molecules, to the extent
that the occupation of a binding site on the host matches the concentration
of the guest in bulk solution, corresponds to the case of random collision
and invokes the replacement of solvent from this site. Unlike the binding
scenario in vacuo, the host-guest interaction in liquids is a genuine exchange
process with solvent molecules that may favour or disfavour the uptake of
the guest. Thus, the measurable free energy of binding AGY,,,. is negative,
and only ordinary binding isotherms are found if the interaction of the site
with the incoming guest is more exergonic than the interaction of the same
substructure with solvent (AGly; AGYs0c=AGYeq—AGLy). An exergonic in-
teraction of host and guest in the absolute sense is insufficient to bring about
binding.

The very same concept of preferential binding over mere solvation is equally
suited to accounting for the effects that rest on preferential exclusion of the
guest from the binding site resulting in enhanced solvation. For proteins, osmo-
lytes exerting stabilizing effects on protein structure in water (glycerol, sucrose,
trimethylamine oxide etc.) belong to this category of guests. Meticulous thermo-
dynamic analysis reveals that: “When the interaction is strong it is identical to
the usual molecular definitions of binding. When the interactions are weak or
negative they can differ significantly from the molecular description” [7]. As
anion binding in protic solvents frequently comes with small or even positive
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association enthalpies, indicative of the similar magnitude of the interaction
of the host site with guest or solvent, we can expect unorthodox binding
phenomena that are not readily understandable in terms of a naive stoichio-
metric molecular binding model. Instead, the concept of a single binding site
and along with it the idea of a unique host-guest complex structure breaks
down as the interaction enthalpies with guest and solvent become more and
more alike, which gives room for a greater heterogeneity and a statistically
more blurred interaction type. This trend is not abrupt and does not show
up in the analytical expression of binding. In fact, simulation calculations of a
multiple-site protein system demonstrated that the individual binding constants
characterizing the affinity at each site could be varied by a power of ten with-
out noticeable impact on the binding isotherm [8]. As no use of the specific
nature of the protein was made, the results must apply to all supramolecular host
systems interacting weakly enough with their guests. One is urged to conclude
that under these energetic conditions even a fine and well-fitting representation
of the experimental data by a stoichiometric model may not have a true phys-
ical meaning. The binding parameters deduced from the model may well con-
stitute a weighted average of individual binding constants and thus conceal the
underlying diversity of the system. As a corollary, it is rather unlikely - though
not totally excluded - that host and guest form a complex of well-defined
topological correspondence of individual moieties, i.e. with a fixed distance
and orientation between anchor groups of both binding partners. Rather, a
great structural fluctuation in the complexed state comprising a huge number
of modes (in proteins one would call them microstates) at any position within
the host reachable by the guest must exist, and many of these substates will be
thermally populated. This also applies to the temporary sequence of complex
arrangements occurring at one particular position.

The important perception is that this scenario is a direct consequence of
the participation of a third player, the solvent molecules, in the host-guest
binding process. The role of solvation, not so much as a diffuse influence on
the environment than as a molecular factor, went unaccounted for in the
bilateral complementarity models. The magnitude of the solvation energies, at
least in the more polar solvents, is the same or even greater than that of the di-
rect interaction of the guest anion with a receptor site, enabling a multitude of
structural arrangements of similar energy that are all populated at ambient
temperature and by virtue of this diversity contribute to the positive entropy
of binding. On the other hand, structural uniqueness is lost in this situation
owing to the scrambling effect of solvent participation. This weakens the at-
tainable discrimination of guest species and must be regarded when designing
abiotic receptors.

Still another aspect with a bearing on the selectivity of anion binding of real
host-guest systems, that is commonly not addressed when using comple-
mentarity models, stems from the crude assumption that the association of the
anion host with its target guest is the only relevant and accountable process
in solution. This implies that all other ingredients of the system are inert and
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stand innocently aside. Since at least the anionic guest cannot be added to the
system without an equivalent amount of countercation, one tacitly assumes that
neither the negatively charged guest nor the complex with the host will inter-
act with the countercation significantly, rendering all these species strong elec-
trolytes under the solvation conditions applied. The validity of this premise is
even more dubious if the receptor itself carries a charge. The risk for breakdown
scales inversely with the magnitude of the specific interaction. In favourable
cases the interference from simultaneous ion-pairing equilibria can be included
in the analytical data treatment and then may furnish a diagnostic tool to
assess the complexity of the system, as has been demonstrated by Gibson et al.
in the binding of organic cations to crown ethers [9, 10]. In most concrete cases,
however, one must accept the curtailment that the experimentally accessible
binding constants are entirely apparent and do not represent true thermody-
namic entities. Recognizing and appreciating this caveat is not only important
to avoid wrong conclusions as it touches on host design, but it may also resolve
some discrepancies between theoretical calculations and experimental facts. An
informative example was reported by Orozco et al., who studied the binding of
anions to polypyrrole receptors by calculation [11] subject to the influence of
counterions and various solvents.

The involvement of simultaneous equilibria is not restricted to parallel
reactions like ion pairing. Consecutive processes like the stepwise formation of
higher order complexes may also add to the complexity. Some spectacular
examples in anion binding have been unravelled by Gale et al. [12]. Unfolding
the intimacies in the sequence and strength of binding events requires a for-
tunate disposition of several prerequisites. Above all one needs a traceable
probe acting in a suitable concentration domain (which in turn also depends
on the method of analysis used) to observe the representative distribution of
complex species (the speciation) and an appropriate and unchanged regime for
the dynamics. Taken together these restrictions leave but a small window open
to look at and investigate the situation when a guest species acts as either a
competitor or a promoter of binding. The latter case features positive cooper-
ativity in which the later bound guest molecule(s) associate with stepwise
higher affinity than the preceding ones. Depending on the extent of coupling
between these steps, i.e. on the affinity enhancement, this upward regulation
may result in an on/off switch response signalling the presence or absence of
the guest in a small concentration range. Generally, we should expect these
sophisticated systems to mix up the effects on signalling due to the change in
the concentration of the complex species with their certainly distinguished
ability to elicit the response necessitating quite complicated models, which
ultimately might not be differentiated because of the experimental limits. At
an elevated level of modelling allosterism in abiotic receptors, we may adapt
and get inspired by examples developed to explain biological phenomena (e.g.
the Wyman-Monod-Changeux (WMC) or Koshland-Nemethy-Filmer (KNF)
models). However, even these sophisticated models at best give a xylographic
picture of higher order complexation.
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3
Thermodynamic Selectivity

When we accept the primitive standpoint that anion sensing reflects a host-
guest binding phenomenon (see above), we have already laid the foundation of
a conceptual model that can correlate macroscopically observable quantities like
the equilibrium constant (affinity, — AG), the heat effect observed when mixing
solutions of host and guest compounds (AH) or the energy required to raise the
temperature of that mixture by a certain span (AC,) with molecular events. The
stringency of this link is subject to the subtleties and finesse of the particular
model and on its quantitative reliability; however, its mere existence provides us
with the possibility of molecular design. The translation of structure (whatever
its definition) and interaction between structures into thermodynamic quanti-
ties and vice versa, enabling in principle the evolutionary optimization of an
artificial receptor, nowadays appears only natural and rational from the view-
point of a chemist. The fundamental framework of thermodynamics, which still
rules many engineering applications, has been developed entirely without ref-
erence to the atomistic nature of matter. The breakthrough that opened the field
to chemistry derived from the statistical treatment and the summation of
elementary events to make up macroscopic observables. A cool and unbiased
inspection of the impact made by this merger of ideas on molecular design must
acknowledge quite a disparity in anchoring the state functions of enthalpy H,
free (Gibbs) enthalpy G and entropy S in the conceptual thinking of molecular
architects. Whilst the influence of the latter is rarely regarded as a tuning
handle in the construction of abiotic host compounds, the former two are in the
focus of all design attempts. The goal is to maximize the difference in free
enthalpy AAG of binding the target guest (let it be A) versus some interfering
competitors ('B,?B,..."B). The energetic situation is sketched in Fig. 2.

reaction coordinate — >

Fig.2 Free enthalpy diagram for the complexation of the specific guest A to host W in
relation to the competitive substrates 'B and ?B.
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In the starting state (this is not a state in the thermodynamic sense!) com-
prising the unbound species the energy levels of the individual host-guest pairs
vary as the guest species differ in internal energy and solvation. The complexed
state features the bound species encompassing their intrinsic mutual interaction
and the solvation of the individual host-guest ensemble. Neither of these “states”,
which are connected in the diagram by lines of conversion characterizing a
reaction profile (in this case the most primitive profile containing just one tran-
sition state of arbitrary height was chosen), is experimentally accessible. They are
purely fictitious and may only serve to illustrate the derivation of the measur-
able quantity AG,.(A, B, ?B...) emerging as the energetic difference of these
states. As a consequence, the selectivity as mentioned above arises as a difference
of differences with no special anchoring or reference to one particular state. From
this perspective it is senseless or even counterproductive to tailor host-guest
interactions solely by the design of the complex structure. The refinement
thereby introduced into the host structure may or may not show up as an in-
creased free enthalpy of binding depending on its effect on the starting state,
which definitely will not remain untouched. Moreover, even if the refinement was
beneficial in binding the target in an absolute sense the structural modification
may raise the free enthalpy level, e.g. of the host + competitor 'B pair (cf. Fig. 2),
resulting in augmentation of competitor complexation with no overall improve-
ment in AAG. It is this multifaceted interplay of consequences on each of the
participating states, along with the comparatively small energetic differences left
over from the trade-off of huge amounts of direct interaction/solvation energies,
that renders the outcome of molecular design so hard to predict.

The scenario illustrated in Fig. 2 is completely artificial and does not reflect
the true conditions where selectivity must be expressed, because the binding
events are considered pairwise (host + guest A versus host + guest 'B etc.) in
the absence of the competitor and the results are then related to one another.
In all real cases thermodynamic binding selectivity is the composite outcome
of complexing the target guest in the presence of all presumptive competitors,
which may vary in a wide range with respect to chemical nature and quantity.
In an exact analysis one must quantify the preference of a molecular host W
for the desired target species A over its competitors !B, ?B,...”B by means of
constants of mass action (Eq. 1) comprising all stoichiometries possible and
populated 'K}, 2K,..., 'K}, 2K§..."K% that in addition must be scaled with
respect to the actual concentrations. Generally, there are two ways to assess the
thermodynamic selectivity R,. The first (Eq. 5) relates the concentration of the
desired complexes [A,cW] (Eq. 3) produced from the host and the specific
guest A in equilibrium with the free host [W] and guest [A] to the entirety of
all host complexes present (Eq. 4).

3 [Ac W] )
T [WIx[A]

_[A,cW]
[W] x [A]"

1
A

n
A

(1)

[AcW]="K,[W]x[A]; [A,cW]="K,[W]X[A]"; (2)
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[AcW]+[A,cW]+...[A,cW]=[A] X [W] inKAx [A]™! (3)

['BCW] + ['B,c W] + ... ['B,c W] = [1B] x [W] £ "K,, x [B]*!  (4)

[W] 3 " [A]"
R= — (5)
[A] ZnKA [A]n—l - Z Z nKmB [mB]n

[A]'K,

ST TR1K. (6)

['B]'K,
In this instance the selectivity can vary between zero and one and it is imme-
diately apparent that the numerical value of the thermodynamic selectivity is not
constant in an ensemble of potential competitors, but depends on its quantita-
tive composition. Selectivity, thus, in any real system is not a molecular property
of the host alone, but a function of all components participating. On this basis,
however, an evaluation of the merits of design in a series of hosts taking selec-
tivity as a scale for achievement is nearly impossible. Simplifications can be in-
troduced by restricting the number of competitors to just one and further
limiting the case to the consideration of 1:1 stoichiometric interactions only. In
addition, the concentrations of uncomplexed target analyte and its competitor
are set identical. If thermodynamic selectivity is then expressed in a second
mode (R) as a ratio of desired (target) to undesired (competitor) complexes, one
arrives at Eq. 6. Under the premises given this expression condenses to the
familiar ratio of association constants obtained in the absence of each other.

Clearly, the constraints entered above enable an exact but rather hypothet-
ical comparison of selectivity features, which may fail to live up to the expec-
tations advanced on reasonable grounds in a real application. However, selec-
tivity as defined in the second mode holds the charms of allowing the
decoration of the various host designs with high and thus hopefully appealing
numbers of merit. Both definitions convey the fundamental point that selec-
tivity in no way is an absolute quantity attributable to a certain host structure
like a molecular property. Nevertheless, it is a graded measure characterizing
the quality and suitability of a host design with respect to the particular mol-
ecular environment (which must be mentioned), and as such can report on the
progress in the understanding and realization of molecular recognition.

Thermodynamic selectivity AAG can become large only if the underlying free
enthalpies of association AG are even greater. Though maximizing affinity (AG)
in principle should help thermodynamic selectivity (however, see discussion
below), there is an upper limit to this aim due to practical limitations. Taking
the popular biotin-streptavidin interaction as a prototypical example of a high-
affinity supramolecular complex (K,0.~10"* M) and assuming the fastest



Artificial Host Molecules for the Sensing of Anions 11

possible association of host and guest at the diffusion limit (second-order
rate constant in water at ambient temperature ~10° s! M!), one can calculate
a monomolecular rate constant for dissociation of the complex of k,—k,,/
Kss0c=107 57! corresponding to a half-life of almost a day, or more than a week
for establishing equilibrium. There are not many relevant processes known that
depend on thermodynamic selectivity in this time regime.

Biological systems which usually operate on a much shorter time span, but
are nevertheless in need of high affinity and selectivity, bypass the problem
of slow dissociation by polyvalent binding. This binding mode refers to the
simultaneous fixation of several moieties (anchor groups) of one binding part-
ner capable of dedicated interaction with a set of corresponding substructures
of the other. The participation of multiple interaction sites results in the accu-
mulation of all free energy contributions compounding the total energy avail-
able for differentiating action. Contrary to single-site binding, the adhesion
of host and guest can be destroyed in steps by competition with monovalent
guest analogues leading to greatly improved dissociation kinetics. In addition,
polyvalent binding can be modulated by the mutual influence of the anchor
groups on one another. This influence can turn out to be opposing to binding,
i.e. the following binding steps addressing the second, third, etc. anchor groups
occur with smaller affinities (smaller microscopic K, values) than the pre-
ceding ones. Though the interaction is progressively weakened in each step, the
overall affinity increases with every supplementary site contributing some free
energy AG? (AGY,;=2AG?; AG? is more negative than AGY,,). Cooperativity
between the various anchor groups is negative and in general this situation
appears to be more common. However, the alternative scheme in which the
affinities in subsequent binding steps are progressively strengthened, giving
rise to positive cooperativity (AG? more positive than AGY,,), holds a peculiar
virtue with respect to function: low-affinity binding of the first anchor group
to a molecular target can trigger the binding of all subsequent steps, thus pro-
viding an overall free energy of interaction that can exceed a certain threshold
value defined for initiating some function. Synergistic action here approaches
an all-or-nothing switch that is useful on many occasions in supramolecular
chemistry, from the clearance of antigens from the blood stream by the im-
mune systemto the formation of kinetically stable molecular capsules from
calixarene building blocks.

Another important aspect in the same vein concerns the relationship of
selectivity and affinity. Though it seems straightforward to expect that the high
affinity of a molecular host for the correct guest will enhance its capacity for
differentiation and thus will boost selectivity, there is no strict interconnection
between these features. One may well imagine a host compound that rearranges
its structure on binding the specific target in an energy-demanding process,
rendering just a minute amount of observable free enthalpy. This host displays
low affinity, yet is specific because most competitors cannot bring about the
conformational change necessary for binding, and consequently in the ideal
case will not be complexed at all. This so-called induced fit scenario is most
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effective in discriminating against non-specific guests when adventitious com-
plexation cannot be avoided due to high concentrations of the competitor or
its particular physical properties (charge, hydrophobicity, size etc.). Conversely,
if the host was totally rigid and just offered a cavity of well-defined dimensions,
only guests smaller than a threshold size could enter and form a complex. For
establishing selectivity versus larger guests it is irrelevant whether there is good
fit of the small guest capable of invading the cavity, because all the bigger ones
cannot penetrate at all. Of course, in most real cases selectivity must also be
expressed in a certain concentration regime, which imposes hard restrictions
on the affinity level that must be realized, but in principle affinity and selec-
tivity can be manipulated independently from each other.

Tailored shaping of thermodynamic selectivity requires considerable insight
into intimate molecular details. In comparison, the blocking of such delicately
balanced functions by brute binding force interference should be easier to
achieve. This lays the foundations for the best-established application in
tailoring thermodynamic selectivity: rational drug design. Guided by comple-
mentarity principles, artificial compounds are looked for that would interact
best with a target site, for instance, in a protein that is essential for some bio-
logical function. Better binding of the artificial guest prevents binding of the
natural substrate and interrupts its proper function. The need for selectivity is
basically twofold because drug binding has not only to override the natural
host-guest process, but also must avoid interfering at any other potential target
site (here disregarding the equally important so-called ADME (absorption-dis-
tribution-metabolism-excretion) characteristics). The approach chosen most
frequently employs the computational maximization of the interaction enthalpy
of drug and target, with or without taking solvent participation and the inter-
nal flexibility of the binding partners explicitly into account (docking). However,
as we have stressed above, the tacit assumption that the enthalpies of interaction
AH derived in this way reflect or even parallel binding free energies AG is not
founded. Rather it is common experience that, owing to the phenomenon of en-
thalpy-entropy compensation, dramatic trends in enthalpy variation do not
materialize in equilibrium affinities. Nevertheless, in the absence of practica-
ble methods to account for association entropies, and with the proviso of
being conscious of their fundamental limitations, docking procedures can pro-
vide guidelines in thermodynamic selectivity optimization.

4
Host-Guest Binding as Seen from the Viewpoint
of Statistical Thermodynamics

To illuminate the binding situation we can retreat to the statistical thermo-
dynamics point of view. Experimentally accessible state functions (AG, AH,
AS, AC, etc.) relate to the differences of average states in the ensembles of all
constituents of the system including counterions, buffers, solvents etc. before
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and after the molecular association event. The ensembles possess a number
of distinct mutual arrangements of all molecules, each one characterized by an
energy value, and for all real cases in solution the number of these arrange-
ments will be very large. This also applies to the differences in the molecular
configurations describing the change occurring on host-guest binding, i.e. the
difference between the initial and final states of the binding process.

For this discussion it is appropriate to set the free enthalpy G of the un-
complexed ensemble at 0, which makes AG=G_ompiex—Giree independent of con-
centration and corresponds to the choice of a standard state. In any solution
phase the energy levels will be very narrowly spaced or even degenerated (i.e.
they have exactly the same energy in distinguished arrangements), and one can
define numbers m(E) within the number of all physically possible states M
having an energy between E and E+dE. Statistical mechanics tells us that the
entropy can then be calculated from S(E)=R In m(E), and thus represents the
scaled logarithm of the sheer number of possible binding modes having a
particular energy value. The energies of molecular configurations, however,
vary from an absolute minimum value, the most stable arrangement of the
host-guest complex in its environment, to a maximum value that features the
utmost repulsion of all interacting partners within a set of physical constraints.
Which in this collection of states is actually populated at thermal equilibrium
and to what extent is governed by the Boltzmann distribution. Every value in
the energy spectrum m(E) must then be multiplied with the respective Boltz-
mann factor exp —E/RT to arrive at the population distribution of the molecu-
lar complexes n(E)=m(E)Xexp —-E/RT. From this relationship it is immediately
clear that the population distribution as a function of the interaction energy
must feature a maximum at some higher than minimum energy value, because
it is the product of two functions with opposing slopes at moderate energies (in
relation to the thermal energies present at experimental temperatures). While
the exponential Boltzmann term decreases monotonously with increasing
energy, the term representing the number of available energy states m(E) in-
creases steadily at low energies. Conventionally, one can set the most stable
molecular configuration (the ground state) at the origin of an energy plot. Since
there is only one configuration of minimal energy possible, by definition, the
entropy of this state would also be zero (S(E)=R In 1). At higher energies many
more binding modes are possible, corroborating the purely qualitative state-
ment above. At thermal equilibrium all states are populated according to n(E)
and their summation yields the partition function Q of the associative process
(Q=In(E)dE). The experimentally accessible free energy is then given by AF=
-RT In Q (the free enthalpy AG is a little more complicated because the ex-
pression contains additional terms to account for the volume work).

For any real binding case in condensed phases the situation is much too com-
plex to allow the synthetic composition of the partition function. Nevertheless,
the fundamental equations yield some insight into molecular binding processes
that have been ignored or underappreciated in discussions of artificial mole-
cular recognition.
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For instance, it is obvious that the free enthalpy of the ground state (which
is also the enthalpically most stabilized state because the entropy component is
zero) calculated frequently in molecular modelling packages, with or without
inclusion of solvent, cannot in any generality be related to the experimentally
measured free enthalpy of complexation. The latter refers to an average energy
state comprising all populated binding configurations. Unless just one binding
mode is enthalpically much more favoured than all others and thus is the only
one populated, the tacit assumption of a single interaction pattern of the bind-
ing partners has no physical basis (see below).

However, whether or not a molecular interaction rests on one dominant con-
figuration in solution cannot be deduced easily. The problem touches on the
fundamental issue of structure-energy correlation, and is heavily loaded with
justified and/or completely arbitrary presumptions that in many cases reflect
a traditional bias rather than a well-balanced appreciation of scientific argu-
ments.

The design aspect of host-guest chemistry mandates the knowledge-based
construction of novel compounds possessing desired properties. The concept
of structure seems indispensable in this enterprise, although the term is ill-de-
fined and the International Union of Pure and Applied Chemistry (IUPAC), for
instance, consciously avoids the close specification. As a corollary, many fields
in science have developed their own interpretation of structure, which some-
times clash with each other and lead to misunderstandings when issues at the
common interface of subdisciplines are in need of rationalization.

Structure-energy correlation suffers from such a constellation. While in
thermodynamics it needs no special mention that all discussions relate to an
initially defined state of the entire system, the organic chemistry point of view
in general is focused only on the direct mutual interactions of the binding part-
ners. They are looked upon primarily with respect to their molecular skeletons,
the proper disposition and orientation of “sticky” functional groups and a
purely arbitrary dissection of the overall molecular frameworks into segregated
anchor groups. From conformational analysis and in particular from biological
host-guest binding studies, the notion transpires that the covalent connectivity
is not sufficient to comprehend supramolecular association. Instead a structural
hierarchy must be found that is dependent on the molecular environment (sol-
vent, buffers, “inert” salts, phase boundaries etc.) as well as on the time regime
taken for study. Among other factors it is the latter restraint that makes the
results of the observations dependent on the methods used. For instance, a
spectroscopic method probing a special site in the host-guest complex on the
microsecond timescale may not report on slower processes happening in the
domain of seconds. A method that senses the latter action, too, will necessarily
arrive at a different binding constant than the other. If there were agreement
of all methods used on the binding constant, however, this serves as a strong
argument for true equilibration of all binding modes being established.

The exceedingly high complexity of most molecular associations in solution
requires a reductionistic approach that simplifies the real situation to a model.
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It is the very nature of a model that only certain aspects of the systems’ behav-
iour are correctly reflected and even this only if provisional constraints are met.
Disregard of these restrictions will inevitably lead to erroneous conclusions of
host-guest binding intimacies. Model thinking inspired by analogies like the
always cited lock-and-key metaphor of molecular recognition, coined by Emil
Fischer more than a hundred years ago, emphasize the geometric fit of host and
guest but totally ignore the energetic change in the remainder of the system
which might even contribute the major fraction to the overall energetics. It is
hard to imagine a strong structure-energy correlation, if a respectable if not
dominant contribution is constantly omitted.

In a similar way it is widely believed that the mutual interaction of two
binding partners in solution involves just one binding mode (the so-called
associated-dissociated two-state postulate). Such an assumption appears to be
a prerequisite to informed improvement of the molecular design and is based
on a plentitude of solid-state complex structures and additionally on the ob-
servation of massive exothermicities (negative AH) in many, but by no means
in all, cases of molecular complex formation.

While X-ray crystal structures of host-guest binding convey a concrete pos-
sible binding mode they do not suggest that this is the major, let alone the only
one in solution. On crystallization many degrees of motional freedom within
the complex are lost and the concomitant reduced entropy is paid for by addi-
tional enthalpic interactions which make up the crystal lattice energy. These
inter-complex interactions eventually are large enough to squeeze the complex
components into positions that seem totally unrealistic when relaxed, for
instance, in solution. Of course, the probability of a close match between the
crystal and the solution complex structure depends on the rigidity of host and
guest, since well-structured binding partners cannot lose much conformational
entropy on transfer to the confines of a crystal lattice.

A similar argument holds when the solution structures in a series of solvents
of varying polarity are compared to the structure found in a crystal. The less
polar solvents are more likely to contain complexes of similar structures to the
latter because their smaller solvation energies are less likely to disrupt or
rearrange the original. However, there is also no guarantee that a particular
host-guest configuration observed in one crystal is actually the most stable
one, since it is a common experience that low molecular weight as well as pro-
tein-ligand complexes show polymorphism and hold the association partners
in different and sometimes rather odd relative configurations in different
crystal variants.

A large negative enthalpy of association AH,,,., however, is a good sign that
there is a prevalent binding mode in solution, because very frequently the
increase in exothermicity is counterbalanced, at least in part, due to enthalpy-
entropy compensation by a likewise negative entropy component AS,,.. This
compensatory effect is very general and limits the gain in affinity (free energy)
towards a guest species, e.g. when an enthalpically favourable variation is
introduced by molecular design into an artificial host compound. Enthalpy-
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entropy compensation is the major cause of the difficulty in reading clear trends
in the attempt to produce guidelines in host design from deliberate structural
modifications introduced in a series of host compounds, if only the association
constants of the complexes (i.e. the free enthalpies) are taken as the exclusive
observable.

The strongly negative entropy of association AS,,. can be related to an
increase in the population of ground states P, from the dissociated mode to the
associated complex by P, (complex)=P,(unbound)Xexp ~AS/R. While zero as-
sociation entropy does not alter the population distribution, any negative value
enhances the fraction of all complex molecules in the ground state. Statistical
mechanics does not reveal structural subtleties, but the statement that a unique
energy of the ground state relates to a unique structure in this situation seems
safe. Of course, the measured entropy change also in this instance refers to the
entire system state, but it is useful and customary to divide the total system into
two subsystems with necessarily additive energetics. One comprises all the
alterations in solvent reorganization that happen on host-guest association, and
the other describes the mutual intrinsic energetics of the interacting partners.
Traditionally, it is only the latter part that was of interest to the molecular
architects and it is a major goal of this article to point out the fallacies in this
constraint.

In the concrete case of entropy-opposed association (negative AS,,.) the
molecular scenario as usual involves the desolvation of the interacting sites.
The solvent molecules set free in this process contribute a positive term to the
overall entropy, which is accounted for in the solvent reorganization subsystem.
In order to make the total entropy change negative as measured, the host-
guest intrinsic interaction system must override the desolvation by an even
more negative entropy contribution. This is brought about by the association
process itself that annihilates six degrees of translational and rotational free-
dom by making one molecule out of two, and the freezing or constriction of
conformational flexibility due to the extended interface of the binding partners.
The newly formed associative interaction, however, gives rise to molecular
vibrations which in principle add a positive entropy term again. The actual
amount depends on the vibrational frequencies. As can be derived in a semi-
quantitative manner [13], the vibrational entropy around room temperature is
appreciable only at frequencies in the vicinity of 400 cm™ and below. Greater
exothermicities imply higher force constants and thus higher frequencies, which
in turn lead to a smaller contribution in the adverse entropy. More negative
enthalpies of association thus entail more negative entropies (another case of
enthalpy-entropy compensation), with the result that alterations in the sum-
mation state function, the free enthalpy, may be minute. Although there might
be very little or no difference in affinity to alternative scenarios, a molecular
association characterized by negative enthalpies and entropies features a more
structured associated state that is more likely represented by a single host-
guest configuration, and thus lends itself to more ready interpretation along the
routes outlined by the lock-and-key analogy.
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However, the particular thermodynamic signature discussed above is less
widespread than commonly assumed. In particular, in strongly solvating and
structured solvents (i.e. in all hydrogen-bonding solvents and especially in
water) it is quite common to observe positive entropies of association. These
come along with negative or even positive (opposing) binding enthalpies, the
latter clearly indicating that the direct mutual interaction of the host-guest
partners does not dominate the energetics of the global system. In both cases
the stability of the associated state as conveyed by the negative free energy is
entropy-driven, and as such is substantially governed by the statistical arrange-
ment of the global system. It is not at all reasonable in this situation to attempt
the comprehension of the overall energetics by considering the mutual fit of the
interacting partners alone.

As an extreme case it is well conceivable that there were no attractive inter-
actions between the associated partners at all, and their association was exclu-
sively due to the endeavour of solvent molecules to minimize the inner surface
created in the solvent to accommodate the complex. Since solvation energies are
uniformly negative with respect to the gas phase, the deprivation of the contact
surfaces from solvent leads to a positive energy that is not counterbalanced by
an energetic gain from the direct contact (because this was deliberately set to
zero) and must consequently show up as an endothermic result. Nevertheless,
a negative free energy translating into a high binding constant K,,. must be
possible if the total entropic gain concomitant to the release of solvent mole-
cules, among other factors, overrides the energy loss at the experimental tem-
perature. Again, the gain in solvent entropy can be attributed to the solvent
reorganization subsystem and as such is inaccessible to design. Open to design
are the molecular frameworks of the interacting partners and though there
might be no mutual attraction discernable the structural layout of the contact
sites, i.e. the diversity of populated conformational and configurational states,
determines the amount of surface hidden from the solvent and, as a corollary
since this is the relevant observable, the affinity constant.

According to this analysis, the high diversity of energetic states emerging
from the flexibility and high conformational entropy of host and guest in
conjunction with the residual solvation results in numerous binding modes,
which are all populated because they refer to very similar surface areas being
desolvated in the course of association. The binding modes may vary widely in
the pairwise correlation of atomic positions in host and guest, but nevertheless
they contribute at the same level to the average free energy. Thus, the greater
the multitude of binding arrangements, which is an immediate corollary of the
structural flexibility, the more positive is the association entropy and conse-
quently the higher is the affinity.

The same reasoning also applies to all molecules possessing completely
different covalent skeletons: as far as these species cover a similar fraction of
molecular surface buried on association they will compete with the binding of
the original guest. Consequently, molecules capable of ready adaptability of
their structure to the needs of a binding site cannot be excluded from binding.
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Flexibility in general does little harm to the overall binding capacity but is dele-
terious to selectivity. Conversely, very rigid and geometrically well-structured
surfaces may not give a good fit but can define a unique mutual arrangement
that is distinctly better (less host-guest interface desolvated) than any other
bilateral configuration. In such a case selective binding of this guest will be
observed.

From our present discussion, which deliberately avoids any specific inter-
action of host and guest, the conclusion is inevitable that there is no mandatory
energetic requirement for a precise fit (e.g. lock-and-key) that stabilizes the
host-guest configuration in solution. It does suffice to exclude any potential
competitor from binding in the same low-level energy regime as the specific
guest. Of course, this goal is more easily met if the interaction energy is strongly
negative instead of zero, as in our fictitious scenario. In addition, in many
applications of molecular recognition, especially in the living world, selectivity
needs to be expressed in a certain concentration range which frequently man-
dates high affinities to cope with tiny guest concentrations. Selectivity and
affinity in these cases are connected via the function to be fulfilled. But in prin-
ciple the notion transpires that, from the thermodynamic viewpoint, affinity
and selectivity can be realized independently from each other and do not
require a close relation.

If selectivity or affinity is taken as the target for molecular design, affinity
appears to be the goal easier to reach, because fundamental conditions in any
environment are known that would lead to enhanced association of the host-
guest partners by the sheer accumulation of basic interaction modules. For
instance, the introduction of charged groups of opposite polarity in both part-
ners by virtue of Coulomb attraction will almost inevitably lead to stronger
binding in low dielectric media. On the contrary, decoration with hydrocarbon
or even more, with fluorocarbon groups will augment their stickiness in water
to the extent that they eventually form a separate (pseudo)phase coexistent
with the aqueous solution.

Selectivity in turn seems to be tied to the singularity of a low-energy bind-
ing mode. This must not be taken literally to mean that just one configuration
comprising host and guest, and all solvent molecules that are directly attached,
is populated at thermal equilibrium. Rather a family of similar configurations
having a common motive exists that may differ in molecular detail and thus
forms an ensemble of substates. This ensemble needs to be energetically dis-
tinct and well separated from any alternative formed in the interaction with a
competing guest compound. While the task in molecular design presented in
this way seems straightforward and has been tackled by a great number of
rational approaches, experience tells us that many reasonably founded expec-
tations for selectivity could not be verified experimentally.

One important reason for the mediocre performance of many artificial hosts
may originate from the ambiguity of the binding modes. If we take host-guest
binding of anions in water as an example, the blueprint of host design almost
always relies on the creation of polar interactions which should attract the guest
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in a prescribed manner. Frequently hydrogen bonding is engaged based on its
strength and known orientational preference, and corresponding functional
groups are embedded into covalent frameworks selected according to their
capability of setting up the dedicated interactions in the anticipated fashion
and to their synthetic accessibility. Rigid skeletons which do retain a defined
three-dimensional structure in aqueous solution, either by virtue of their co-
valent connectivity or by a distinct folding process, and thus could position the
hydrogen bond donor groups in the prospected way are quite hard to prepare.
As a compromise less rigid structures are chosen, which by informed confor-
mational twisting can bind the guest anion in an enthalpically favourable mode
using multiple points of interaction. However, it is well appreciated that hy-
drogen bonding in water is enthalpically almost silent [14], because it involves
just the replacement of hydrogen bonds in the solvation layer of the respective
functional group by the host (respective guest) rather than the formation of
new ones. At every single site there is little if any enthalpic well, favouring
one-point binding of the host-guest structure relative to the hydration of the
dissociated substructures. The partly dissociated host-guest configurations,
which do not employ the maximal number of attachment sites in binding, are
structurally quite diverse and only marginally less stabilized than the minimum
energy configuration. As a corollary, they are heavily populated and rather
numerous and therefore do contribute the major share to the average free
energy that is translated into the association constant. In this rationale it is the
fuzziness of structural definition emanating from the flexibility of the hosts as
well as from the high competitive power of water molecules that spoils guest
anion selectivity.

The strategic remedy may be read from biological receptors. Sulphate or
phosphate binding proteins, for example, sequester their specific guests in pre-
formed cavities hidden deeply in the protein interior to eliminate the influence
of competing water molecules [15,16]. The energetically costly dehydration of
the guests that is required for transfer to this site is paid for by convergent and
joint hydrogen bonding from at least seven backbone amide or side-chain func-
tional groups that even allow the Brensted acid-base properties of these guests
to be addressed. The result is truly remarkable: both proteins bind their re-
spective substrates in water with specificities exceeding 10° over the very
similar alternative oxoanion.

5
The Construction of Molecular Anion Hosts

Even though the fundamentals of host-guest binding at least in their crude
outlines appear well understood, it remains a formidable task to translate these
insights into the concrete covalent structure of a compound that in the end
displays the anticipated molecular properties. Looking back on a history of
35 years of striving to accomplish selective anion binding by artificial host
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molecules, it seems fair to state that there is quite a rich abundance of sys-
tems for binding target guests with small to moderate affinities concomitant
(10'-10* M™') with mediocre discriminating power, whilst only very few
examples stand out and in this respect recommend themselves for technical
applications. This difficulty in constructing anion hosts of suitable selectivity
and performance, among other factors, triggered the development of an alter-
native and quite successful approach in anion sensing using pattern recogni-
tion in arrays of abiotic anion receptors, which taken as a single entity display
insufficient selectivity [17]. Another line of technological development employs
combinatorial strategies to arrive at receptors exhibiting the desired sensing
features [18]. Although this is a very promising and perfectly legitimate route
to solve the stringent technical problem for a particular case, it does not really
help in the academic urge to find out about the origin, scope and limitations of
the influential factors governing molecular recognition, and thereby does not
aid our fundamental understanding.

In order to generate a high-potential anion-sensing host, four issues must be
considered and correspondingly answered. The first refers to the function that
is to be performed by the sensing device. Here the purpose and the physical
background of the sensing process need to be defined, because they will set the
rigid outer framework for all pertinent solutions. At this stage the decision
must be made as to whether the physics of sensing addresses the uncomplexed
target species, as e.g. in ion-selective electrodes, or rather directly depends on
its physical presence in the sensor itself, for instance, by interfering with
quenching pathways of excited states, as in fluorescence detection.

The second issue concerns the substrate of interest, since its molecular prop-
erties finally must be recognized and distinguished from all other influences. In
the case of anion sensing, the first inspection must address the global structure,
because in many analytes of interest the anionic moiety constitutes an impor-
tant, but not necessarily dominant, part of the entire species. Take phosphate as
an example. In principle, the basic interaction pattern of the phosphoryl anionic
group with a corresponding host might be very similar for inorganic ortho-
phosphate or nucleotides, phosphatidic acids and even phosphorylated proteins.
But it is evident that we are unlikely to succeed in creating an abiotic receptor
capable of selectively recognizing the phosphoryl anion in all these different
species. If the anionic moiety is but a minor appendix of a larger substrate, it
may be a matter of definition and thus quite arbitrary to designate the respec-
tive receptor as an anion host. In the present discussion we can restrict ourselves
to the consideration of small “typical” anions, in which the net negative charge
dominates the molecular properties. Here the net charge size, its density and dis-
tribution, along with the overall dimensions, topology, polarizability, stereo-
electronics, intrinsic binding preferences etc., must be analysed and exploited in
host design. Also in this instance, naive thinking in models might introduce an
unintentional bias concerning multiply charged anions: even the mere existence
of familiar anions like SO~ is connected to its molecular environment. The
sulphate dianion can readily be observed in the crystalline state where it is
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stabilized by the lattice of countercations, or in aqueous solution undergoing
extensive hydrogen bonding. However, unsolvated sulphate has never been ob-
served in the gas phase and is most probably thermochemically unstable, since
stripping the hydrated sulphate cluster successively from its water molecules
results in transprotonation (SO3-xnH,0—HSO;%(n-1)H,0+0H") or Coulomb
explosion [19].

In the next issue this result directs our focus to the molecular environment.
Because anions as analytes, for electroneutrality reasons, bring in a stoichio-
metric number of cations, these are natural competitors in any attempt aimed
at supramolecular binding by anion hosts. Unspecific ion pairing to form 1:1
complexes or higher aggregates ((C;A;),) is widespread even in water, espe-
cially with species of elevated charge. As a corollary, it is seldom justified to
assume complete dissociation of salts in organic solvents of low dielectric
permittivity like chloroform, dichloromethane, pyridine or the like to produce
free anionic species, because fundamental Coulomb interactions will keep the
concentration of free anions at minute levels. The solvent itself finally is of
utmost importance as a competitor on the molecular level, as it defines the
threshold screen against which preferential binding must stand up. Solvent
molecular size was elegantly shown to be a decisive determinant of affinity in
host-guest complexation [20]. The overwhelming influence of solvation is in
many cases the ultimate remedy when a less than optimal design renders an
artificial host insufficiently suited to perform under the originally prospected
polar solvation conditions. Switching to a solvent of minor solvating power may
then serve as a final retreat and allow molecular association.

After all, the conceptually best host design would just be an intellectual
exercise if the experimental realization fails. Thus, the fourth point must ad-
dress the preparative feasibility. Generally, the synthetic expenditure is kept at
minimum although a priori one might suspect a strong correlation between
preparative input and the output in terms of guest selectivity. Apparently, the
guidelines for design at present do not justify strong confidence in a predicted
outcome, making it prudent to limit the primary preparative investment. In
addition to ready accessibility and modifiability, which in most cases also reduce
the time and cost requirement, major points of concern also refer to the chem-
ical stability and inertness under the sensing conditions. For instance, in spite
of optimal synthesizability, preparative variability and sensing characteristics,
a potential fluorescent sensor would be soon dismissed if its chromophore is
bleached or chemically harmed during measurement.

The issues relevant in the construction of anion hosts cannot be grouped
in a hierarchical order as there is an intimate interplay between all of them.
Successful design mandates a balanced compromise in weighting the indi-
vidual influences. Advice can and should be sought from pertinent calcula-
tions (molecular modelling/dynamics), from the successes and the very few
examples of failure accumulated in the literature and collected in recent
reviews [21-24], from inspiration provided by abundant biological examples
and crystal structures, and not least from personal experience in the handling
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of host compounds and their decoration with appropriate groups to ease
purification, adjustment of solubility, immobilization and conjugation with
additional moieties.

As arule a suitable compromise of answers raised by these issues will feature
ahost design as an intermediate between two extremes. On the one hand is the
encapsulation host that aims at utmost complementarity of size and functional
groups and their fixed preorganization, resembling closely the lock-and-key
picture to achieve the desired selectivity. This concept requires complete des-
olvation of the guest on invasion into the molecular cage provided by the host.
In combination with the rigid fixation of the host structure this imposes a
substantial barrier which surfaces in slow kinetics of guest equilibration and
exchange. This conceptual problem may limit the utility of this strategy for
sensing purposes. Furthermore, encapsulation and a rigid preorganization of
sticky binding functions require a high connectivity of the molecular frame-
work that hampers easy access and modification of such compounds.

At the other extreme a string of anchor groups is connected covalently in
branched or unbranched fashion and it is left to a folding process, either prior
to guest complexation or even assisted by it, to arrive at a distinct three-
dimensional complex structure. Many biological examples, from proteins to
nucleic acids to certain carbohydrates, follow this strategy to bind to specific
guests. Of course, lack of preorganization leads to inferior binding given the
same type and number of sticky groups in an optimally preorganized host. This
price is to be paid for the ordering entropy of folding opposing binding. The
enhanced flexibility and adaptability in accommodating guest structures dif-
fering from the target one also diminishes selectivity; however, the great bene-
fits of this approach in host design in terms of ease of preparation, modification
and reuse after partial dismantlement apparently outmatches the disadvantages
in selectivity generation, at least for the biological examples.

For artificial host-guest sensors most concepts rely on hybrids between
these extremes. Most profitable in this respect is a building block approach, in
which some readily available scaffold is chosen to hold a number of anchor
groups capable by themselves of contributing only a fraction of the interaction
free energy necessary for discrimination against competitors. It is the com-
bined and concerted action of the entire set of anchor groups held in place
subject to the direction of the scaffold that results in binding and differentia-
tion of the specific guest from the competitors. This concept does not mandate
simultaneous physical interaction of all anchor groups with their correspond-
ing substructures in the guest, as is seductively illustrated in many pictorial
representations. Rather it suffices if - on an average - the interaction with the
specific guest furnishes a gain of substantially more negative free enthalpy than
with any other competing species. Whether or not a single complex structure
occurs that dominates the ensemble of associated binding partners and in
addition resembles the usually depicted drawing is thermodynamically irrel-
evant, and should be viewed with suspicion. Singular binding data in general
do not report on structures of associative complexes nor on their options of
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structural interconversion and exchange. Viewing the diversity of possibilities
there is a high risk of misinterpretation and we possess a rather dull blade to
distinguish between equally plausible alternatives.

The building block approach to host design outlined above relies concep-
tually on an incremental additivity principle. The accumulation of anchoring
functions in a favourable layout to binding (as learned from 1:1 stoichiometric
interactions) is expected to boost the binding and differentiation of the target
guest from any analogue. Such additivity principles proved invaluable for the
progress and development of chemistry as a science (cf. the concept of func-
tional groups); however, the limitations of this approach are obvious. If two
groups each holding a molecular property are squeezed into vicinity, the
original character of the individual groups is distorted and eventually lost
depending on the extent of mutual perturbation (e.g. the neighbouring group
effect), which in turn is a function of the electronic or geometrical distance.
In molecular hosts the criterion of convergence of anchor groups towards a
binding site implies their mutual contact and impact on one another, resulting
in a more or less severe deviation of their regular supramolecular behaviour.
Since they may be quite remote in their covalent connection and quite flexible
in their relative geometrical orientation, the theoretical prediction of guest
binding as a synergetic or interfering influence eludes present-day calculation
capabilities. In the experimental field there are but a few series of structurally
related artificial receptors giving access to the change of a property experienced
on inserting an anchor group into the lattice of neighbouring binding func-
tions. Most revealing in this respect are studies in site-directed mutagenesis of
proteins which, however, are confined to the aqueous environment. The trans-
fer and validity of these results to host-guest binding in organic solvents is
difficult and ambiguous, respectively, and presently does not alleviate the
deduction of guidelines for abiotic host design in these environments.

6
Realization of the Basic Binding Concepts in Anion Complexation

The feature that renders a molecular species an anion is the negative charge
which can only be addressed by electrostatic interactions. The strongest and
farthest reaching among them employ Coulomb forces, i.e. the interaction
between integer charges. An anion host can only be designed on the exclusive
use of Coulomb attractions if the stochastic fluctuation of positive charges
around the anionic target in solution is removed and replaced by a permanent
field. The basic idea of replacement of the fluctuating ion cloud by covalently
linked cationic charges was used early on in the construction of quaternary
ammonium cavity hosts 1 and 2, which were shown to bind the halides and a
number of oxoanions in aqueous solution [25, 26].

The anticipated binding mode in which the guest resides in the molecular
cavity was confirmed by a crystal structure of the [iodidec1] complex and by
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the non-monotonous sequence of affinities in the halide series, favouring
bromide as the best-fitting guest with respect to size. Although devoid of any
catalytically active functionality, the larger host 2 proved functional as a mol-
ecular catalyst by virtue of its capacity to stabilize highly delocalized anionic
transition states as they occur, for instance in nucleophilic aromatic substitu-
tions. The decrease in transition state free enthalpy was shown to derive both
from the entropic component of collecting the anionic reaction partners in the
confines of the molecular cavity of the host [27,28], as well as from the enthalpic
stabilization brought about by the polarizable lining of the cavities’ interior
surface (i.e.a micro-solvent effect) [29]. The efficiency of ammonium hosts can
be much enhanced if, supplementary to the charge, hydrogen bonding can be
exploited. Thus the ammonium cryptate 3 was shown to complex fluoride at
pH 5.9 in water with log K,,.=8.8, displaying discrimination over chloride by
a factor of ~6x107 [30-32]!

In order to avoid competition by countercations, electroneutral hosts can be
designed that may rely on internal charge compensation, as the number of fully
charged cationic sites is exactly balanced by covalently attached anionic moi-
eties furnishing zwitterionic structures. Alternatively, oriented electric dipoles
can be incorporated into the host structures, which point with their positive
ends towards the site where the anion is to be bound. In both cases it is essen-
tial that a permanent positive potential is established somewhere in the host
structure that is not annihilated by thermal fluctuations. Again the tetrahedral
parent amine served as the basic scaffold which was alkylated by a-bromo-
toluic acid to yield the tetrabetainic compound 4 [33]. Though now this host
was electroneutral, it showed little difference in its binding capacity for halide
anions compared to the tetracationic counterpart 1. A van’t Hoff analysis al-
lowed determination of the enthalpy and entropy components in the associa-
tive process, revealing the surprising result that encapsulation binding to 4 in
water is entropy opposed. This is in contrast to ordinary ion pairing in water,
typically featuring entropy-driven complexation, owing to the release of firmly
bound water molecules from the solvation spheres of the ions. In this case the
solvent shell of the guest anion is totally stripped off on penetration into the
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cavity, yet the solvent molecules set free apparently cannot compensate for the
entropy loss arising from the snug fit and the concomitant rigidification in the
host-guest complex.

The amine-borane adduct 5, formed instantaneously on mixing amine and
borane solutions in THEF, represents the first example of an anion host that owes
its stickiness for anions exclusively to dipolar but non-hydrogen bonding
interactions [34]. By virtue of the high connectivity of the molecular skeleton,
the dipoles of the dative borane-amine bonds converge with their positive ends
head-on to the centre of the molecular cage. This configurational setup is suf-
ficiently strong to bind bromide introduced as the Ph,P* salt in CD,Cl,/CDCl,
solution, and thereby testifies to the competitiveness of an array of multiple
dipoles with a full Coulombic charge in anion binding.

Much more efficient and in general also more readily accessible are electro-
neutral anion hosts that exploit hydrogen bonding as the major binding tool.
A rich variety of anion hosts relying on this principle have been reported over
the years comprising in many cases amide [35], urea [36] or thiourea [37] func-
tions, but also simple hydroxyl groups or the more exotic pyrrole [38] or imi-
dazolium heterocycles [39] have been utilized. Spectacular success has recently
been achieved in sulphate binding in protic solution (water/methanol mixtures)
[40]. The artifical ditopic receptor 6, composed of two identical cyclopeptide
hemispheres interconnected by an adipic acid spacer, organizes these sub-
structures in binding the sulphate guest with positive cooperativity with re-
spect to the monotopic analogue to reach an affinity of log K,,.=5 in aqueous
methanol. The free enthalpy of association was found by calorimetry to be
more negative than that of iodide or bromide by more than 5 kJ mole~!, which
is truly remarkable in view of the great difference in the hydration free en-
thalpies (AGy,,(SO57)=-1,090 k] mole™; AGy4(I")=-283 k] mole™"), pointing to
a peculiar mechanism of stabilization of this guest within the pseudo-cavity of
host 6. One can speculate that it is the set of inwards-directed hydrogen-bond
donor sites that allows the guest to retain great motional flexibility while be-
ing separated from bulk solvent. As a result the exothermicity experienced from
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binding to a spatially restricted and preorganized array of six to eight H-bond
donor sites is supplemented by the variety of close contact arrangements (bind-
ing modes within the cavity) surfacing as a positive entropy contribution. The
combination of both contributions makes up for the high affinity inclusion
complex that, on the basis of the thermochemical result, apparently features
a collection of bound states rather than the uniquely dedicated interaction
between distinct positions in the binding partners.

A contrasting scenario in another neutral hydrogen-bonding receptor is
provided by the dipicolinic amide-tris(aminoethyl)amine (tren) cryptand 7
[41]. This host displays a dramatic preference for fluoride over chloride, bro-
mide and a number of oxoanions in DMSO solution (log K,..>5), undoubtedly
due to the intense hydrogen bonding of this guest with the pattern of host
donor sites. In the '°F NMR spectrum the fluoride resonance shows as a septet,
indicating simultaneous communication of the guest nuclear spin with the six
N-H protons of the amide donors. Spin coupling also attests to the partial
covalent character of this interaction motif, which also shows in the enhanced
lifetime of the particular complex structure visible through slow exchange
kinetics.

Based on the fundamental charge-dipole interaction, hydrogen bonding
need not necessarily mandate the presence of lone electron pairs in the guest
anion. If present, this electronic feature dominates the supramolecular behav-
iour of anions. As a corollary, it is the most prominent aspect to be removed in
the construction of so-called non-coordinative anions (BPh;, BHj, closo-
CB,,Hy; etc.) that are required in the isolation and study of reactive cationic
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species. Because lone electron pairs are a constitutive structural feature of most
ordinary anions, they might serve as Lewis base anchor points in the interaction
with suitably composed poly-Lewis acid compounds. The corresponding elec-
tron pair accepting groups may be highly electron-deficient organic moieties
like tetrazine heterocycles [42] or oriented aromatic metal m-complexes [43], but
broader in scope and potential applicability are compounds incorporating metal
centres as direct interaction points. They may be distinguished according to
their mode of anchoring the metal in the organic framework. Some metals like
tin, boron, mercury etc. form strong and directed covalent bonds that make
them useful and kinetically inert tectons in the construction of respective host
skeletons, allowing Lewis acidic functionality to be positioned at predetermined
locations and intentional directions within the structure.

Alternatively, a more or less sophisticated organic framework can be con-
structed containing a number of ordinary heteroatomic ligation sites, which can
then hold the metal in a Werner-type but coordinatively unsaturated complex
via chelating action. Both approaches use the overlap of atomic orbitals in host
and guest for mutual adhesion of the binding partners and thus in principle do
not conform to the definitions of supramolecular interactions. However, in many
cases this distinction is not nearly as clear-cut as it seems. The bonds formed are
frequently of low enough energy to allow ready reversible exchange of binding
partners, justifying the integration of these examples with regular non-cova-
lent host-guest systems.

A prototypical example to illustrate the covalent incorporation of metal
centres is represented by the mercuracarborands, which have been studied
extensively and in quite a variety in the solid state and also in solution. The
binding of iodide to the [12]mercuracarborand-4 8 is easily followed in acetone
by ’Hg NMR spectroscopy [44, 45]. Titrating in increasing amounts of iodide
diminishes the original broad '*”Hg signal that arises from the perturbation of
the solvated nucleus by the butterfly flip of the entire molecule happening in
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the same time regime as the timescale sensed by the NMR measurement. A new
sharp signal at lower field is observed, representing one unique molecular
environment for all Hg nuclei at 1:1 stoichiometry, which is in slow exchange
with the unbound host. Further titration brings up another sharp signal in-
dicative of the formation of a 2:1 iodide:host complex, however, with unaltered
symmetry with respect to the Hg centres again showing slow exchange with all
the other molecular species present.

All these metal organic hosts bear the latent risk of irreversible destruction
when put into contact with protic solvents. On the contrary, anion hosts that
follow the reversible chelation strategy have been deliberately designed for ac-
tion in the aqueous environment and thus are much closer to concrete appli-
cations. Promising candidates in this respect are again tris(aminoethyl)amine
(tren) derivatives, which were also utilized in the amide/ammonium cryptand
routes towards anion receptors. Here the spanning of two tren units by 2,5-di-
methylenethiophene units leads to a ligand that complexes up to two Cu?*
cations in water in an pH-dependent fashion [46]. The resulting complex cation
9 is able to bind azide N3 (log K,4..=6.75) with 100-fold preference over the
structural congener isocyanate NCO- and 10%-fold over isothiocyanate NCS-,
whilst competition from the halides or oxoanions like nitrate, acetate, bicar-
bonate or sulphate is beyond detection. The results from the selectivity studies,
along with the UV-Vis absorption characteristics and evidence from crystal
structures, all point towards a bidentate bridging complexation of the anion
between both metal centres as the cause for the rather high azide selectivity
observed.

Apart from one amazing report that documents anion complexation (CI,
Br, PFg, Ts™) into self-assembled resorcarene capsules in chloroform solution,
where the driving force is basically unknown but solvophobic interactions are
suspected [47], the examples described represent manifestations of the single-
cause use of the variety of binding tools that are at the disposition of the mol-
ecular architect for constructing artificial anion hosts. In most real cases he/she
will select several of them for implementation into a molecular framework in
a proper fashion for their cooperative action. Though we seemingly understand
the fundamentals of supramolecular anion binding, putting all the pieces of
knowledge together to come up with a novel concept and its realization in
anion host-guest binding is an act of creativity requiring in addition a great
deal of intuition, some experience and not least a lucky hand that characterizes
any piece of art beyond rational arguments.
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Abstract Chiral recognition of anions is still in its infancy. Despite the fact that chiral
analytical separation of different species including anions is a well-developed area of
research with ample practical applications, the molecular recognition basis of this technique
is still underdeveloped. Both natural and synthetic receptors capable of enantioselective
recognition of anions are reviewed.
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1
Introduction

The chemical and more importantly biological activity of any chiral substance
depends on its stereochemistry. That is why the design, synthesis, and struc-
ture-activity relationships of enantioselective receptors are still very vital
areas of research. Chiral synthetic ligands are supposed to open new possibili-
ties in enantioselective catalysis and enantioseparations of racemic chiral com-
pounds, they can be active in different parts of membrane transport and,
finally, they can help us in understanding many vital processes in the biologi-
cal world.

The basis of any chiral recognition event is the formation of diastereomeric
complexes composed of chiral receptor and chiral substrate possessing dif-
ferent stabilities. There is a rule of thumb - based on both experience and
highly sophisticated calculations valid for the design of new enantioselective
receptors: “Chiral recognition requires a minimum of three simultaneous in-
teractions between receptor and at least one of the enantiomers, with at least
one of these interactions being stereochemically dependent” [1]. It should be
stressed that this three-point rule does not require all three interactions to
be attractive (i.e., bonding). In many cases, repulsive steric interactions are
invoked, usually in combination with one or more bonding interactions to
explain chiral recognition.

In practice it means that the exchange of one enantiomer for another is
accompanied by the loss or profound change of at least one of these interactions.
The study of enantioselective receptors consists in the measurement of the
difference in Gibb’s free energy caused by these two processes. The magnitude
of this difference is directly proportional to the efficiency of chiral recognition.

Many tools are available for studying the structure and dynamics of multi-
molecular complexes, with NMR being perhaps the most suited to detailed
examination of such complexes in solution. However, it is not yet widely
appreciated that liquid chromatography can be extremely useful for the study
of solution complexes even though, rigorously, it sometimes takes place not
exclusively in solution but rather at an interface. Next to these techniques, UV
spectroscopy; fluorescence spectroscopy, and pH titrations are also widely used
for this purpose.

Despite the relatively large number of enantioselective receptors of cations
and neutral species, reports on the effective chiral recognition of anions are still
rare. However, there are a number of reports in the literature describing the
recognition of carboxylic acids, and amino acids in particular, performed in
aqueous solution at a pH where the carboxylic group has to be at least partly
ionized. These reports are also included in this review.

Enantioselective anion sensing is included in a number of reviews covering
much broader subjects, namely receptors of anions in general [2-8] and chro-
mophoric sensors of anions [9, 10]. There are also more specialized reviews deal-
ing with receptors for anions based on macrocyclic polyamines [11],amides [12],
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guanidiniums [13], crown ethers [14], or lanthanoids [15]. This review is also
subdivided according to the structure of the receptor host studied.

2
Natural and Modified Natural Receptors

Cyclodextrins, being macrocycles composed of chiral glucopyranose units, are
able to bind small molecules in their inner cavity. The addition of cyclodextrins
to racemic mixtures of chiral substrates results in the formation of diastere-
omeric complexes, with different stability for both enantiomers. Moreover,
cyclodextrins can be derivatized using a number of well-known methods,
including those using chiral structures appended to an already chiral macro-
cycle. Cyclodextrins have been used either native (uncharged) or charged by
the attachment of ionized functional groups, namely amino and carboxy
groups. Functional groups with a complexed metal ion have also been de-
scribed. All these methods were used when looking for chiral recognition of
hosts bound inside the cyclodextrin cavity. Interpretation of data thus obtained
is not easy as sometimes many chiral elements are operating in conjunction.
This type of chiral recognition, caused mainly by steric effects of the substrate
bound in the cavity of cyclodextrin, was also observed when anion species were
complexed.

Kano has studied extensively the recognition of anions and zwitterions by
both native and derivatized cyclodextrins [16]. The native f-cyclodextrin com-
plexation properties were examined with respect to binaphthyl derivatives.
For both 1,1’-binaphthalene-2,2’-dicarboxylic acid and 1,1’-binaphthalene-2,2’-
diol phosphate almost no chiral recognition was observed. The enantiomers of
binaphthyl-2,2’-dicarboxylic acid were better distinguished using a per-O-
methylated B-cyclodextrin derivative in place of the native f-cyclodextrin.

The same author has reported chiral recognition of a-amino acids by native,
anionic, and cationic a- and B-cyclodextrins [17]. Both carboxylates and
amines (monosubstituted as well as hexa- and heptasubstituted) were included
in this study. The best results obtained were those from a combination of
(S)- and (R)-AcTrp complexed by per-NHj-B-cyclodextrin with K=2,310 and
1,420 (I/mol). In the detailed study of chiral recognition of substituted phenyl-
acetic acid derivatives by aminated cyclodextrins, these were found to be again
only modest with respect to the enantioselection attained [18].

Finally, the recognition of axially chiral 1,12-dimethylbenzo[c]phenan-
threne-5,8-dicarboxylate (1) enantiomers by cyclodextrins was found to be
much more efficient [19]. The preliminary '"H NMR binding studies in D,0
showed no changes in spectra of the substrate after addition of a-cyclodextrin.
However, in the spectra of the (P) and (M) enantiomers of the tetrahelicene 1,
significant chemical shift changes occurred after the addition of -cyclodextrin
and y-cyclodextrin. Detailed measurements were performed to determine
complexation constants and using the ROESY 2D NMR spectra the structures
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Table 1 Stability constants of complexes of B-cyclodextrin and tetrahelicenes

Receptor Substrate K (M)
B-CD (M)-1 18,700%1,700
[3-CD (P)-1 2,200+100
y-CD (M)-1 3,100+100
y-CD (P)-1 690420

Fig.1 CPK models of cyclodextrin complexes of the (P) and (M) enantiomers of tetra-
helicene 1
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of the complexes were suggested. The data obtained are summarized in Table 1.
The fact that both the receptors prefer the (M) enantiomer of 1 can be ex-
plained by these models. The (P)-1 enantiomer penetrates deeper into the cav-
ity of the host than its (M)-1 analog, and one of its carboxylate functions gets
into the inner part of the cyclodextrin. That causes the enthalpically unfavorable
desolvation of this carboxylate group. When the (M)-1 enantiomer is complexed,
both carboxylate functions stick out of the cyclodextrin cavity and no desolva-
tion is necessary. This is schematically shown in the CPK models (Fig. 1).

The stability constants and thermodynamic parameters of complexation
of 6-amino-6-deoxy-p-cyclodextrin with more than 50 charged and neutral
guests have been determined in aqueous phosphate buffer (pH 6.9) by titration
microcalorimetry [20]. These data, in comparison with the data of native cyclo-
dextrin, indicated that the chiral discrimination of cationic hosts with anionic
guests is governed by a critical counterbalance between the electrostatic
interaction of the charged groups in the host and guest and the conventional
intracavity interactions of the hydrophobic moiety of the guest, such as
hydrophobic, van der Waals, solvation/desolvation, and hydrogen bonding
interactions.

Using the native cyclodextrin, the enantiomers of amino acid derivatives
were enantioselectively complexed [21]. Further, for a more detailed analysis,
zwitterionic tryptophan was employed [22]. For the complexation studies
performed on this molecule the a-cyclodextrin was used, as its inner cavity is
the smallest. The "H NMR measurements showed that (R)-tryptophan formed
a stronger complex with a-cyclodextrin compared with the (S) enantiomer.
This is due to the number of hydrogen bonds which can be formed between
each enantiomer and the host molecule. The NMR studies showed another very
interesting fact: the amino acid is very likely forming no intracavity complex.
It has been suggested that it is coordinated near the rim of the cyclodextrin.

Cyclodextrin 6-O-monophosphates in both charged and uncharged forms
have also been tested for enantioselective recognition of amino acids [23]. The
best results were obtained for mono-(6-0O-diphenoxyphosphoryl)-fB-cyclodex-
trin, giving fairly good enantioselectivity of up to 3.6 for p/L-serine in buffered
(pH=7.2) aqueous solution.

A similar complexation study supported by thermodynamic parameters was
performed by the same author for mono-(6-anilino-6-deoxy)-p-cyclodextrin
and mono-[6-(1-pyridinio)-6-deoxy]-B-cyclodextrin complexation with several
amino acids in zwitterionic form [24]. The inclusion complexation was enthalpy
driven for the former and entropy driven for the latter host.

Zwitterionic cyclodextrins were designed and synthesized by Tabushi a long
time ago as artificial receptors for amino acids in water [25]. Only a very low
enantioselectivity was detected for Trp. Inoue also studied the complexation of
two new B-cyclodextrin derivatives bearing m-toluidinyl and [(9-fluorenyl)-
amino]alkylamino groups with various b/L-amino acids by fluorescence spec-
troscopy in buffered (pH=7.2) aqueous solution. An enantioselectivity as high
as 33 was found for p/L-leucine and the former host [26].
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Marchelli used the copper(II) complex of histamine-functionalized B-cy-
clodextrin for chiral recognition and separation of amino acids [27]. The best
results were obtained for aromatic amino acids (Trp). Enantioselective sensing
of amino acids by copper(II) complexes of phenylalanine-based fluorescent
B-cyclodextrin has been recently published by the same author [28, 29]. The
host containing a metal-binding site and a dansyl fluorophore was shown to form
copper(II) complexes with fluorescence quenching. Addition of b- or L-amino
acids induced a “switch on” of the fluorescence, which was enantioselective
for Pro, Phe, and Trp. This effect was used for the determination of the optical
purity of proline.

Another natural macrocycle used for the chiral recognition of carboxylates
is (+)-tubocurarine (2) [30]. For complexation studies, the zwitterionic form of
this alkaloid was employed. Using 'H NMR, fluorescence spectroscopy, and UV
spectroscopy in water or D,0, the stability constants of the complexes between
tubocurarine and amino acids were determined. The maximum chiral recog-
nition was observed upon the complexation of N-acetylphenylalanine and
phenylalanine (determined at pH=9). For N-acetylphenylalanine, the L-enan-
tiomer was better but weakly bound. Phenylalanine formed a much more sta-
ble complex (by approx. one order of magnitude), with that of the p-enantiomer
being even stronger. While the enantiospecificity depends primarily on electro-
static interactions, the overall stability is determined by guest hydrophobicity.
These conclusions were confirmed by docking calculations for enantiomers of
phenylalanine.

Very recently, nice recognition of free and N-acetylated amino acids (Gly,
Ala, Phe) and some structurally related guests by a dicationic cyclophane-type
N,N’-dibenzylated chiral derivative (4) of a bisisoquinoline alkaloid S,S-(+)-
tetrandine (3; DBT) has been studied by NMR titration in water [31]. In
contrast to other macrocyclic hosts, DBT shows high affinity and large enan-
tioselectivity (K(S)/K(R)=10) toward the smaller N-acetylalanine and binds
the larger phenylalanine more weakly and nonselectively. The binding speci-
ficity of DBT was rationalized on the basis of molecular mechanics calcula-
tions.
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3
Ammonium-Based Receptors

Oxaazamacrocycles are molecules with combined crown ether and amino
group properties; for example, in dependence on the size of macrocyclic ring
and the position of heteroatoms stable complexes with various metals can be
formed [32]. Furthermore, when protonated, these compounds are excellent
anion binders. In fully protonated polyammonium macrocycles, the coulom-
bic attractions and hydrogen bond formation play a dominant role in the
anion complexation. The receptors (R,R)-5 and (S,S,S,5)-6 were designed to
bind dicarboxylates [33].
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(RR)-5 (S,S,S,5)-6

The protonation constants and the binding constants with different chiral
carboxylates have been determined by means of pH-metric titrations. The
triprotonated form of (S§,S,S,S)-6 showed moderate enantioselectivity with
malate and tartrate anions (AAG=0.62 and 0.66 kcal/mol, respectively), the
strongest binding being observed in both cases with the L-enantiomer. Good
enantiomeric discrimination was obtained with tetraprotonated (R,R)-5 and
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N-acetyl aspartate, the complex with the pD-enantiomer being 0.92 kcal/mol
more stable than its diastereomeric counterpart. All these experimental results
allow authors to propose a model for the host-guest structure based on coulom-
bic interactions and hydrogen bonds. The question remains to be answered why
the D, symmetrical (S,S,S,S)-6 was completely inactive in enantiorecognition of
the same N-Ac-Asp, the most selective anion for (R,R)-5. The only explanation
is in the much higher rigidity of the former ligand, which is incapable of the
“induced fit” that is very easy to imagine in the case of (R,R)-5. Probably the
pair coulombic interactions of protonated amines with both carboxylates are
much weaker due to steric rigidity, and that is the reason for the low enantio-
selection by N-H...O interaction between Ac-NH-Asp and the oxygen of the
macrocyclic unit.

The above finding is in agreement with a recent study by Gotor, Lehn, and
Dietrich where per-aza macrocycles 7 and 8 were examined [34]. These recep-
tors have a much more flexible backbone and, in addition, three amino groups
on “each side” of the macrocycle. Again the protonation features of both ligands
have been determined using potentiometry as well as 'H and *C NMR tech-
niques. This study allows the determination of the basicity constants and the
stepwise protonation sites. The presence of cyclohexane decreases the proto-
nation ability, and this effect can be explained in terms of conformational and
electrostatic factors. Again, binding of different chiral dicarboxylates has been
studied by potentiometry. Here the macrocycle with two chiral cyclohexanes
presents higher anion complexation constants. It also exhibits good preference
for N-Ac-D-Asp. Both receptors have shown an interesting behavior in the com-
plexation of protected N-Ac-glutamates. Tetraprotonized forms of the receptors
are very selective for the D form of this substrate. Further protonization causes
the formation of 2:1 stoichiometry complexes, and the hexaprotonized recep-
tors bind the p-enantiomer with 2:1 stoichiometry while the L-enantiomer is
bound with 1:1 stoichiometry.
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For the chiral recognition of sodium salts of 2-aminopropionate the imida-
zolium salt 9 was synthesized [35]. There were four chiral receptors synthesized
but only 9 based on (-)-cis-myrtanyl imidazole exhibited the yes-no prelimi-
nary complexation of both enantiomers of sodium 2-aminopropionates, being
able to complex only the (R)-enantiomer.
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4
Guanidinium-Based Receptors

The guanidinium group is known to remain protonated over a wide range of
pH and to form characteristic pairs of well-organized, strong hydrogen bonds
to carboxylates and phosphates. The receptor 10 was synthesized for the com-
plexation of zwitterionic amino acids. Its chiral structure was based on a bicyclic
guanidinium unit, synthesized in optically pure form from L-asparagine. The
affinity to aromatic substrates was supported by the attachment of naphthoyl
groups to the guanidinium unit [36]. The complexation properties were moni-
tored using single extraction experiments. For the zwitterionic amino acids Phe,
Trp, and Val, the enantioselectivity was negligible. Using NMR titration in CDCl,,
better chiral recognition was observed upon the complexation of N-Ac-try
ptophan (K=1,051+£20% M for the L-enantiomer and K=534£15% M for the
D-enantiomer). It represented the first example of enantioselective recognition
of anionic species by an abiotic receptor.

O 10 O

Different enantioselectivity has been observed for adenosine monophos-
phate nucleotides complexed with 11, where one naphthoyl unit has been sub-
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stituted by uracil [37]. Then, the receptor 12 was synthesized [38].In the design
of this molecule, three structural motifs were used: nonself-complementary
binding sites for carboxylate and ammonium, preventing the receptor from in-
ternal collapse; an aromatic planar surface for additional selective stacking in-
teraction with the side chain of aromatic amino acids; and a chiral structure for
chiral recognition.

Despite its ionic structure 12 is almost insoluble in water. The affinity toward
amino acids was studied by extraction experiments, where the enantiomers of
Phe, Val, and Trp were extracted into CD,Cl, from aqueous solutions. The
amounts of amino acids extracted were determined by “NMR integration”.
As expected, the aromatic amino acids were preferred (40% extraction efficiency
for L-Phe and L-Trp). In the organic phase, no valine was detected. Moreover,
almost no D-enantiomers were extracted by (S,5)-12 (p-Trp<0.5%, D-Phe<2%).

The same principle follows for the receptor 13, designed and synthesized by
Schmidtchen [39]. Both recognition structural units have been changed. The
aromatic naphthoyl group has been substituted with the bulkier diphenyl-tert-
butylsilyl group and the aza-18-crown-6 unit by a symmetrical triaza analog
that is known to recognize the ammonium cation with high selectivity against
alkali metal cations. This compound was capable of discrimination between
enantiomers of phenylalanine. The L-enantiomer was extracted into chloroform
with 40% ee in a wide pH range. When the analog of 13 without the azamacro-
cycle in its structure was used, no chiral recognition was observed.
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These results were extended by de Mendoza [40]. A variety of chiral recep-
tors were synthesized and the chiral recognition of zwitterionic amino acid
enantiomers upon their facilitated transport across a model membrane was
examined. Transport studies were performed in a U-tube cell, consisting of a
dichloromethane phase separating two neutral aqueous (source and receiving)
phases. Samples of the receiving phase were directly injected into the chiral
HPLC column. Ester 14a, despite being a slower carrier than amide 14b, showed
a higher enantioselectivity. A similar effect was observed with the receptors 15a
and 15b. Ester 15a, containing a TBDPS group, surprisingly showed enantio-
selectivity similar to that of naphthoyl-containing 14b. The control measure-
ments were performed with receptor 15d, which contains the nonaromatic
triisopropylsilyl protecting group. Since a similar selectivity was found, it has
been concluded that the chiral recognition of tryptophan enantiomers was not
caused by aromatic stacking interactions. The more probable sources of this
discrimination are the hydrophobic and steric effects, which contradicts the
primary idea shown in Fig. 2.

When trying to elucidate the structure of complexes 14a with L-Trp and
D-Trp, only ill-defined spectra have been available. No NOE signals could be
detected between naphthalene and the indole side chain, although for the com-
plex with L-Trp a few contacts could be attributed to the proximity between the

Fig.2 Optimized structures of complexes formed by 14 with aL-Trp and bp-Trp
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side chain and the guanidium crown ether. In view of the scarce data obtained
from NMR spectra, extensive molecular mechanics and dynamics calculations
(1 ns) were performed in a box of chloroform. Suitable fragments were selected
from related X-ray structures to build up the initial geometries that were fully
optimized by ab initio quantum mechanics, and the amino acid was manually
docked into the binding pocket by facing each of its zwitterion functionalities
to the two anchoring groups provided by ligand 14b. The naphthoyl moiety was
placed perpendicular to the plane delimited by the aza-crown as no NOE was
observed between aromatic hydrogens and aza-crown hydrogens. The overall
conformation of the L-Trp was determined from the information provided by
the NMR spectra (NOE). This conformation reduced the number of alternative
docking orientations and placed the indole ring oriented toward the ester
group linking the aza-crown subunit to the guanidium. The optimized struc-
tures of complexes between 14b and both the enantiomers of tryptophan were
obtained (see Fig.2). Surprisingly, the relative distances and disposition of the
two anchored pairs are quite similar for both complexes. When representative
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interaction energies were calculated for each complex during the last 300 ps of
the simulation, both the van der Waals and electrostatic contributions to the
binding energy were systematically more favorable and less fluctuating for the
L-Trp complex. It provided a rationale for the pronounced enantioselectivity
of the ligand in favor of L-amino acids, and also strengthened the view that
hydrophobic interactions are comparatively of much less importance than elec-
trostatic interactions. This principle must be borne in mind when designing
supramolecular systems for specific recognition of amphipathic guests. Bal-
ancing both types of interactions represents a difficult compromise and a real
challenge. Neither the benzo-crown derivatives 16, 17 nor the thioethers 18, 19
were enantioselective for tryptophan. However, the efficiency of these receptors
in amino acid transport was excellent.

The lasalocid derivatives 20a,b and 21a,b were less effective enantioselective
carriers than the crown-ether-based compounds. Interesting behavior was
observed on studying the complexation properties of 21b. Although this recep-
tor showed a remarkable selectivity for L-Trp, negligible enantioselectivity for
Phe was observed.

Chiral rigid guanidinium group(s) have also been attached to the calix[4]-
arene scaffold resulting in ligands 22 and 23 [41]. A traditional extraction pro-
tocol was used to evaluate the efficiency of these ligands in enantiorecognition
of Phe, Trp, and Leu. Both ligands showed preference for L-amino acids while
ligand 23 was found to be more effective (Table 2).

|
Ph—g;-O Ph—s;

Table 2 Competeitive extraction - amount of substrate extracted [in %]

Ligand L-Phe D-Phe L-Trp p-Trp L-Leu D-Leu

22 12.4 3.9 8.6 3.1 7.0 3.4
23 47.2 5.3 15.9 4.8 9.8 4.1
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Davis has shown that the steroid skeleton can be used as a very efficient chi-
ral scaffold [42,43]. A guanidinium group was attached to a lipophilic steroid
skeleton, usually in spatial proximity with other anion-binding active groups
such as amides, sulfonamide, or urethane. Very efficient chiral binding sites
have been constructed using this approach, resulting in ligands 24-30.

These ligands were shown to extract many N-acyl a-amino acids from aque-
ous phosphate buffer (pH=7.4) into chloroform and also their preformed tetra-
butylammonium salts. L-Enantiomers of the amino acids N-Ac-Ala, N-Ac-Phe,
N-Ac-Val, and N-Ac-Trp were extracted with sevenfold preference by ligand 24.
Analogously, ligand 25 was found to be even more efficient, as the L-enan-
tiomeric preference was tenfold. Ligands 26 and 27, however, were much less ef-
ficient.

From the so-called unsymmetrical ligands the best one was 30, recognizing
N-Ac-Met, N-Ac-Phe, and N-Ac-Val with an enantioselectivity of 9:1 (L:D).
Thorough NMR studies as well as molecular modeling experiments have been
applied to explain this efficiency. The structure of the complex of 30 with both
enantiomers of N-Ac-Val has been calculated using the Monte Carlo method.
Whereas the L-enantiomer is bound to carbamoyl NH in position 12 of the
steroid skeleton with its acetyl oxygen, the D-enantiomer is bound to the same
place by the oxygen of the carboxylate moiety (see Fig. 3). Although the protons
linked by the intermolecular NOE are =3.8 A from each other, they can be
brought to within 2.2 A by rotation about the N-Ph bond. The valyl methyls are
close to the aromatic rings of the receptor, and are in quite different environ-
ments; hence it is not surprising that one is shifted upfield in the NMR spec-
trum of the complex. The calculations predict slightly lower energy for the
L-complex, in keeping with the enantioselectivities found. Ligand 30 is also
able to bind naproxen with slight preference for the (S)-enantiomer.

A different design was used by Schmuck for guanidiniocarbonyl pyrrole
ligand 31 [44]. The whole family of these ligands was prepared and studied.
They can be used to bind carboxylates effectively in aqueous media with bind-
ing constants which are much larger than those obtained simply with guani-
dinium cations. Binding studies with a systematically varied series of ligands

Fig.3 Structure of complexes of receptor 30 with a N-Ac-L-valinate and b N-Ac-p-valinate
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show that the amide NH next to the pyrrole ring is mainly responsible for the
stronger binding, whereas the pyrrole NH and the terminal carbamoyl group
contribute less to overall binding. The enantioselectivity of this ligand has been
examined using a 'H NMR titration protocol for both enantiomers of protected
amino acids in the form of their tetramethylammonium salts in D,0/DMSO-d,
40% (v/v). Ligand 31 showed preferential binding of the L-enantiomer of
N-Ac-Ala (K=1,610 M!) against N-Ac-D-Ala (K=930 M!). Also a slight prefer-
ence for the L-enantiomer of N-AcTrp (K=1,145 M) over N-Ac-p-Trp (K=
1,005 M™!) was observed. On the contrary, the p-enantiomer of N-Ac-Phe
showed preference over the L-enantiomer, (N-Ac-D-Phe: K=680 M!; N-Ac-L-Phe:
K=585 M!). There are two problems connected with this unexpected behavior.
First, the ligand is still rather flexible and second, it contains only one chiral
center.

Chiral guanidinium-based ligands have also been used for recognition of
diastereomeric salts of saccharides [45]. Some promising ligands with guani-
dinium structure have not been studied yet [46], and some of them have
been used as catalysts for the nitroaldol reaction [47] and Michael addition to
o,B-unsaturated ketones [48].

5
Receptors Based on the Amidic Bond

In the last two decades, chiral receptors containing amidic functions were
designed almost exclusively for binding protected amino acids [49-57], oligo-
peptides [54, 58], and lactic [59], tartaric [60, 61] or camphoric acid derivatives
[62]. Usually, chiral building blocks such as spirobifluorene [49, 60], binaph-
thalene [51,57], or amino acid chains containing macrocycles [52-56, 58] were
employed. An interesting receptor was synthesized via connection of the
calix[4]arene moiety with an aza-crown derivative [61].

Although the works concerning amide-based receptors for anions are rather
rare, several very interesting publications dealing with this topic can be found.
One review on peptide and glycocalixarenes has recently appeared [63].

The design of receptors 32-34 was based on the attachment of chiral amino
acid chains to benzo-18-crown-6 ether [64]. These molecules were able, upon
the addition of cesium salts of amino acids, to form “sandwich” complexes and
distinguish between enantiomers of the substrate added. The enantioselective
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32 NBoc-Ala-Ala-Ala-CE-Ala-CE-Ala-NH- CH,CH,CH,

33 NBoc-Ala-Ala-CE-Ala-Ala-CE-Ala-NH- CH,CH,CH,

34 NBoc-Ala-CE-Ala-Ala-Ala-CE-Ala-NH- CH,CH,CH,

transport of amino acids, facilitated by the receptors 32-34, was studied in a
U-shaped tube using chloroform as a liquid membrane. The amino acid guests
(Z-Ala, Z-Phe, Bz-Ala) were dissolved in cesium hydroxide. The constants of
chiral recognition determined from transport ratios of the enantiomers as k;/kp,
are summarized in Table 3.

The discrimination between enantiomers of Z-phenylalaninate was observed
only using receptors 32 and 33 for the complexation. For 34, no chiral recogni-
tion of enantiomers was detected. The same transport ratios and slow transport
of Z-phenylalaninate by this receptor can be explained by formation of an
“external” complex (Z-phenylalaninate is not bound between the amino acid
chains of the receptor 34 and no sandwich complex is formed).

Calix[4]arene is a very popular building block for the design of molecules
with well-defined mutual positions of substituents. The attachment of amidic
residues to this molecule resulted in receptors 35 [65] and 36 [66]. Upon the 'H
NMR titration of 35 by tetrabutylammonium salts of amino acids in acetone-
dg, moderate chiral recognition was observed: N-Ac-L-Ala K=4,900 M, N-Ac-
D-Ala K=5,700 M}, N-Ac-L-Phe K=7,900 M~!, N-Ac-D-Phe K=10,500 M. The
receptors 36a—c formed stable complexes with N-tosyl-L-phenylalaninate in
deuteriochloroform (36a K=1,626 M}, 36b K=4,836 M1, 36c K=6,924 M™!).
Unfortunately, the measurement using N-tosyl-D-phenylalaninate has not been
reported.

Table 3 First- order rates observed for the transport of amino acids fascilitated by 32-34
over a liquid membrane

Anion k (10* mol 1"'h™1)
32 33 34
Z-1-Phe 5.6 5.0 1.4

Z-p-Phe 4.4 6.3 1.4
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(+)37 R=iPr,R=H
()37 R=H,R’=iPr
(only front half of molecule is shown)

Amidic groups were also incorporated into the structure of receptor 37 [67].
This receptor was used for the complexation of substrates capable of quick in-
terchange between their conformational enantiomers in solution. These guests
can be fixed in the cavity of 37 predominantly in one of the possible enan-
tiomeric conformations. Using CD spectroscopy, an increase in the amount of
(S)-helical bilirubin (BR) conformer upon addition of (+)-37 was observed. The
(R)-helical conformer was preferred on adding (-)-37. The complexation con-
stants were determined from CD spectroscopy data: 6.4x10° and 6.9x10°> M™!
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for the complexes of BR with (+)-37 and (-)-37, respectively. A similar behav-
ior of the receptor was observed using pamoic acid (PA) as a guest molecule.
Significant changes caused by complexation can be observed in 'H NMR
spectra too. They were interpreted in terms of probable inclusion of the guest
molecule into the cavity of the host.

6
Urea- and Thiourea-Based Receptors

In the design of binding sites in receptors for anions, urea and thiourea func-
tions are often employed, due to their ability to form strong hydrogen bonds to
organic carboxylates. Chiral thiourea receptors 38 and 39, based on 6-amino-
methylpyridine-2-carboxylic acid, were synthesized by Kilburn [68]. The 'H
NMR titrations of 38 by tetrabutylammonium salts of various amino acids
(N-Ac-Ala, N-Ac-Phe, N-Ac-Asn, N-Ac-Gln, N-Ac-Trp, N-Ac-Ser) were per-
formed in CDCL;. These studies showed the high selectivity of this receptor in
recognition of different amino acids - with N-Ac-Trp, a complex 30 times more
stable than that with N-Ac-Ser was formed. However, the chiral recognition of
amino acid enantiomers was not so significant. The highest selectivity was
observed upon the complexation of N-Ac-Gln; the stability constant of the
complex of 38 with N-Ac-L-GIn was two times higher than that for the p-enan-
tiomer. The complexation constants for N-Boc amino acid derivatives were
lower than those for N-Ac amino acids, but on the complexation of N-Boc-Trp
an interesting behavior was observed. An improved and reversed selectivity
compared with that for N-Ac-Trp was found (N-Boc-Trp complexation constant
ratio was L:D=3:2, but for N-Ac-Trp L:p=1:1.5). The receptor 39 was able to
discriminate between enantiomers of tryptophan (N-Boc-L-Trp K=1,925 M;
N-Boc-p-Trp K=3,785 M™). Upon the complexation of naproxen, a moderate
enantioselectivity was observed.

NENTNTNS S B
07 > NH HN" Yo o HN
Ao o
NH NH, 0. _NH HN_ _O
2
NO, NO,

38 39
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The bicyclic receptors 40 and 41 were also prepared for enantioselective
recognition of chiral carboxylates [69, 70]. The substitution of two benzene
rings by pyridines in the receptor 41 enriched this molecule with two addi-
tional sites capable of hydrogen bond formation.

op

E\/\/ \/\dH - P

“QN
*@w

The stability constants of the carboxylate complexes with the receptor 40
were determined using NMR titrations in CDCl;. The most stable complex
observed was formed upon the complexation of the tetrabutylammonium salt
of N-Ac-lysine (K=130,000 M}, that is, ca. ten times higher stability constant
compared with the other amino acids). The best chiral recognition was de-
tected during the complexation of enantiomers of N-Ac-Phe. Detailed 2D NMR
experiments showed the probable reason for this discrimination. While the
L-enantiomer of protected phenylalanine is complexed inside the cavity of the
host molecule, the N-Ac-pD-phenylalanine is probably bound outside the cavity
via hydrogen bonding to the thiourea group and one of the amidic NH func-
tions.

The ability of receptor 41 to bind enantioselectively to the chiral substrates
has not yet been examined. The preliminary NMR studies performed with this
receptor demonstrated the high affinity of 41 to N-Ac-asparagine (K=8,700 M)
and N-Ac-glutamine (K=55,000 M!).

A very interesting receptor was synthesized by derivatization of a chiral
spirobifluorene unit by a urea moiety [71]. The resulting chiral cavity of re-
ceptor 42 was capable of binding carboxylates. Using the "H NMR titration in
DMSO, the stability constants of complexes with lactate and mandelate enan-
tiomers were determined. These experiments showed a strong preference for
(R)-lactate (K=35,000 M) compared to the (S)-enantiomer (K=3,500 M™).
A similar behavior of this receptor was observed upon the complexation of
mandelates - the more stable complex was formed with the (R)-enantiomer
(K=28,000 M™); (S)-mandelate was bound with the constant K=1,700 M.
This chiral recognition can be explained by the steric demands of the hy-
droxyl group of the substrate. This host was also employed to discriminate
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42

between the enantiomers of naproxen and lactate, but no chiral recognition was
observed.

Thiourea functions were used to attach chiral saccharide units to the mol-
ecule of calix[4]arene [72]. The complexation properties of these molecules
toward chiral anions have not yet been examined. However, in the preliminary
complexation studies ("H NMR titrations in DMSO-d,) the affinity toward
acetate and N-Ac-L-alaninate was observed.

The synthesis of receptor 43 was based on calix[5]arene [73]. The NMR
studies in tetrachloroethane/methanol 2:1 showed the ability of this receptor
to bind achiral zwitterionic e-aminohexanoic acid.

We have prepared a very simple binaphthalene-based receptor 44 capable
of enantioselective recognition of lactate and mandelate [74]. This extremely
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CFy CF,

simple receptor is able to form 1:1 complexes with benzoate and bromide. In
addition, 1:2 complexes of 44:anion were formed with acetate, lactate, and
mandelate. Optically pure (R)-44 formed complexes with (R)-lactate and
(S)-lactate in chloroform with different stability (log K was 4.60£0.07 and K
was 3.9610.06). The enantioselectivity for mandelate is reversed and much
weaker, but the complexes formed are very stable with log K, over 6.4 in
chloroform.

7
Porphyrins and Sapphyrins as Anion Sensing Units

Porphyrins and their derivatives are frequently used in the design of many
supramolecular receptors. Sessler has extensively studied many expanded por-
phyrins including sapphyrins, which are known for their ability to bind anions
[75], e.g., fluorides and phosphates [76]. For application in enantioselective
recognition the dimeric structures 45-47 have been designed, synthesized, and
studied [77]. The complexation profile has been studied using UV-Vis spec-
troscopy in 5% MeOH-CH,Cl,. Ligands 45 and 46 preferred N-Cbz-Glu against
N-Cbz-Asp, with very weak enantioselection. Better enantiorecognition was
found with the more rigid 47 (Ky.cp,-1-45p=16,700 M™", Ky cb.p-a5p=9,700 M3
and Ky.cyz1-61e=3,800 M, Kyy_cy-p-61e=16,200 M ™).

The sapphyrin unit connected to natural ionophore lasalocid [78] has been
used for the design of ligand 48. Membrane transport was measured for this
ligand using a traditional U-tube arrangement. It was found that the ligand is
able to transport amino acids in their zwitterionic form with a preference for
the L-enantiomer of Phe.

New ligands 49-52 were prepared based on these encouraging results. Un-
fortunately the enantioselectivity was not improved. For example, compound
52 was found to be unsuitable due to “self-assembled” structures formed in



Chiral Recognition of Anions 53

y i OO "l
N o
MNH 2
HN
o




54 1. Stibor - P. Zlatuskova

COOtBu
He §
49 R= Ny
H
COOtBu
R= “,
~
N
50 N
H COOH
~
R= N
51 N
H COOH
52 R= N
R H

Table 4 Transport characteristics [k (*10-° molcm™h!)] meassured using sapphyrin-lasa-
locid conjugates

Receptor L-Phe D-Phe L-Trp p-Trp
48 20 12.7 5 4.2
49 6.4 8.2 1 2.3
50 10.5 6.7 2.5 1.1
51 1.9 1.4 0.8 0.7
52 0.9 0.7 0.7 0.7

solution. Better results were achieved with compound 50, which was capable of
transferring Phe and Trp with some preference for the p-enantiomers. These
results are summarized in Table 4.

8
Metal-Containing Ligands

In principle, there are two possibilities of how to use metal ion(s) for anion
sensing. First, the ion can be used for better preorganization of the ligand with
respect to anion binding, and second, the cation can be included in the bind-
ing site of an anion-sensing ligand in order to explore electrostatic attraction
for the binding event.
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Ligands 53-57 are representatives of the first approach. Both amides on a
bipyridine moiety are brought to spatial proximity by complexation of metal
ion between both bipyridine nitrogens [79]. The enantioselective complexation
is facilitated by two chiral substituents on amidic nitrogens. Unfortunately,
all ligands are relatively flexible and this is probably the reason for their low
enantioselectivity for anions. Complexation has been examined using the NMR
titration protocol in DMSO-dj, with the tetramethylammonium salt of N-Cbz-
glutamate. Ligands 53 and 54 showed only negligible enantioseparation of
N-Cbz-glutamate, while ligands 55 and 56 were much better (K6 cpsr-gru=
160 M, Ky6.chsn-gu=128 M™). Ligand 57 showed only very weak binding.
Coordination on the metal center influenced enantioselection only to a negli-
gible extent.

Cco
CO = Br

\; -

covkel,
™

NHR= [ j OO OO Q o
NH ”NJ(
v, <& H OtBu
< g NH Y H
NH MeH NH HMe Me

NH” V'Me
H

53 54 55 56 57

Ligands 58 and 59 were capable of only very slight enantioselection despite
the higher rigidity. Their complexation behavior was followed by NMR titra-
tion of sodium salts of L- and D-lactate (ligand 58 only) and tetramethylam-
monium salts of N-Cbz-L- and D-glutamate (both ligands). Moreover, helicity
around the metal ion had no influence as both A and A 58 formed complexes
with L-lactate of the same stability within experimental error. Ligand 59 slightly
prefered p-glutamate (Ksg.cp,r-6re=200 M, K5o_cbz-p-gra=250 M1).

A suitably substituted cyclopentadiene moiety has been used for the con-
struction of ligand 60 using the concept of planar chirality [80, 81]. Only
the (+)-(R)-enantiomer of 60 was prepared and its structure was proved by
X-ray crystallography. Both enantiomers of tetrabutylammonium camphor-10-
sulfonate were used for chiral recognition. Only a slight difference was found
using NMR titration in CDCl;/CD;CN 1:1. (K=1,900 M for complex with (+)-
enantiomer and K=1,700 M~! for complex with (-)-enantiomer).
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Fig.4 Complex of 61 and aromatic carboxylate

Coordination of flexible amidic structures to the palladium ion resulted in
the formation of a rigid hydrophobic cavity of 61[82]. This self-assembly takes
place in water, and aromatic carboxylates are recognized in it. It was found
using NMR titration in D,0 (pD=8.5, borate buffer). The structure of the com-
plex formed is shown schematically in Fig. 4. It is apparent that cooperative
binding of both carboxylates is essential for the stability of the complex
formed; nevertheless, the enantioselection of carboxylates is only very weak

(Table 5).

Ligand 62 [83] was prepared for the enantioselective recognition of amino
acids. Chiral carboxylates are bound by cooperative binding by electrostatic

Table 5 Stability of complexes formed by ligand 61 with chiral carboxylates

K(M™)
e] L 5
CO N L COONa
H D 8
o
H L COONa L 146
NaOOC D 134
o)
H\'(COONa L 120
NaOOC fk D 155
o
H COONa L 210
NaOOC D 125
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62

interaction, steric constraints, and hydrogen bonds; the complex is schemati-
cally shown in Fig. 5. Both enantiomers of this ligand were separated by chro-
matography on chiral stationary phases and used in complexation studies. The
efficiency of these ligands is excellent. Chiral carboxylates were extracted from
aqueous solution of the appropriate sodium salt into a chloroform solution
of (+)-62. The ratio of diastereomeric complexes was determined by 'H NMR
(signal of N-methyl group) using standards prepared from enantiomerically
pure salts and (+)-62. In general, (+)-62 binds L-enantiomers of amino acids
with good to excellent preference, and obviously (-)-62 behaves analogously as
it binds p-amino acids with the same preference. Among the amino acids
examined, the highest enantioselectivity was observed for N-(3,5-dinitroben-
zoyl)phenylglycinate (Table 6). As for the effect of the N-protecting group of the

Table 6 Single extraction of the sodium salts of racemic N-protected amino acids with
racemic 62, showing the ratio of major and minor diastereomeric complexes

Na* salt of amino acid Ratio
N-Cbz-alaninate 91/9
N-Cbz-N-methylalaninate 50/50
N-Cbz-valinate 96/4
N-Boc-valinate 95/5
N-acetylvalinate 85/15
N-Cbz-norvalinate 91/9
N-Cbz-leucinate 85/15
N-Cbz-norleucinate 88/12
N-Cbz-prolinate 50/50
N-Cbz-methioninate 91/9
N-Cbz-serinate 23177
N-Cbz-fphenylglycinate 91/9
N-(3,5-dinitrobenzoyl)fphenylglycinate 96/4
N-Cbz-fphenylalaninate 84/16

N-Cbz-tryptophanate 89/11
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Fig.5 Complex of 62 and chiral carboxylate

amino acid salts, the enantioselectivity for the N-Boc group was comparable
with that of N-Cbz, while the N-Ac analog was less enantioselectively recog-
nized. In sharp contrast, no enantioselectivity took place for N-Cbz-Pro and
N-Cbz-methylalaninate, having no NH-CO functionalities. The high degree of
chiral recognition is considered a result of multiple interactions between the
chiral ligand and the substrates. Evidence for hydrogen bond formation be-
tween the NH-CO moieties of the ligand and substrates was provided by IR and
"H NMR studies coupled with two-dimensional DQF-COSY and NOESY mea-
surements. Also a reluctance for deuterium exchange was used to suggest the
mode of binding shown in Fig. 5.

Lipophilic lanthanide complexes of fluorinated 3-diketonate ligands were
demonstrated to bind unprotected amino acids under neutral conditions. It
is not clear whether amino acids are bound as anions or zwitterions. Chiral
ligands 63-66 have been prepared and tested for extraction of amino acids
from water into dichloromethane [84] (Table 7). NMR and CD spectroscopic

63 M =Pr
64 M = Er
65M=Eu
66 M = Yb
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Table 7 Amounts and enantiomeric excesses of amino acids extracted by 63-66

Ligand Amino acid

% extracted

and (ee) Phenylglycine Phe Trp Leu

63 31 (11) 62 (2) 53 (3) 45 (5)
64 43 (13) 62 (7) 52 (4) 61 (7)
65 33 (19) 55 (15) 39 (23) 45 (17)
66 14 (49) 36 (24) 24 (30) 26 (17)

studies further suggested that these ligands bind amino acids at two points.
Their extraction, transport, and chiral recognition behaviors were significantly
controlled by a combination of central lanthanide cation and coordinating lig-
and. The chiral ytterbium complex offered good enantioselectivity in the ex-
traction of unprotected amino acids, and the related praseodymium complex
provided their efficient membrane transport. Chiral lanthanide complexes in
aqueous media is the topic of an excellent recent tutorial review [85].

Parker reported the very promising behavior of two ligands 67 and 68 [86].
Their Eu and Tb complexes are reported to form complexes with (S)-lactate
with up to 4.5 orders of magnitude higher stability than with (R)-lactate in
aqueous collidine/HCI buffer, pH 7.4. Recently, structural and NMR investiga-
tion of the ternary adducts of 20 a-amino acids and selected peptides with the
Yb complex of ligand 69 [87] have been studied.

Ph Ph

: Yy
f/."\ g
[ [ -\—3-

OH,
i/
NH NH :O
R R
M = Eu 67

M =Yb 69

I
P4

=
I

X, )VJH

Enantioselection performed by the Yb complex of (R,R,R)-69 has been
examined with several racemic amino acids. Preferential binding of (§)-amino
acid was observed. The degree of enantioselectivity measured after addition of
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20 equivalents of racemic amino acid to chiral ligand was dependent on the
amino acid side chain - namely, Ser (4:1), Thr (4:1), Asp (2:1), Asn (3:1), His (2:1).

Very recently Anslyn and Zhu reported the method of facile quantification
of enantiomeric excess and concentration using an indicator-displacement
assay exemplified by analysis of 2-hydroxyacids [88].
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Abstract Calix[n]arenes represent a well-known family of macrocyclic molecules with a
broad range of potential applications in many branches of supramolecular chemistry.
Because of their preorganisation, calix[#n]arenes are frequently used as building blocks and
molecular scaffolds in the construction of more elaborate systems, such as artificial enzyme
biomimetics and receptors. This review is focused on the recent development of calixarene-
based anion receptors.

1
Introduction

Calix[n]arenes [1] 1 are a well-known family of macrocyclic compounds pos-
sessing interesting three-dimensional structures with many unique properties.
They are notorious for their ability to create host-guest-type complexes with
many ions and/or neutral molecules (depending on the substitution pattern).
To efficiently form given complexes, calix[n]arenes usually utilise the combi-
nation of several non-covalent interactions; among them hydrogen-bonding
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OH n=4-8 OH 4

interactions, electrostatic interactions, cation-m interactions or hydrophobic
effects could be cited as the most significant examples. Because of their easy
one-pot preparation and simple derivatisation, they are frequently used in
supramolecular chemistry as building blocks in the construction of more elab-
orate systems.

The exclusive “shaping” and “tuning” possibilities of calix[4]arene deriva-
tives makes these compounds ideal candidates for the design of novel receptors.
Thus, simple alkylation on the calixarene lower rim (phenolic hydroxyls) leads
to four different conformers which are isolable and infinitely stable if the sub-
stituents are bulky enough (Fig. 1). Any of these four conformations, called
cone, partial cone, 1,3-alternate and 1,2-alternate, represents a unique structure
with inherent characteristic properties including complexation abilities. Con-
sequently, the well-established chemistry of calix[4]arenes gives us a tool to
arrange deliberately the functional groups in space to achieve the best inter-
action mode of the complexation process.

While the selective interactions of functionalised calixarenes with cations
have been studied broadly for almost three decades, the application of cal-
ixarene-based receptors for anion recognition is a relatively new research topic
[2]. This review is focused on recent developments in the design and synthesis
of calixarene-based anion receptors. Although the name calixarene was origi-
nally designated only for phenol-formaldehyde derivatives 1, recently many
structural variations and mutations have been formed. Some of them, such as
calixpyrroles [3], are widely used for anion recognition; nevertheless, this review
is restricted only to “classical” calixarenes 1 and newly discovered thiacalix-
arenes 2 [4].

Fig.1 Four basic conformations of calix[4]arene: a cone, b partial cone, ¢ 1,3-alternate and
d 1,2-alternate
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2
Receptors Using Metals

2.1
Metallocene-Based Systems

As mentioned above, the chemistry of calixarenes offers us a unique possibility
of exact spatial arrangements of appropriate functional groups, which can
be used for anion recognition. Among such functions, the cobaltocenium and
ferrocene moieties are frequently used for anion recognition [5]. Both systems,
albeit based on seemingly identical metallocene structures, possess some ba-
sic differences. Thus, cobaltocenium represents an inherently positively charged
organometallic function that serves as a pH-independent redox-active moiety.
These properties make this unit very promising for anion sensing in polar
(potentially aqueous) solvents, where it can use electrostatic interactions with
anions. On the other hand, it seems that only pure electrostatic interactions
are insufficient for effective complexation of anions [6, 7]. To support the
complexation process, combination with another interaction is needed. As the
hydrogen bonding phenomenon is generally used for this purpose, it is not sur-
prising that the appending of amidic or urea functions to metallocenes leads
to very efficient systems [8].

Consequently, the application of calixarene as a molecular scaffold allows the
design of receptors utilising the combination of spatially oriented hydrogen
bonds (HBs) and synchronous coulombic interactions. Of course, both factors
favourably influence the overall complexation process. The role of preorganisa-
tion can be illustrated by the comparison [9] of calixarene 3 with acyclic ana-
logue 4.

As proven by 'H NMR titration experiments in DMSO-d,, the upper rim
bridged derivative 3 exhibits very good binding abilities towards many selected
anions (in the form of tetrabutylammonium salts). On the other hand, recep-
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Potential (Volts)

Fig.2 Cyclic voltammograms of 3 in MeCN; (---) absence and (—) presence of 3 equiv. of
acetate

tor 4 shows much lower stability constants as a consequence of missing macro-
cyclic preorganisation. Thus, if we compare the association constants for H,PO;
(K3=6,380 M! vs K*=320 M!) or the binding of acetates (K*=41,500 M™! vs
K*=1,560 M), it is evident that there is at least one order of magnitude dif-
ference in the strength of interactions. Calixarene 3 shows particularly high
affinity for carboxylates, albeit without pronounced selectivity (K* [benzoate]=
38,400 M1, K® [phenylacetate]=22,270 M™!).

The electrochemical behaviour of 3 was studied [10] using cyclic voltam-
metry in acetonitrile with Bu,NBF, as supporting electrolyte. As shown in
Fig. 2, anion recognition can be demonstrated on a substantial cathodic shift
of the corresponding reversible cobaltocenium/cobaltocene redox couple. The
addition of 3 equivalents of Bu,NAc led to cathodic perturbation up to 155 mV;
other carboxylates or dihydrogen phosphate showed similar values. The above-
described electrochemical properties of cobaltocene derivatives indicate that
metallocene-derived calixarenes could be very promising as amperometric sen-
sors for anions.

Crystallographic analysis of the 3-Cl- complex (Fig. 3a,b) verified the pro-
posed structure where chloride anion is held almost symmetrically by the
amidic functions (Cl...HN=2.45 and 2.52 A). It is also evident that there are
several close contacts with the aromatic hydrogens of calixarene (ArH...Cl=
3.05, 3.15 A) and metallocene (CH...Cl=2.75, 2.95 A) moieties. As the whole
structure creates a dimeric form of head-to-tail type, the chloride anion is held
by additional HBs of the metallocene unit from the second molecule (CH...Cl=
2.77,2.93 A).

Contrary to derivative 3, calixarene 5 was found to create a 1:2 complex with
chloride anion in the solid state. Both amidic functions introduced into the
upper rim of calixarene operated independently of each other and held one
chloride anion with a Cl...HN distance of approx. 2.37 A and two CH...CI con-
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Fig.3 Crystallographic structure of complex 3-Cl: a front view, b side view (solvent mole-
cule removed for better clarity)

tacts (2.66, 2.80 A). The solution experiments (DMSO-d,) revealed that both
isomeric structures 5 and 6 coordinate anions with 1:1 stoichiometry. Surpris-
ingly, the substitution pattern on the lower rim affects fairly dramatically the
effectiveness of complexation. With only one exception (Cl), derivative 5 pos-
sesses always much higher complexation constants towards anions (carbox-
ylates, dihydrogen phosphate) when compared with those of isomeric structure
6. Molecular modelling calculations proposed that this phenomenon can be
explained by different conformations adopted by compounds in solution. While
5 prefers the pinched cone conformation, where cobaltocenium moieties on the
upper rim are held in close proximity thus enabling the cooperative effect of
both units during complexation, compound 6 adopts the pinched cone structure

o <9

PF- (or Co PFe
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with metallocenes being spaced apart. This assumption was also corroborated
by X-ray structures of free ligands.

As already mentioned, in contrast to the cobaltocenium moiety, the ferrocene
derivatives represent neutral redox-active receptors for anions. As we are los-
ing coulombic interactions, the complexation is mediated solely via hydrogen
bonding. Consequently, the corresponding association constants can be eval-
uated only in HB non-competitive solvents and they are usually much lower
when compared with those of cobaltocenium derivatives. This apparent dis-
advantage is compensated by the much higher synthetic potential of ferrocene
(commercial availability of many derivatives, much easier synthetic handling)
and the excellent electrochemical properties of this compound.

The 'H NMR titrations (CD;CN) revealed that upper rim bridged ferrocene
derivatives 8a—c interact with carboxylates in solution [11, 12],as indicated by
significant downfield shifts of NH protons upon addition of anions. Thus, the
complexation-induced shift in the 8c/acetate system is more than 3.5 ppm (7.3
to 11 ppm) leading to a complexation constant of 1,200 M. Derivatives bear-
ing methyl groups on the lower rim are conformationally unstable and represent
a thermodynamic equilibrium mixture of two conformations: cone 8a,b and
partial cone 9a,b. The complexation abilities of both conformers are compara-
ble, which indicates that most likely only two amide groups are responsible for
the binding of anions. The Job plot analysis confirmed the 1:1 binding mode for
all receptors 8 and 9 with pronounced complexation of bidentate hydrogen
bonding anions (carboxylates, H,POj). Interestingly, with exception of chloride,
halides are not complexed by these receptors. The electrochemical properties
of 8a-c and the lower rim bridged derivative 10 [13] were studied by cyclic
voltammetry (CV) and square-wave voltammetry (SWV). It was shown that
the complexation of anion induced a large cathodic perturbation of the
ferrocene/ferrocenium redox couple during CV, which potentially enables the
application of these compounds as electrochemical anion receptors. In the

8a,R! =R?=CH,, 9
8b, R' = R? = -CH,COOEt 10
8¢, R = CH,, R? = -CH,COOEt
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case of SWV, the addition of benzoate or acetate to 8c gradually results in quasi-
reversible voltammograms, and finally leads to a completely irreversible re-
sponse. As the authors stated, the ferrocenium moiety presumably enhances [12]
the anion binding by electrostatic interactions, thereupon the anion inhibits
the electron transfer back to the ferrocene group. Similar behaviour was also
observed in the case of calixarenes 11 and 12 bearing four ferrocene units on
the upper rim [14].

13a,n=4
11 12 13b,n=5

The comparison of lower rim tetrasubstituted calix[4]arene 13a with the
corresponding pentasubstituted calix[5]arene 13b (both compounds immo-
bilised in the cone conformation) revealed that the higher number of ferrocene
units in 13b does not positively influence the complexation ability of the re-
ceptor. The stability constants of 13a and 13b with chloride anion were found
to be 55 and 15 M}, respectively. As indicated by cyclic voltammetry, both
receptors are selective towards the dihydrogen phosphate anion (cathodic shift
~160 mV).

Very interesting solvent-dependent anion complexation [15] was observed
for receptor 14a. The NMR titrations surprisingly revealed that the association
constants are dramatically influenced by the solvent used. Thus, the K values for
chloride anion measured in CD,Cl,, CD;CN or acetone-ds are 40, 70 and
5,200 M~!, respectively. Acetate exhibits a similar general trend: 26, 120 and
6,000 M1, respectively. Interestingly, benzoate does not change the K value so
dramatically, which leads to the change of overall selectivity depending on the
solvent. While the selectivity factor K,ceate)/ K(penzoate) 1S approx. 0.22 in CD,CL,,
the same value in acetone-dy is 6.40. These results cannot be simply explained
in terms of the differences in bulk solvent properties such as relative permit-
tivity (¢) or dipole moment (z1). The authors suggested an explanation based on
the Gutmann acceptor number (GAN) of the solvent, which gives a quantita-
tive measure of HB donor ability of the solvent. As the GAN decreases, the mag-
nitude of binding increases and the overall selectivity shifts towards smaller,
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14a,R=CH,,R! =H 15
14b, R =R! = -CH,COOEt

harder anions (chlorides, acetates). It is very surprising, in this context, that
similar solvent-dependent behaviour was not reported [16] for analogous
system 14b possessing four ethyl acetate arms on the lower rim. As both com-
pounds differ only in the substitution of the lower rim, it indicates that there
are some additional factors governing the above solvent-dependent complex-
ation of anions. Because of the presence of methyl groups, calixarene 14a is
obviously conformationally unstable. Hence, this compound exhibits ther-
modynamic equilibrium between several conformations, the distribution of
which could be heavily influenced by the solvent used. This effect cannot be
observed in the case of 14b that is immobilised in the cone conformation.

Receptor 14b was designed for ion pair recognition as it also contains a
cavity suitable for cation complexation (ester groups on the lower rim). Simi-
lar recognition ability [17] was found for derivative 15 bearing additional
crown ether units. In both cases the relationship between the cation present and
the binding of anions was studied.

2.2
Bipyridine Complex-Based Systems

Another interesting and potentially very useful group of calixarene-based
anion receptors is represented by systems with appended transition metal
complexes of 2,2-bipyridine units. Technically, these systems utilise classical
hydrogen bonding interactions of amidic/urea functions; hence, from this
point of view, they do not differ from many other receptors. On the other hand,
the covalent attachment of bipyridine complexes of ruthenium(II) or rhe-
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nium(I) metals imparts to the molecules many novel profitable features. As
the 2,2-bipyridine complexes are well known as excellent luminophores, the
introduction of these moieties near the complexation place in the host molecule
enables sensing of the anion with the aid of fluorescence/luminescence tech-
niques.

This type of receptor is represented by compounds 16a,b bearing ruthe-
nium(II) bipyridine moieties. Both calixarenes [18] exhibit 1:1 binding of chlo-
ride and bromide anions (DMSO-d,), and they are especially suitable for the
complexation of H,PO; (K'%2=2.8-10* M}; K'®*=5.2-10>* M~!). On the other hand,
if we compare these results with those for similar non-calixarene receptors,
where the bipyridine unit is substituted by alkyl, aryl or ethylene glycol sub-
stituents, the introduction of calixarene does not bring any substantially new
features into the complexation abilities of these derivatives. As shown by X-ray
analysis, the anion is encapsulated within the cavity formed by amidic functions
with the contributions of CH...anion interactions from the bipyridine unit.

Several calixarenes 17-20 bridged on the lower rim with ruthenium(II) and
rhenium(I) bipyridyl complexes have been prepared and studied for anion
recognition [19]. When compared to acyclic receptor 21 having a similar active
structure (ruthenium complex), all receptors show significantly better com-
plexation of AcO™ and chloride in DMSO-dg. Thus, calixarene 17 exhibits an
almost 30 times higher association constant for AcO~ (K'7=9,990 M~! vs K=
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350 M), proving the importance of preorganisation imposed by the calixarene
skeleton. In contrast, the situation is just reversed for H,PO; where the acyclic
receptor forms a stronger complex (K'7=215 M™! vs K*!=1,300 M™). It is note-
worthy that in all cases the receptors based on ruthenium complexes possess
significantly higher complexation constants than the corresponding rhenium
analogues. The plausible explanation could be based on electrostatic effects.
While the rhenium complexes are neutral, the ruthenium receptors are posi-
tively charged which leads to stronger binding of anions.

The luminescence spectra of all receptors in CH;CN were found to be
dramatically affected by the addition of acetate or chloride. While compound
19 exhibits an emission decrease, the other receptors 17,18 and 20 show a re-
markable intensity increase (up to 500%) with a slight concomitant blue shift
of the emission maximum (660 nm for 17). The anion-induced enhancement
of luminescence intensity in the case of 17 is clearly due to the decrease of the
electron transfer between the ruthenium(II) bipyridyl centre and the quinone
moieties. Alternatively, receptors bearing ruthenium or rhenium complexes on
the upper rim were also described [20].

OMe MeO
[NH HNj
O
7 N_( 7N
={ N7 ={ 7
\/ \/
17, M = Ru(Bipy),?* (PF,), 19, M = Ru(Bipy),** (PFy), 21, M = Ru(Bipy),?* (PF,),

18, M = Re(CO),Cl 20, M = Re(CO),Cl

Rhenium complexes 22a,b were designed as ditopic receptors for the coop-
erative complexation of ion pairs [21]. As proved by 'H NMR titration experi-
ments in CD;CN, the receptors form complexes of 2:1 stoichiometry with alkali
metal cations (interaction with both ethyl acetate cavities on the lower rim)
and exhibit [16] a positive allosteric effect for iodide complexation; compare
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23a, M = Re(CO),Cl; S =(CH,),

23b, M = Re(CO),Cl; S = (CH,),

23¢, M = Re(CO),Cl; S = (CH,),

23d, M = Re(CO),Cl; S = o-phenylene

23e, M = (bipy),Ru?*(PF),; S =(CH,),
22a,R=CH;, R!'=H 23f, M = (bipy),Ru?*(PF),; S = (CH,),

22b, R =R! =-CH,COOEt 23g, M = (bipy),Ru2*(PF,),; S = (CH,),

23h, M = (bipy),Ru?*(PFy),; S = o-phenylene

K*=40 M in the absence and K??*>=305 M in the presence of two equivalents
of Li*. Recently, receptors 23 for ion pair complexation based on the same strat-
egy were reported [22]. As in the previous example, a positive allosteric effect
of cation binding for anion recognition was observed depending on the spacer
used. The highest enhancement of binding constants was observed for rhenium
analogue 23d bearing the most rigid spacer. For instance, the binding of bro-
mide was enhanced 60 times in the presence of lithium cation (K**¢=40 M~ vs
K?34=2,400 M-! in CD,CN).

23
Other Metal-Based Systems

Another class of metal-employing anion receptors is represented by structure
24 [23]. Its function is based on the incorporation of positively charged tran-
sition metal complexes directly into the calixarene skeleton. Such calixarenes
with enhanced electron deficiency of the aromatic walls provide well-preor-
ganised cavities suitable for anion inclusion. The corresponding rhenium [24],
ruthenium, rhodium or iridium complexes of this type were prepared and
studied for anion recognition [25, 26].
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26a, R =-Pr
26b, R = -CH,COOEt

Many artificial systems have been designed recently to imitate the function
and behaviour of native enzymes - biomimetic chemistry [27]. Among them,
calixarene-based receptors bearing one, two or three Zn(II) complexes on the
upper rim were prepared as a model for phosphoesterases [28-31]. Dinuclear
receptor 25 was reported to enhance the rate of transesterification of the RNA
model substrate 2-hydroxypropyl-p-nitrophenyl phosphate more than 20,000
times compared with the non-catalysed reaction. The complexation mode
for the phosphate anion can be described as cascade complexation where the
anion is coordinated within the cavity formed by two zinc cations.

Macrocyclic ligand 26a was shown to complex anions in solution via the
synchronous functioning of the central uranyl ion and hydrogen bonding
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interactions of appended amidic functions. The operation mode of this type
of receptor is based on the donor-acceptor interactions of the anion with the
central Lewis acid unit (orbital overlap with UO,) [32-34]. A similar type of
receptor immobilised in a 1,3-alternate conformation was also used for simul-
taneous transport of an ionic pair through a supported liquid membrane [35].

3
Receptors Based on Amidic or Urea Functions

As demonstrated by many examples in the literature [36], the amidic and
urea/thiourea functions could be very useful in the design of receptors for
anion recognition. Contrary to the electrostatic interactions, the hydrogen
bonds are usually inactive or almost diminished when used in more polar and
hence HB-competitive solvents. On the other hand, the application of elec-
troneutral host molecules does not raise the problems with appropriate
counter-anions (such as competitive binding), which are frequently met when
positively charged receptors are used. As the above-mentioned functional
groups are capable of highly directional hydrogen bonding interactions, their
incorporation into the well-preorganised macrocyclic skeleton can lead to the
design of receptors with many interesting properties.

Systems based solely on amidic functions are still relatively rare in the cal-
ixarene literature. One of the earliest examples is based on chlorosulphonation
of calix[4]arene and subsequent reaction with alkylamines, which leads to the
corresponding sulphonamides 27a-d.

It was demonstrated [37] using NMR titration experiments (CDCl;) that these
compounds can interact with H,POjz, HSOj3, ClI-, NO3 and ClO; with peak selec-

27a,R=H

27b, R = n-Pr

27¢,R =t-Bu 28a,R!'=Bz,R=H
27d, R = -CH,CH,NHC(O)CH, 28b,R! =Bz, R =CH,
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tivity for HSO; in the case of 27d (K¥’4=10° M!). This result can be explained by
the synchronous action of both sulphonamide and carboxamide functions dur-
ing anion complexation which is enabled only in 27d. Similar structure 28a was
designed as a heteroditopic receptor for the recognition of ion pairs [38] and
it was found that the complexation of the corresponding tetramethylammonium
salts strongly depends on the anion used. Derivative 28b bearing a methyl group
on the amidic function does not show any complexation ability towards anions,
thus proving the crucial role of NH bonds in the recognition process.

It seems that the introduction of electron-withdrawing substituents into the
amide moiety should lead to enhanced acidity of the N-H bond and conse-
quently, to higher complexation constants of the binding process. Surprisingly,
the situation is not so simple and there are some findings which question this
assumption. Thus, while the chloromethyl derivative 29a shows only weak in-
teractions with the benzoate anion in CDCl; (K*2=107 M™!) [39], the corre-
sponding dichloromethyl group in 29b induces much stronger complexation
(K**=5,160 M™!). Contrary to expectations, trichloromethyl amide 29c does not
show any complexation ability. Moreover, the same trend in the binding con-
stants was observed for simple benzamides bearing -CH,Cl, -CHCI, and -CCl;
moieties. This unexpected phenomenon was ascribed by the authors to the
steric crowding of the -CCl; group.

The series of simple aromatic amides 30a-d were tested for their complex-
ation ability towards anions and significant differences were found [40]. The
presence of the perfluorophenyl substituent in 30b enhances the binding
ability for the bromide anion almost ten times (K**=107 M~! vs K***=1,320 M!),
and the value of the stability constant strongly depends on the position of this
activating group (K3*®=370 M!). Amazingly, derivative 30d with two electron-

o=-<R P>=o

NH 29a, R = CH,CI

31a, R =-C/F,
29b, R = CHCl, 31b, R = 3-pyridyl
29¢, R =CCl, 31c, R = 4-pyridyl
29d, R = -NH-Ph 31d, R = -C,F,
29¢, R = -Ph 31e, R = 2-pyridyl
29f, R = 2-pyridyl 31f, R = 3-pyridyl
29g, R =-C/F; 31g, R = 4-pyridyl

29a-e, R! = n-Pr 31a-c, R! =n-Pr

291,g, R' = -CH,COOEt 31d-g, R! = -CH,COOEt

(0] 30a, Ar! = Ar2=-Ph

AP 30b, Arl =Ph, A2 = -CF,
30c, Ar! =-C(F;, Ar2 =-Ph
H 30d, Ar' = Ar? =-C(F;

Ar
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withdrawing units is inactive and does not bind bromide at all. These results
indicate that the presence of at least one hydrogen atom in an « or ortho posi-
tion to the -NH-CO- moiety is of crucial importance for the binding of the
anion. As supported by theoretical studies [41, 42], such hydrogen atoms can
interact with the anion via non-classical hydrogen bonding interactions which
contribute significantly to the overall binding process. As confirmed by the
X-ray analysis [10, 18], this type of CH...anion interaction is probably a general
phenomenon in anion binding, as it was found in the solid-state structures of
several amidic receptors (see e.g. Fig. 3).

Upper rim-substituted tetraamides of type 31 were prepared [40] and tested
for anion recognition. All these receptors form 1:1 complexes with Cl-, HSOj,
BF;, H,PO;, ClI7, NO3 or squarate anions with a solvent-dependent selectivity.
Thus, receptor 31a exhibits the highest complexation constant for HSO; (K*%=
860 M!in CD;CN, K3*%2=4,450 M! in acetone-d,), while squarate shows the re-
versed selectivity (K>%=2,150 M! in CD;CN, K3%¢=650 M~! in acetone-d,). The
corresponding diamide 29g showed good complexation for dicarboxylates with
peak selectivity for terephthalate (K**8=7,850 M!) and adipate (K?%¢=6,500 M)
in acetone-ds.

The macrocyclic receptors 32 [43] and 33 [44] combining two calix[4]arene
motifs within the molecule were designed for anion recognition. While 32 cre-
ates 1:1 complexes with several anions (halides, HSOj, H,PO;), compound 33 is
too rigid to efficiently complex halides or benzoate. By contrast, similar cage
molecule 34 with the ureido bridges showed complexation ability towards chlo-
ride or benzoate.

To compare the complexation ability of amide versus urea groups, the calix-
arenes 29e and 29d bearing two functions on the upper rim were prepared [45].

32a,R'=p-Ts,R2=H 33 34
32b, R! = p-Ts, R = BzOC(0)-



Fig.4 Negative allosteric effect in receptor 35

The NMR titration experiments (CDCl;:CD;CN=4:1) clearly proved much
stronger complexation of H,PO; by ureido derivative 29d (K?*=2,300 M!) than
by the amide receptor 29e (K**=4 M™'). No changes in the NMR spectrum of
29e were observed upon addition of other anions (CI, Br~, acetate), showing
dramatic reduction of complexation ability in the case of the amidic receptor.
On the other hand, the ureido receptor 29d binds strongly to many anions with
a remarkable preference for benzoate (K**¢=161,000 M~'), where additional
T-Tt interactions with the aromatic part of the ureido functions was proposed.
The Job plot analysis showed in all cases only 1:1 complexes indicating the syn-
chronous operation of both ureido functions during the complexation.

The corresponding tetraureido derivative 35 was designed [45] as a ditopic
anion receptor with two ureido functions preorganised at both sites of the I,3-
alternate conformation. Surprisingly, the Job plot unambiguously confirmed
the exclusive formation of only 1:1 complexes with halides, acetate or benzoate.
As the distance between both complexation places is more than 11 A, one can
exclude possible repulsive interactions between two negatively charged anions.
Rather, this could be ascribed to a negative allosteric effect induced by the
change of conformation after binding of the first anion, which disables effec-
tive complexation of the second anion on the other site of the molecule (Fig. 4).

A series of neutral anion receptors based on the bisurea or bisthiourea de-
rivatives of calix[4]arene (cone conformation) 36-38 was prepared. Due to the
increased acidity of NH protons in thiourea (pK,=21) compared to urea
(pK,=27), the thiourea derivative 36¢c was expected [46] to be a better anion
receptor than the corresponding ureido derivative 36a. Surprisingly, as one can
find by comparison of the corresponding complexation constants, the contrary
is the case, and in all cases the ureido derivative 36a creates stronger complexes
with selected anions (halides, dihydrogen phosphate, acetate). The '"H NMR
titration (CDCl;) revealed the unexpected fact that the introduction of methyl
groups into the lower rim of calixarene (compound 36b) induces dramatic
enhancement of the complexation abilities (Cl~: K3%=150 M, K36=3,920 M,
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362, X=0,R=H
36b,X =0, R =Me 37a,n=1 38
36¢,X=S,R=H 37b,n=3

K36c=60 M; acetate: K*%=500 M~!, K3®=1,150 M"!, K**=50 M™!). This phe-
nomenon could be ascribed to possible hydrogen bonding of free OH groups
with ureido functions inhibiting the anion binding.

Similar structures 37 and 38, bearing ureido functions on the lower rim of
calix[4]diquinone or monoquinone moieties, were used for anion recognition
with the aid of electrochemistry (cyclic voltammetry) [47, 48]. Some of these
compounds were found [49] to bind selectively HSO; or H,POj; anions.

N—s N N——S——N
H x H H H
39a,S, 39¢, S,
39b, S, 394, S,

Very recently, interesting macrocyclic diureido derivatives 39a,b lower rim
bridged by a spacer unit were reported [50]. Their oxidation with (CF;C0O0);T1
led to the corresponding quinones 39¢,d, potentially useful as electrochemical
anion receptors. A similar upper rim bridged system 40 was shown to exhibit
good shape-selective recognition abilities towards various aromatic dicarbox-
ylates in DMSO [51]. The molecular mechanics force field calculations indicate
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that, contrary to the shape of the carboxylate, the additional non-covalent forces
between guest and calixarene cavity (van der Waals, CH/m, -t interactions)
are not important in complex formation.

Two ureido functions introduced into the upper rim of calix[4]arene [52]
or the corresponding calix[4]diquinone derivative 41 exhibit good complexa-
tion abilities for various anions. Even in highly competitive solvents such as
DMSO-dy, quinone 41 shows [53] very strong complexation for H,PO; (K*!'=
13,900 M) or for benzoate (K*'=2,430 M™'). The complexation process can
be observed using electrochemical methods (cyclic voltammetry) where the
addition of anions generates substantial cathodic shifts.

Several calix[4]arene [54, 55] or calix[6]arene [56, 57] derivatives 42-44
bearing ureido or thioureido functions on the lower rim have also been eval-
uated as anion receptors. As indicated by NMR spectroscopy, calixarene 42

42 43 44
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exhibits [58] pronounced selectivity towards HSO; (K**=2,990 M) while H,PO;
or acetate are bound much more weakly (K**=410 M™"). Triureido receptor 44
(X=S) [56] having C; symmetry shows very strong 1:1 binding (CDCl;) with the
shape-complementary 1,3,5-benzenetricarboxylate anion (K*#=290,000 M),
while the 1,3-benzenedicarboxylate (with lower symmetry) is complexed sig-
nificantly more weakly (K**=6,400 M™).

Recently we reported [59] the synthesis of novel calix[4]arene-porphyrin
conjugates 45-48 connected to the upper rim via ureido functions. As the in-
teraction with anions affects the mutual position of appended porphyrin moi-
eties, the complexation process can be simply measured by the changes in UV-
Vis spectra (Fig. 5). All conjugates create 1:1 complexes with anions and exhibit
pronounced complexation ability towards halides and nitrate. The comparison
of diureido derivatives 45-47 with the corresponding monourea 48 clearly
shows the importance of a hydrogen bonding cooperativity for effective anion
complexation. The role of solvent in the complexation process is demonstrated
in Fig. 6. While in CH,Cl, receptor 45a forms a very strong complex with CI-,
the binding in acetonitrile is much weaker, and the use of methanol leads to the
disappearance of anion-binding abilities. This phenomenon clearly shows that
HB-competitive solvent (methanol) disables anion complexation because of the
competition with urea units of the receptor molecule. The introduction of the

45a, R = n-Pr Pr Pr
47

Porf=
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Fig.5 UV/Vis titration of 45a with Bu,N*Cl" in CH,Cl,. The arrows show changes due to
increasing concentration of Cl". Inset: Job plot
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Fig.6 Absorbance changes of 45a at the Soret maxima upon addition of Cl~ in CH,Cl, (a),
MeCN (b) and MeOH (c)

acetate groups into the lower rim of calixarene 45b forms the additional bind-
ing site for cations.

Very recently the first anion receptors 49 based on thiacalixarene units were
reported [60] and their complexation abilities towards Cl~ anion were studied
by 'H NMR titrations in CDCl;. The Job plot analysis clearly confirmed the for-
mation of the 1:1 complexes, whilst the corresponding complexation constants
depend on the length of alkylene chains on the lower rim. The lower the rigid-
ity of the system (the longer chain), the weaker is the binding (compare K_ for
49a (3,480 M), 49b (1,900 M), 49¢ (1,790 M!)). The comparison of 49a and
49d shows that the thioureido derivative is a slightly worse chloride receptor
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when compared with the corresponding ureido functions. On the one hand,
both thiacalix[4]arene receptors 49a and 49d exhibit higher complexation abil-
ities than similar classical calix[4]arene derivatives. On the other hand, classi-
cal calix[4]arene-based structures [61] bearing two thioureido functions were
found to complex selectively a,c0-dicarboxylates, while other anions (halogens,
acetate, dihydrogen phosphate) remain untouched. Tetrasulphone 50, another
thiacalixarene-based receptor [62], creates very strong 1:1 complexes with
many anions in CDCl;:CD;CN (1:1) mixture, e.g. Cl- (K*°=10* M), benzoate
(K30=5-10* M), acetate (K>°=1.2-10* M), HSO; (K*°=4-10* M™).

4
Receptors Based on Electrostatic Interactions

It is well known that anions can be bound by positively charged receptor mol-
ecules [63] using electrostatic interactions. Such receptors can be easily prepared
by the protonation of suitable basic compounds, usually polyaza crowns and
various ammonium compounds. Derivative 51 provides a nice example of this
type of receptor [64]. The tripodal azacrown moiety appended to the lower rim
of calixarene interacts with various anions in methanol (I-, Br-, NO3) after the
full protonation (four stepwise protonation constants were measured). As the
compound also exhibits ethylene glycol moieties (cation binding site), the re-
ceptor can serve for ion-pair recognition or it can be switched between anion
or cation complexation depending on the pH values [65]. Another example of
an electrostatic anion receptor is represented by structure 52. The comparison
of 52a (protonated form) with 52b (methylated ammonium salt) [66] indicated
that, in addition to the electrostatic forces, hydrogen bonding plays a key role
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/P‘Ph Ph

R

N Ph
52a,R=H R

52b, R = Me 53

in the complexation, as only 52a interacts with anions (Cl-, NO3, AsO3, CO%).
Recently, novel anionic receptor 53 consisting of calix[4]arene bearing two
triphenylphosphonium moieties on the lower rim was reported [67]. As the
authors proposed, the anions are bound by the synchronous action of electro-
static and m-anion forces.

A specific type of electrostatic anion receptor constitutes the compounds
capable of chromate (CrO%") or dichromate (Cr,0%") recognition. These anions
are particularly important because of their toxicity and the presence of these
pollutants in the environment (waste water and soils). The corresponding
receptors are based on the protonated amines [68,69] (such as 54), protonated
forms of similar compounds [70,71] or on the quaternary ammonium salts [72]
of type 55. Thus,ammonium salt 54 (in the form of chloride) can transfer chro-

+

Ph X- —Ph
Nt /P

Ph
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mate or dichromate anions from water to a chloroform layer. Similarly, pre-
liminary studies showed that 55 can be efficiently used as an extractant for the
selective extraction of Cr,0%~ from aqueous solution to the organic phase
(CH,CL,). Some of these calixarenes were anchored [73] to a polymer support
using bromoethylated polystyrene and used for dichromate extraction at low
pH values (pH=1.5). Similar types of compounds 56a,b were shown [74] to bind
a variety of anionic guest species (halides, HSO3, H,PO;) in DMSO-d,, some of
them with surprisingly high complexation constants (H,POj, K*%=4.5-10* M),

The synthesis of molecular capsules using non-covalent interactions is a very
attractive area of supramolecular chemistry. Recently, novel systems based on
the dimerisation of calixarene building blocks were described [75]. The intro-
duction of sulphonic acid into the upper rim of calixarene gives negatively
charged calixarene 58, while tetraamidinium derivative 59 represents the charge-
complementary unit (Fig 7). The formation of capsule-like dimers is a result of
the electrostatic interactions between both building blocks. The capsules are
stable in polar solvents like methanol and their formation was unambiguously
proven by MS and NMR experiments. The combination of carboxylate 57 with

SO

i
(

58

{
<

59

Fig.7 Formation of calixarene capsules via electrostatic interactions
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59 led to water-soluble dimers [76] that can encapsulate various guest molecules
in aqueous solutions. Very recently, similar ionic capsules based on calix[4]arenes
or calix[6]arenes [77] were prepared using the same strategy as described above.

5
Peptidocalixarenes and Glycocalixarenes

Another interesting family of anion receptors is represented by peptido- or gly-
cocalixarenes. These compounds, albeit strictly speaking they usually belong to
some of the above-described receptor types (amides or ureas), create a more or
less independent group because of their properties. As they contain a-amino
acid, peptide or carbohydrate moieties, they are chiral and can be potentially
used as biomimetic receptors for binding of suitable guest molecules in polar
solvents and/or aqueous solutions.

The lower rim C-linked N-tosyl peptidocalix[4]arenes [78] of type 60 bear-
ing L- or D-amino acid residues were prepared and studied for their anion
recognition ability. The 'H NMR titrations proved that in all cases only the 1:1
complexes are formed in CDCl; with high complexation constants (e.g. 60, D,L-
Ala, n=4,R=Pr; K* (HSO;)=3,850 M"!, K*® (N-tosyl-L-alaninate)=6,900 M!).

Tos
60,n=2-4, R=HorPr 61a, X = CH 62
D-amino acids: Ala,Val, Phe, Leu 61b, X =N

L-amino acids: Ala,Val, Phe, Leu, Ile

Upper rim bridged macrocyclic receptors 61a,b possessing two L-alanine
units show [79] very strong binding of various carboxylates in acetone-d with
pronounced selectivity towards benzoate (K%%#=4.4-10* M}, K5%=4.0-10* M")
while simple inorganic anions are bound only weakly (Cl-, K®"=2.8-10° M},
NO3, K%=200 M!). The enhanced binding of benzoate can be explained by the
additional m—m interactions of anion with aromatic bridging unit (benzene or
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pyridine rings). A similar macrocyclic system 62 with L-alanine spacers binds
N-Ac-1-Ala-1-Ala dipeptide [80]. The NMR measurements indicate that the
hydrogen transfer from the guest to the host NH function results in electro-
static interactions that substantially contribute to the overall binding in CDCl,.
Very recently, novel C-linked peptidocalixarene 63 bearing dansyl groups on
the upper rim was reported [81] as a highly selective fluorescence chemosensor
for fluoride ions (no complexation of Cl~, Br~ or I").

HC ~CH,

o &
=
@)
an]
(@R ]
EN

50,
l
Me/, NH NH
H
NH S
NH ©
O\ 4
0 4 Pr
2 63 64a, R! = H, R? = OH, 652
0 64b, R! = OH, R2 = H, 65b

The introduction of sugar moieties into the calixarene skeleton results in the
formation of glycocalixarenes (calixsugars) [82] which exhibit reasonable water
solubility. These compounds, originally designed for the study of intercellular
communication and the immune response mechanism (multivalent binding),
were also reported as anion receptors [83]. Reaction of aminocalixarenes with
peracetylated B-glucosyl or B-galactosyl isothiocyanates and subsequent de-
protection resulted in the formation [84] of bis or tetrakis derivatives 64 and
65. These compounds can bind various anions in DMSO-d, with selectivity
towards benzylphosphonate (K%2=170 M!) and benzoate (K®*=103 M!).

6
lon-Pair Complexation

Recently, ion-pair recognition has been attracting a lot of interest within the
supramolecular community. This kind of molecular recognition is enabled by
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ditopic receptors [85] that simultaneously bind both cationic and anionic guest
molecules. To achieve this goal the receptor must combine the corresponding
binding places within its molecule. It means that the host contains any of the
above-described systems designed for anion recognition together with func-
tional groups and moieties intended for cation recognition. The chemistry of
calixarenes offers a number of basic strategies for constructing the ditopic
receptor.

Using calixarene as a molecular scaffold we can take advantage of many well-
known principles for cation binding. Thus, one can introduce ethylene glycol
units, crown ethers, cryptands or similar moieties into the calixarene. Another ba-
sic approach for cation complexation represents the preorganisation of the ester
or amide functions on the lower rim of calix[4]arene cone conformation to form
the cavities. Some of these systems have been already discussed in the corre-
sponding sections of this review. Thus, compounds 14b and 31 exemplify the typ-
ical arrangement where a preorganised cavity on the lower rim is supplemented
with amidic moieties on the upper rim. Hence, both binding places are placed on
the opposite side of the molecular system. The same strategy was applied for the
construction of receptor 22b combining the bipyridine rhenium complex with an
ester cavity. Receptor 26b and similar receptors immobilised in a I,3-alternate
conformation are other examples of a two-sides combination of Lewis acidic
centre and ester/crown cavities. Both compounds were used for the study of
simultaneous ion-pair transport through a supported liquid membrane.

The ditopic receptors 66-68 containing crown ether and urea/thiourea func-
tional groups have been synthesised. Compound 66 immobilised in the 1,3-al-

Et Et

67a,n=1
67b,n =2
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ternate conformation shows binding enhancement [86] towards Cl-, Br~ and I
in the presence of alkali metal cations. The corresponding complexation con-
stants increase more than fivefold if potassium cation is added first; compare
K%6=1,050 M for chloride (CDCl;) and the same K%=5,420 M! in the presence
of K*. Related thiourea-based analogues 67a,b [87] bearing lipophilic aliphatic
substituents facilitate the transport of KCl and CsCl across the membrane phase
where they operate as ion-pair carriers. It was shown that the transport
efficiency is much higher if compared with the corresponding monotopic cation
and/or anion receptors. Derivative 68 with a crown-5 unit [88] shows good bind-
ing abilities for the dihydrogen phosphate anion in DMSO-dg (K*®=200 M),
which was further enhanced by addition of Na* equivalent (K®=1,030 M!).

A very interesting urea-based ditopic receptor, exhibiting a strong allosteric
effect [89] of the cation, is represented by formula 69. Free receptor cannot bind
chloride or bromide anions as the ureido functions are connected together by
strong intramolecular hydrogen bonds. The whole molecule adopts the so-called
pinched cone conformation with approximately C,, symmetry. The addition
of sodium cation leads to the complexation (into the lower-rim cavity of cal-
ixarene), and consequently, to the change of conformation. The complexation
induces a conformational change (C, cone conformation) resulting in the in-
terruption of hydrogen bonds. Under these circumstances the receptor 69 can
interact with anions in CDCl;: K®=1-10* M~! and K*=1.3-103 M"! for Cl- and
Br-, respectively.

70a, X =S, Y = CH,
69 70b, X =0, Y = CH,
70¢, X =8,Y =-

The '"H NMR study of receptors 70a-c revealed [90] that these compounds
complex simultaneously sodium cation (lower rim amidic cavity) and anions
(upper rim urea/thiourea), which markedly improves the solubility of the cor-
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responding sodium salts in apolar solvents. If the urea unit is connected directly
to calixarene (derivative 70c) the addition of Na* increases the complexation
constants towards anions while, at the same time, the selectivity decreases if
compared with free host. The effect of cation binding on anion complexation
in receptors 70a and 70b is not so pronounced.

A ditopic receptor 71, comprising a semitubular calix[4]arene system [91]
for cation recognition and urea moieties for anion recognition, was reported
very recently. The complexation of sodium or potassium cations into the
central ethylene glycol cavity invokes substantial enhancement of the binding
strength (more than one order of magnitude) towards selected anions (halides,
acetate).

Receptor 15 represents another type of ditopic receptor where both cation
(crown ethers) and anion (ferrocene amide) binding places are on the same
side of the molecule. Such a configuration provides additional electrostatic
interactions between oppositely charged counterions and usually exhibits ap-
parent mutual dependence between the cation/anion complexation. The thia-
calix[4]arene receptors 49 could, in principle, also bind ion pairs. Nevertheless,
the cation/anion complexation processes were found to be competitive rather
than synergistic. Macrocyclic ditopic receptor 72 binds selectively [92] acetate
(in preference to diphenyl phosphate) in the absence of Na*. The addition of
sodium cation reverses the selectivity completely and the receptor prefers the
Ph,PO; over acetate. Very recently, the formation of water-stabilised dimer
comprising calixarene-guanosine conjugate was reported [93]. The dimer
serves as an ion-pair receptor and extracts alkali metal halides from water into
organic solution.
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7
Conclusions

This review has highlighted the contribution of calixarene chemistry to selec-
tive anion complexation. Using numerous recent examples we have demon-
strated that calixarenes represent a very promising family of molecules with
many potential applications in supramolecular chemistry, including anion
recognition. Because of their unique topology and conformational behaviour,
the employment of calix[4]arenes as building blocks/molecular scaffolds in the
design of novel selective anion receptors seems to be very promising. The topic
reviewed here indicates some novel interesting possibilities arising from the
combination of the calixarene skeleton with functional groups/moieties de-
signed for anion complexation. It is evident that the continuing progress of the
chemistry of calixarenes and related molecules could bring many fascinating
discoveries in the near future, with many possible applications in the field of
anion recognition.
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Abstract This chapter is intended to provide an insight into the construction and operation
of anion sensing devices, rather than the chemistry of anion sensing per se, and therefore
will concentrate more on the practical aspects of anion sensing rather than on the design
of molecules or receptors that are used to specifically detect the presence of anions. Two
main types of anion sensing, namely electrical and optical, will be discussed. We firstly
discuss ion-selective electrodes, their construction and use, and progress through to more
complex devices such as ISFETs and CHEMFETs.

This review will then consider optical sensors, together with details of their basic
principles, construction and operation. Relative advantages and disadvantages compared to
electronic sensors will also be discussed. Current applications of anion sensors within the
field will be described together with a forward view towards some possible future tech-
nologies and applications.

Keywords Anion sensor - Electrode - Optrode - ISE - ISFET
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Abbreviations

ATP Adenosine triphosphate

ATR Attenuated total reflection
CHEMFET Chemical field-effect transistor
CVD Chemical vapour deposition

CWE Coated-wire electrode

DMSO Dimethyl sulphoxide

FET Field-effect transistor

FTIR Fourier-transform infra-red spectroscopy
HRP Horseradish peroxidase

ISE Ton-selective electrode

ISFET Ton-selective field-effect transistor

MEMFET Membrane field-effect transistor
PMMA Poly(methyl methacrylate)

pPVC Poly(vinyl chloride)

REFET Reference field-effect transistor
TCNQ Tetracyanoquinodimethane

uv Ultraviolet
1
Introduction

The detection of anions (usually in aqueous solution) is a vital part of our
maintenance and understanding of the environment. Many industrial and agri-
cultural processes can lead to the release of anions to the environment and if
unchecked these can have devastating effects. Much research is being focussed
towards finding inexpensive, reliable and simple ways of detecting anions in so-
lution, and discussion of some of these approaches form the bulk of this review.

Anion-selective receptor design is still less developed than that reported for
its cation counterpart. This lack of development can be related to the various
differences that exist between anions/cations and include:

- Ionic size - anions are generally greater in size and therefore require larger
binding sites, e.g. CI” has an ionic radius of 0.167 nm, larger than that of K*
(0.133 nm, the same as the smallest anion F-).

- There are a number of differing geometries of anion shape, e.g. chloride
is spherical, cyanide linear, sulphate tetrahedral and nitrate trigonal planar.

- The pH windows of anion existence are narrower in comparison to cations,
and ionisation state can be variable, e.g. carbonate vs bicarbonate.

- Anions undergo strong hydration in comparison to similar sized cations.

However, despite these obvious differences, various types of anion-selective
sensor are being increasingly reported within the literature, with new aspects
of development covering the transducer, receptor and membrane elements
being described. Frant and Ross reported the mechanism of the first anion-
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selective sensor in 1966 [1], closely followed by Park and Simmons’ work on
synthetic inorganic anion receptors [2]; however, the development of anion-
selective receptors and their devices has remained behind that reported for
their cation counterparts. This does not mean that commercial anion-selective
sensors have remained an unachievable goal, as new methods for their pro-
duction are being described more and more regularly. Typical applications,
for example, include measurement of nitrate in rivers or fluoride in drinking
water.

There are many ways of detecting species of interest in solution, however,
specific sensors often offer the least expensive and simplest approach. There
are journals dedicated to reviewing the entire sensors field from a variety of
publishers [3]. More specifically there is a large field of literature available con-
cerned with sensing of species of chemical or biological interest, some of the
most recent being books by Eggins [4], Diamond [5], Fraden [6] and Mulchan-
dani and Sadik [7]. Reviews include those by Janata [8] and Bakker and
co-workers [9, 10].

Most sensors consist of three elements, as shown in Fig. 1:

1. The first of these includes a chemical receptor capable of recognising the
anion of interest specifically with a high degree of selectivity; this is usually
concurrent with a binding event between receptor and analyte.

2. The second component that must be present is a transducer, where the bind-
ing event is converted into a measurable physical change such as a change
in optical spectrum or a change in electronic state.

3. Thirdly there must be a method of measuring the change detected at the
transducer and converting it into useful information.

Anion sensors come in two main types that can give rise to either (1) an elec-
trical or (2) an optical signal. These will be considered separately.
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2
Electronic Anion Sensors

2.1
lon-Selective Electrodes (ISEs)

Electrical sensors offer many benefits due to their versatility and ease of use.
Another important factor relates to the ease by which an electrical event may
be monitored, using simpler and therefore less expensive approaches than
those required for following an optical event. Much of this work on electronic
sensors has been previously reviewed [11].

The earliest ion sensors were the ion-selective electrodes or ISEs. These ini-
tially were used for the measurement of protons,i.e. as a pH-sensitive electrode.
Later ISEs were developed for the detection of other cations and then anions.
The history of the ISE has been reviewed elsewhere [12], however, a brief in-
troduction will be given here.

A schematic of a typical ISE is shown in Fig. 2. In this case the selector is an
ion-selective membrane with the transducer being an Ag/AgCl electrode. The
ion-selective membrane usually consists of the actual receptor molecule, which
is a neutral or charged compound that is able to complex ions reversibly and
to transfer them through the organic membrane in which they are dispersed.
This compound is usually referred to as the ionophore or ion carrier. The mem-
brane is usually polymeric in nature, with poly(vinyl chloride) (PVC) being the
most common material used. Although other polymers like polystyrene,
PMMA, polyamide or polyimide can be used as a membrane, PVC is the most
widely used as its material properties lend themselves to simplicity of mem-
brane preparation. An appropriate plasticiser is added to a membrane in order
to obtain good chemical, physical and electrical properties. A typical polymeric
membrane may consist of 65% plasticiser and 30% PVC, with the remaining 5%
consisting of the ionophore. Such a membrane is quite similar to a liquid phase
because diffusion coefficients for dissolved low molecular weight ionophores
are of the order 107-10"® cm?/s. Most commercial ISEs are in the form of a
penlike probe, which can easily be immersed into the test solution.

The ISE is placed in the sample solution and the anions of interest pass
through the membrane into the electrode. This results in a stable potential at
the interface of the internal Ag/AgCl electrode which is different from that of
the external reference Ag/AgCl electrode. An electromotive force is then mea-
sured between the ISE and the reference electrode. This can then, with suitable
calibration, give the concentration of the anion of interest in the analyte.

Commercial ISEs are widely available for various ions. Usually the ion-se-
lective layer is made from an insoluble salt of the ion in question. For example,
a chloride-detecting electrode can be made where the selective layer is a pellet
of AgCl. Because of the very low solubility of silver chloride, the pellet never
reaches equilibrium with the solution. Instead a small amount of chloride
dissolves in the sample, leaving a relative surplus of silver atoms at the pellet
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surface. The resulting charge imbalance creates a measurable electrical poten-
tial and this is affected by the concentration of chloride ions, thus providing a
detectable measurement of chloride concentration in the sample.

ISEs of the type shown in Fig. 2 are often expensive to fabricate as well as
being relatively large in size. Conventional ISEs remain expensive to fabricate
when transferred from the laboratory to mass-production scale and more work
is being directed towards changing this trend. The high production cost is
mainly due to the presence of an internal reference solution and therefore pro-
duction normally requires large electrode dimensions. At present, most of the
commercially available potentiostatic devices are based on conventional ISE
technology.

Smaller, less expensive ISEs have been developed using coated-wire elec-
trodes (CWEs) and also screen-printed ISEs. CWEs involve the direct printing
of the ion-selective membrane onto a noble metal wire, such as for example,
gold. However, the inherent design of CWEs can lead to erroneous results
being obtained. The absence of an internal electrolyte can result in a thermo-
dynamically ill-defined electrode-to-membrane interface. This problem has
been overcome by, for example, the incorporation of a hydrogel (e.g. poly(vinyl
alcohol) soaked with NaCl solution) between the electrode and membrane [13].
This method of production can also be readily applied to screen-printing tech-
niques. Incorporation of a hydrogel has led to the production of disposable
devices for selective anion measurement for environmentally important species
such as nitrate [14].

Screen printing is an excellent method for fabrication of ISEs on an industrial
scale. Ag/AgCl electrodes can be screen printed onto a suitable support such as
Kapton polyimide. The selective membrane is then printed onto the ISE, often
with an intervening layer of a hydrogel such as poly(vinyl alcohol) soaked with
NaCl solution to act as the internal reference solution. The reductions of cost
associated with the mass-production of these electrodes allow them to be sold
as single-use disposable devices. Also their small size relative to conventional
ISEs allows them to be assembled into sensor arrays.
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There exist many other methods for miniaturising ISEs; however, these
methods lie outside the scope of this article, but are extensively reviewed
elsewhere [15]. A wide variety of ions have been studied, many of which are
mentioned in reviews [11, 12, 15]; we include here only the most recent papers
since a complete review is outside the scope of this article.

ISEs for all the halides have been developed and attention is concentrated on
improving selectivity, stability and sensitivity. Metal porphyrins have been
studied, since variation of the central atom appears to affect the selectivity of
the electrode produced. Figure 3a shows the structure of some of the porphyrins
[16], which are dispersed into a polyurethane matrix. Super-Nernstian responses
can be obtained for electrodes containing these materials, with a central In(III)
atom conferring good response for chloride, Ga(III) for fluoride and Co(III) for
nitrate. An ISE for bromide was obtained by using a PVC membrane containing
a xanthenium salt (Fig. 3b), and showed good (10 M) sensitivity and high
selectivity over other anions [17].

Iodide ISEs have been made using a carbon paste electrode containing a
Schiff base complex of Fe(III) (Fig. 3c), and shows good (10-° M) sensitivity [18]
and good selectivity over other ions. Nickel cyclams (Fig. 3d) have been incor-
porated into PVC membranes to give 10> M sensitivity to iodide with superior
response times (<3 s) compared to other iodide-selective electrodes [19]. The
best sensitivity is conferred by a mercurocarborand compound [20] which can
detect iodide down to 2x10~? M, although the selectivity is not as good as that
found for cation-selective electrodes.

M = Co, Ga, In Br
c d
X
=N N= [ M
\FeCI /N’ \N‘
O/ \O CBHW K) CBH17
X =0, CH, M = Ni, Co

Fig.3 Compounds used in ISEs (see text)



The Construction and Operation of Anion Sensors 103

Carbonate ISEs have been studied using molecular “tweezer” compounds
[21] capable of being incorporated into PVC membranes to give electrodes that
can measure physiological levels of carbonate in serum with reasonable selec-
tivity over other interferent compounds likely to be present. This method has
also been shown to give accurate measurements of oceanic carbon dioxide
levels with real samples [22].

Nitrate ISEs have been formulated using amino acid betaines with the
general formula (CH,=CHCH,);N*CHRCOOH-CI~ within styrene-butadiene
membranes. These have been shown to give a Nernstian response from 10!~
1077 M with selectivity over chloride (selectivity coefficient 0.0034), represent-
ing a significant improvement on commercial sensors with response times
<1 min [23].

At physiological pH, phosphate ions can exist in a variety of ionised states.
Fibbioli et al. [24] made a zwitterionic bis-guanidinium-based sensor which,
when incorporated into a PVC membrane, gives an ISE which displays noted
selectivity for monophosphate (H,POj;) over diphosphate (HPO3") and other
anions. Interestingly a close analogue of this compound displays a marked sen-
sitivity (10-° M) and good selectivity for sulphate ion [24]. Other workers have
demonstrated that careful choice of the internal electrolyte can greatly extend
the stability and durability of the ISE [25].

ISEs for other ions have been recently developed. A manganese porphyrin,
when incorporated into a PVC membrane for example, gave an ISE with good
sensitivity to BF; (1071-10"7 M), with a response time of 15 s and good selec-
tivity [26]. Hassan et al. [27] studied a range of pyridine-based ionophores in
PVC membranes and demonstrated sensitivity to thiocyanate (102-10° M)
with good selectivity for the best materials. This electrode could also be used
in conjunction with thiocyanate ions to titrate various metal ions.

A gold(I)/tri(methoxyphenyl) phosphine complex incorporated into PVC
membranes led to formulation of ISEs with fast (14 s) Nernstian response
(102-10"% M) to perchlorate, with excellent selectivity even over chlorate in
both water and urine [28]. Chromium porphyrins in PVC gave ISEs with near-
Nernstian response to salicylate (10->-10° M) with UV spectra confirming
binding of salicylate to the chromium atom [29].

Studies have been made towards connecting low-selectivity anion-selective
electrodes to chromatographic columns, using the column to separate the ions
and the ISE to detect them. For instance [30],a CWE has been reported for the
detection of species such as carboxylic acids, sugar phosphates and nucleotides
from mixtures which had been passed through an anion-exchange column.

Direct binding of the ion-selective component to the electrode has also been
studied. For example, graphite combined with an antimony compound has been
screen printed and the resultant electrodes shown to give selective responses to
sulphide ion in simulated wastewater samples (0.01-0.7 mM sulphide) with high
stability to repeated testing and low interference from other compounds [31].

Besides the standard screen-printed or coated-wire electrodes, other ar-
chitectures can be used. Examples include a rotating-disc electrode coated
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with a PVC or polyurethane membrane for the detection of polyions such as
heparin [32].

2.2
ISFETs, CHEMFETs and MEMFETs

Field-effect transistors (FETSs) are often used to detect ions. The basic structure
of an FET is shown in Fig. 4. The FET is made from p-type silicon, with two
n-type regions, the source and the drain, being implanted within the bulk p-type
silicon. This is then coated, usually by chemical vapour deposition (CVD), with
a silicon oxide insulator gate layer. When a positive voltage is applied above a
certain threshold voltage, the region between the source and drain becomes
depleted of holes close to the surface. Electrons are attracted to this region
and bridge the potential gap between the source and the drain. This leads to
formation of a conducting channel between the source and the drain, near the
silicon dioxide/silicon interface. The conductivity of this channel can be mod-
ulated by adjusting the strength of electrical field between the gate electrode and
the silicon, perpendicular to the substrate surface. Applying a voltage between
the drain and the source results in a drain current between the two n-type
regions.

The electrical current flows from the source, via the channel, to the drain.
However, the channel resistance depends on the electric field perpendicular to
the direction of the current and the potential difference over the gate oxide.
Should this surface be in contact with an aqueous solution, any interactions be-
tween the silicon oxide gate and ions in solution will affect the gate potential.
Therefore, the source-drain current is influenced by the potential at the
SiO,/aqueous solution interface. This results in a change in electron density
within the inversion layer and a measurable change in the drain current. This
means we have an ion-selective FET (an ISFET), since the drain current can be
related to ion concentration. Usually these are operated in feedback mode, so
that the drain current is kept constant and the change of potential compared
to a reference electrode is measured.

If SiO, is used as the insulator, we then have a surface which contains
numerous SiOH groups. These are affected by interactions with the H* and OH~
moieties present in any aqueous solution. In this way changes of pH will change
the ionisation of the SiOH groups and therefore change the SiO, surface po-

Gate (SiQ)——» | |
Source ——» = [ r 1 <——Drain

Channel

P-type Si

Fig.4 Schematic of a FET
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tential. SiO, ISFETs have typical pH sensitivities of 37-40 mV/pH unit [33].
Other insulating materials can be deposited in place of SiO, such as silicon
nitride and aluminium oxide. The ISFETs shown so far are inherently very
unselective; however, they can be made much more so by either chemical mod-
ification of the SiOH groups or by deposition of an ion-selective membrane.

Early work on these systems studied their modification with a sensing mem-
brane containing an ionophore which determined the response of the sensor
[34]. MEMFETs (short for membrane FETs) are basically ISFETs where the gate
oxide layer is covered by an ion-sensitive membrane [35]. The membrane is
permeable to ions and therefore a potential is generated throughout the mem-
brane, which is detected by the FET structure. The first ISFETs contained
species such as valinomycin, as reported by Moss [36]. In this device a valino-
mycin/PVC solution was cast onto the gate oxide surface, leading to a K*-sen-
sitive FET. Deposition of AgBr membranes [37] led to further FETs which were
sensors for Ag* or Br~.

ISFETs and their derivatives (MEMFETs and CHEMFETSs, chemical FETs)
have been utilised in conjunction with solid-state or ion-exchange membranes
to develop anion-selective microsensors, with the selectivity being established
via ion-selective membranes placed on top of the transducer element. The
selectivity of these membrane-based sensors has been established via the par-
tition coefficients of lipophilic anions between solution and the membrane. This
can be deduced from the Hofmeister series [38]. Positively charged membranes
are most commonly used. This can, however, lead to limitations in sensor
selectivity if strong interferents are present in test solutions in high quantities.
This remains an inherent problem with all membrane-based selective sensor
methods. Whilst these systems can be used for hydrophobic anions, hydrophilic
anion-specific receptors (in the form of molecules, for example) need to be
added to the membrane to specifically bind the target anions. The mechanisms
of anion binding to receptors include Coulomb interactions with charged
receptors (such as quaternary ammonium species), reversible covalent bond
formations (for species such as CO3") and hydrogen-bonding/Lewis acid co-
ordination of metal centres that are capable of binding anions with neutral
receptors.

The solvent casting of PVC membranes containing ionophores and plasti-
cisers has been widely used for the construction of MEMFETs [39, 40]. These
are readily fabricated by casting PVC membranes with incorporated plasticiser
and ionophore on the top of the ISFET gate oxide. Problems with this technique
include poor adhesion of the membrane to the gate oxide, frequently leading
to peeling. Also if exposed to solutions for prolonged periods, the electroactive
components may leach out. Leaching can be reduced by using extremely
hydrophobic receptors or by covalently linking the ionophore to the organic
matrix [41].

Membrane attachment can be improved by chemically modifying the gate
oxide to allow covalent anchoring of the membrane [42,43]. The usual method
is to react the SIOH groups at the surface with a silane, such as 3-(trimethoxysi-
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lyl)propyl methacrylate. This gives us a surface coated with active methacrylate
groups which will readily react with other monomers. Often these reactions are
initiated photochemically, which means that techniques such as photolithogra-
phy can be used to mass-produce CHEMFETs. PVC is the commonest material
used for the sensing membrane, however, the leaching and peeling problems
have led to attempts to use alternative polymers such as polyurethane [44] and
silicone rubber [42], as well as a number of other polymers.

ISFETs modified with plasticised PVC membranes lack a thermodynamically
well-defined interface between the sensing membrane and the solid contact.
This can cause a number of problems, since variables such as the concentration
of protons and the gate oxide-membrane interfaces have large effects on the
measurements attained. Therefore impurities capable of dissolving readily in the
plasticised membrane, such as carbon dioxide [45], can lead to unreliable and
erroneous readings. This can be a problem for some sensors, although often
ISFETs modified with PVC membranes will perform acceptably due to reason-
able amounts of water being present in the membrane, thus preventing large
fluctuations in proton concentration. However, the development of a thermo-
dynamically well-defined interface was widely studied.

A simple method of eliminating the CO, interference was to apply an in-
termediate Ag/AgCl layer on the gate-insulator surface [46]. One effect of this,
however, is that the Ag/AgCl-membrane interface becomes critical, with its
equilibrium state relying on the exchange of scarcely present Cl™ ions in the
membrane. Other approaches utilise the deposition of an additional layer
between the polymer or alternatively depositing an Ag/AgCl layer and then
coating it with a hydrogel such as poly(vinyl alcohol) - before applying the
ionophoric membrane [47]. The hydrogel is often used as a host for a buffered
salt solution, which tends to stabilise the equilibrium at the gate oxide surface
and also eliminate the CO, interference [44, 47, 48].

Development of sensors for environmentally important anionic species is be-
coming increasingly reported. For example, nitrate-selective sensors have been
described for both CWE- [49] and ISFET-based sensors [50]. An ISE has also
been reported for nitrate detection based upon crystalline membranes of silver
substituents, although this too suffers from interference from other anions in
solution, such as F~ and SO%". Another important anion of environmental im-
portance that is being actively investigated, with a view to designing a selective
disposable sensor system, is chloride (CI"). Methods for its determination re-
cently reported include simple deposition of AgCl on a suitable surface,leading
to the development of a Cl™-selective ISFET [51]. This silver salt has also been
doped into a polyfluorinated polymeric matrix to yield a Cl--selective ISFET
[52]. Indeed, an AgCl precipitate has also found use within a highly sensitive
Cl~-sensing electrode [53]. Cl"-selective sensors have also been produced using
polypyrrole membranes [54]. More recently a screen-printed electrode, based
upon a doped polypyrrole film, has been reported whose properties were com-
parable to those observed at a standard ISE, when used for chloride detection
[55]. Indeed, the use of carbon as a screen-printed electrode surface for use
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within anion-selective sensor systems is becoming a highly investigated re-
search area.

Lawrence et al. have recently reported the use of an N,N’-diphenyl-p-phenyl-
enediamine mixture with carbon to produce a sensor selective for hydrosul-
phide [56]. An all-solid-state sensor for use within the beverage industry has
been developed using various doped polymeric membranes deposited upon a
carbon surface [57]. This new method of production of anion-selective elec-
trode systems has also led to recent interest in the miniaturisation of selective
electrode sensors. This is being driven by new trends in, for example, water
quality analysis, or in disease monitoring. Here, there is a major interest in
moving away from the use of centralised laboratory facilities and towards test-
ing that can be undertaken, for example, in the doctor’s surgery or even as
continuous in vivo monitoring of a disease. Selective electrochemical sensors
are of great interest because they can undergo miniaturisation and therefore be
mass-produced to allow for the availability of low-cost, portable and direct-
reading devices. Recent reviews covering modern developments in microsen-
sor fabrication and production have also been published [58,59], with a review
linking ISFET technologies to microfabrication methods published by Cané
et al. [60].

The majority of the devices mentioned thus far rely on the Hofmeister
series for anion selectivity. However, for anions that deviate from this series,
organometallic receptors can be utilised. The type of ligand or metal centre
will influence the sensor selectivity due to the characteristics of the electron
acceptance of the complex. An interesting development that is being explored
here is the use of calixarenes. These have previously found use as cation-selec-
tive species, but with suitable substitution are now being incorporated within
anion-selective devices. Compounds suitable as receptors for halides [61], ben-
zoate [61] and acetate [62] have been developed. Reinhoudt and his co-work-
ers have reported the production of a H,POj-selective CHEMFET based on
a uranyl cation immobilised within a salophene ligand (Fig. 5), which shows
selectivity over more lipophilic anions such as Br~ and NOj [63].

Metalloporphyrins, similar to those shown in Fig. 3a, offer an excellent
method for exploring anion selectivity due to the various types of metal ion
that can be incorporated into the complex. A metal centre of Fe** has been
shown to exhibit selectivity for SCN- [64], whereas Sn** shows good selectiv-
ity for salicylate [65].

Fig.5 A salophene reagent which is phosphate sensitive
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Although less developed than anion binding via Lewis acid centres, hydro-
gen-bonding interactions have shown some recent success with anionic moieties
[66]. Covalent bonds have also found limited success for use as a method for
inducing anion selectivity, with sensors for CO3~ [67] and SO%~ [68] being
reported. A recent paper [69] varied the formulation of PVC membranes with
various salts to give membranes with improved selectivity to nitrate; use of
a Siloprene membrane led to slightly lower performance but much better mem-
brane adhesion and stability.

As with the majority of ISEs, all of the aforementioned receptors are immo-
bilised within close proximity to the transducer element. However, conducting
polymers (electroactive conjugated polymers) are now emerging rapidly as one
of the most promising classes of transducer for use within chemical sensors.
Here, the receptor can be doped within the polymer matrix, i.e. within the
transducer element itself. This will facilitate the production of reliable, cost-
effective, miniaturised anion-selective sensors, as it will be possible to move
away from plasticiser-based membranes, but allow for ion recognition sites in
conjunction with all-solid-state ion-to-electron transducers.

Conducting polymers have already been well documented in conjunction
with the classical ionophore-based solvent polymeric ion-selective membrane
as an ion-to-electron transducer. This approach has been applied to both
macro- and microelectrodes. However, with careful control of the optimisation
process (i.e. ionic/electronic transport properties of the polymer), the doping
of the polymer matrix with anion-recognition sites will ultimately allow
selective anion recognition and ion-to-electron transduction to occur within
the same molecule. This is obviously ideal and would allow for the production
of durable microsensors, as conducting polymer-based electrodes, and due
to the nature of their manufacture these are suited to miniaturisation. There
are various examples of anion-selective sensors formed using this technique
reported in the literature, some of which are listed below.

A wide range of materials can be electropolymerised at electrode surfaces
to form conducting polymers such as polypyrrole, poly(3-methylthiophene)
and polyaniline (Fig. 6). Polypyrrole has proved to be a popular choice as the
conducting polymer. Initial work showed that when a polypyrrole-coated Pt
electrode is placed in a flow-injection apparatus, concentrations of anions down
to 1 pM can be detected due to their effect on the doping and conductivity of the
polymer [70]. When pyrrole was electropolymerised from a solution containing
0.1 M LiCl, the resultant polymer electrode was found to give a Nernstian
response to chloride ion, with a limit of detection of 3.5x10~°> M of Cl- [71],
although with some interference from other ions [72].

Cadogan et al. [73] deposited polypyrrole onto platinum from a variety of
solutions and found the resultant films to be anion sensitive but very unselec-
tive. When polypyrrole was deposited from NaNOj; solution, however, the re-
sultant electrode gave near-Nernstian responses to nitrate ion in the range
0.5-0.0005 M with selectivities of about 20 over other lipophilic ions such as io-
dide and perchlorate [74]. Similar electrodes could be fabricated via a screen-
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Fig.6 Structure of some conducting polymers: a polypyrrole, b poly(3-methylthiophene)
and ¢ polyaniline

printing process and covered with a PVC-based membrane, which improved
the lifetime of the sensor [55]. The sensitivity of these types of electrodes has
been greatly improved by coating the polypyrrole with a PVC-based ion-
selective membrane [75].

Other early work in this field included the use of tetrakis(p-aminophenyl)-
porphyrin (Fig. 7a), which was electrodeposited onto glassy carbon and showed
a near-Nernstian response to iodide [76]. Electrodeposited methylthiophene-
methylpyrrole copolymer was deposited and shown to give a near-Nernstian
response to bromide [77]. Pyrrole-3-boronate (Fig. 7b) could be deposited to
give films with a good response and marked selectivity to fluoride [78]. A cobalt
aminophthalocyanine could also be electropolymerised to give a good sensor
for nitrite [79] or sulphide ion [80].

CH; BF,

Fig. 7 Structures of a tetrakis(p-aminophenyl)porphyrin, b pyrrole-3-boronic acid and
¢ 1-methyl-3(1-pyrrole-1-ylmethyl)pyridinium tetrafluoroborate



110 F. Davis et al.

A tetraruthenated porphyrin was electropolymerised onto glassy carbon
and used to catalyse the oxidation of nitrite to nitrate, with the resultant
current giving a selective measure of the concentration of nitrite ion [81]. As
an alternative method, soluble poly(3-octyl thiophene) [82] was cast along with
tridodecylmethylammonium chloride onto glassy carbon, to give electrodes
with superior selectivity over PVC-based membranes to lipophilic ions such as
bromide or nitrate.

A substituted pyrrole (Fig.7c) was electropolymerised across the pores of an
alumina membrane [83] and the resultant polymer film then acted as a perm-
selective membrane across which anions could cross. This was then used to
separate an analyte solution from an internal sensing solution containing
nitrate reductase enzyme and methyl viologen.

Use of conventional reference electrodes is a limiting factor in reducing
the size of the various CHEMFETs. This could be solved by incorporating the
reference electrode into the CHEMFET chip. An example of this is the on-chip
fabrication of an Ag/AgCl electrode containing a gel-filled cavity sealed with
a porous silicon plug [84]. Unfortunately, sensor lifetime can be limited by leak-
age of the reference solution.

Another approach to the solution of this problem is the development of the
REFET or reference FET (Fig. 8). Two ISFETs are manufactured on the same
sensor chip and the response of both measured and compared. One of the
ISFETs is chemically modified to render it less sensitive (or preferably totally in-
sensitive) to ions present in the sample solution. The signal here is actually the
difference between the two ISFETs, thereby meaning that effects due to temper-
ature changes and other external effects tend to cancel out and be minimised.

The reference ISFET can be modified by chemically reacting the SiOH
groups with trimethoxysilanes [7]. An alternative method involves deposition
of a hydrophobic polymer on the surface, for example by thermal deposition
of parylene [85]. These layers tend to be chemically bound to the SiOH surface,
leading to enhanced stability and long lifetimes. Also the layers are very thin,
which is essential because of decreased electrical sensitivity as the insulator
thickness increases [9]. For ion-blocking layers, a stable attachment has been
realized by plasma deposition [86, 87].

An alternative to ion-blocking layers is to use hydrophobic ionically con-
ductive polymers. A wide variety of polymers have been studied, however, they
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must be covalently linked to the gate oxide surface or else very poor stability
and short lifetimes become problematic [88]. In this context, polyacrylate-
based polymers tended to give the best results [88].

Urushi, a natural lacquer, has been used on the ISFET surface [89] to make,
amongst other devices, a chloride sensor. The natural lacquer has a long cur-
ing time (10 days) but this can be shortened to 2-3 days with the use of
formaldehyde as a crosslinking agent [90] and has been successfully used in the
production of a nitrate sensor.

Sol-gel methods have been used to form membranes on sensor surfaces by
the mixing of the ion-sensitive molecule with alkoxysilanes which then crosslink
to form a hard, transparent coating on the sensor. For example, tridodecyl-
methylammonium chloride-doped films were used as a chloride sensor and
showed Hofmeister-type selectivity [91]. Long cure times (several days), how-
ever, represent a disadvantage in this process [91].

Other siloxane polymers are of interest because their very low glass transi-
tion temperatures render plasticisers superfluous. However their low polarity
and high hydrophobicity means that the simple commercial polydimethyl-
siloxanes have high membrane resistances [92], probably due to the low
solubility of ions in such media. Plasticisers could aid this but would defeat the
object of using polysiloxanes in the first place. Incorporation of more polar
moieties as co-monomers in the polymer, such as cyanopropyl [93], lowered
membrane resistance by a factor of up to 20, with the incorporation of triflu-
oropropyl groups leading to sensors for nitrate and cations [94]. Studies have
also been made on using photopolymerisable crosslinkers, for example in the
construction of a nitrate sensor [95].

Two types of REFET structures can be distinguished with respect to the pen-
etration of ions into the polymeric layer, resulting in two different mechanisms
of the REFET operation. In a non-ion-blocking REFET structure there is ion
exchange between the solution and the polymer; consequently a thermody-
namic equilibrium between ions in the solution and in the polymer is achieved
and the electrical potential is a membrane potential. In an ion-blocking REFET
structure, this ion exchange is negligible and in this case the electrical poten-
tial measured is a surface potential resulting from reversible ion-complexation
reactions at the surface of the polymer.

This modern technology provides a possibility to design multi-ion sensors
integrated with the reference cell (REFET). These sensors are very small, enjoy
a high longevity and use only very small amounts of the necessary selective (and
often relatively expensive) compounds for ion sensing, such as valinomycin.

2.3
Electroactive Sensors

Besides the sensors mentioned earlier, a series of sensors using redox-active
compounds have been developed. Some anions such as ferricyanide, are redox
active in themselves and can easily be detected by a variety of techniques such
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as cyclic voltammetry. However, most anions of interest lack this property and
cannot be detected directly. Therefore various redox-active receptors have been
synthesised that can selectively bind to anions, with the binding process mod-
ifying the redox behaviour of the receptor. This can be thought of as a soluble
sensor and if a solution of this material is combined with the solution to be
tested, electrochemical techniques such as cyclic voltammetry can be used to
detect the anions present.

The first of this class of receptor reported was a cobalticenium-based
macrocycle that complexed bromide ions, with shifts of up to 45 mV in the
position of the redox peaks of the cobalt moieties [96]. Other species have
been used as active receptors including calixarene-based compounds [97]
and porphyrins [98].

Many of the receptors synthesised interact with a wide variety of anions;
however, selectivity has been introduced to these systems. Ferrocene-based sys-
tems have been shown to detect aqueous phosphate [99] and sulphate [100]
ions. Ferrocene boronic acid has been shown to associate with fluoride ion with
much stronger binding than to chloride, bromide and other anions [101].

Although at present their use has been restricted to redox-active sensors in
solution, it should be possible to immobilise these receptors at an electrode, and
we may then have a simple redox-active electrode whose behaviour in solution
is modified by the presence of ions. The high sensitivity of electrochemical
techniques would then give us a sensitive and selective method of anion
detection.

2.4
Biosensors

For the ability to selectively recognise anionic species in solution, chemistry
comes second to nature. Biological materials have a very high degree of selec-
tivity in their interactions for many molecules or ions, and this can be exploited
in the manufacture of highly selective biosensors. For example, early work
included exploitation of a light-driven chloride pump protein immobilised on
the surface of an ISFET [102]. When illuminated with yellow light, the response
was dependent on the level of chloride ion. Glassy carbon electrodes were mod-
ified by immobilising a nitrite reductase plus a maltose binding protein onto
an electropolymerised pyrrole derivative [103], with the resultant composite
being suitable for the electrochemical detection of nitrite down to 10-° M con-
centrations.

Phosphate is another anion which is of biological significance as well as
being biologically active. Numerous phosphate biosensors have been devel-
oped, with one based on a multi-enzyme system immobilised on a cellulose
membrane on a Pt electrode being able to detect levels down to 10 M [104].
Simpler methods, however, use enzymes such as polyphenol oxidase combined
with alkaline phosphatase bound within an electropolymerised layer based on
a substituted pyrrole [105]. This was reported to give a sensor with a detection
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limit of 2x10-¢ M with good storage ability for a biosensor. Other workers
immobilised pyruvate oxidase with a polyelectrolyte (DNA or a substituted
dextran) onto carbon [106], with their detector giving linear responses between
5x1073-107> M, with a detection limit of 5107 M and reasonable stability over
24 weeks.

Besides using the bioactive agent to detect the ion of interest, another
approach can include monitoring an ion by its inhibitory effect upon enzymatic
activity. For example, horseradish peroxidase (HRP) can be immobilised onto
one gate of a REFET [107] allowing the presence of cyanide ion to be measured
at concentrations of 10°-107 M. The approach used here is to monitor the
inhibition of the enzymatic HRP effect, by the cyanide ion, on ascorbic acid.
Even lower levels (107!° M) of detection can be obtained using a polyphenol
oxidase/clay composite immobilised on carbon, with no interference from
chloride, nitrate or bromide [108].

Biosensors are obviously of use in this field due to their high selectivity,
however, the problems of storage stability (biological species such as enzymes
can rapidly lose their activity) and possible poisoning effects from species such
as heavy metals (that may be present in “real” samples) need to be addressed.

2.5
Microelectrodes

Most electrodes are of the planar type and can be affected by such factors as
convectional mass transport within the sample in which they are immersed.
Any type of turbulence will tend to increase the supply of ions to an electrode
surface, above and beyond that of diffusional supply. This can have an effect on
the magnitude of sensor response and give rise to erroneous results. Diffusion
to a large planar electrode can be approximated to be perpendicular to the
electrode surface. However, when electrodes become very small, the diffusion
profile is hemispherical, mass transport is greatly increased (Fig. 9) and diffu-
sion becomes much less of a limiting factor in the sensor response [109]. Thus,
turbulence has a much smaller effect and this means that very small micro-
electrodes display stir-independent responses. Also the small size of micro-
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electrodes makes them perfect for either analysing very small samples or for
use with samples in vivo, e.g. inserting them into blood vessels or a single
cell [110].

Anion detection at microelectrodes has not been studied widely. Amongst the
first was the work of de Beer et al. [111] who manufactured a nitrite sensor with
a tip just a few microns in diameter, which could detect nitrite ions down to
1 pM. This proved to be suitable for profiling the concentrations of nitrite
anion within biofilms less than 1-mm thick inside water treatment plants.
Other workers have found that use of an interdigitated microelectrode array
[112] allows measurement of iodide via monitoring of its redox peak down to
sub-micromole levels, making it a suitable technique for analysing mineral
water. Carbon nanotubes coated onto Pt microdiscs have been utilised to make
a nitrite sensor [113, 114] with detection levels of 0.1 pM. Sulphide has also
been detected at nickel microdiscs (50 pm diameter) [115].

3
Optical Sensors

3.1
Fibre-Optic and Membrane Sensors

Optical sensors display several advantages over electronic sensors. Since pho-
tons rather than electrons carry the information, they are almost immune to
electrical interference. Usually the optical components are made from glass
chips or fibre-optic cable fibres, giving them excellent mechanical and thermal
stability and often, moreover, a high chemical resistivity. Finally the use of glass,
especially fibre-optic, fibres helps to minimise the size and weight of these
sensors. Optical sensors, especially fibre-optic sensors have been the subject of
several recent reviews [116-120].

A schematic of a fibre-optic sensor is shown in Fig. 10. The sensor follows
the basic principles discussed earlier with three main components. Firstly, there
is the chemical sensing element comprising an optical chip/fibre (known as the
optrode). Secondly, the sensor contains an indicator with optical properties
which depend on the presence/absence of an analyte. Usually the indicator has
either a strong optical absorption, or is fluorescent and its absorption/fluores-
cence changes with the presence of the analyte. In most cases, it is necessary to
use an indicator because the analyte does not give or exhibit changes of opti-
cal properties. This is the principle for the transduction. Finally, there has to be
a method of following the transduction event. Usually a light source is used
with a wavelength matched to the absorption maximum of the indicator, so
ensuring that the best sensitivity of the sensor can be obtained. After passing
through the optrode, the output is measured with a suitable detector - often a
photodiode which converts the optical signal into an electrical one to allow this
to be processed.
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Fig.10 Schematic of an optical sensor

For example, an optical fibre may be encased in a polymer membrane which
contains a pH-sensitive dye. This assembly is then placed into the test solution.
If the dye has a different colour at different pH, then the membrane will change
colour depending on the sample pH. Light of a certain wavelength, corre-
sponding to the absorption maxima of either the protonated or unprotonated
dye, is passed through the fibre with the resultant output light intensity being
dependent on the solution pH. Measurement of the light output then gives us
a signal which can be related to the pH of the solution. Sensors of this can be
either single fibres, or often a two-fibre system. Only one of the fibres is coated
with the membrane and the output from both fibres may be measured and
compared. This has the advantage in that effects due to the solution tempera-
ture, colour and turbidity often serve to cancel each other out.

As earlier reported for electrochemical sensing, often the active chromo-
phore will be dispersed in a polymeric matrix. For example, Mohr and Wolfbeis
reported a nitrate sensor [121] where the active chromophore is a rhodamine B
dye which had been modified with an octadecyl side chain to render it
hydrophobic and prevent leaching. The dye was dispersed in a plasticised PVC
membrane containing a hydrophobic anion carrier (tridodecylmethylammo-
nium chloride). On exposure to nitrate, the fluorescence of the dye increased.
This membrane, however, only displayed Hofmeister-type selectivity and was
also affected by pH. Replacing the quaternary ammonium anion carrier with
a palladium phospine chloride carrier led to selectivity for nitrite [122], prob-
ably due to a preferential interaction between Pd and nitrite ion.

A selective membrane for chloride was obtained by spin coating onto glass
a PVC membrane containing a novel mercury-containing carborand, a com-
pound which displayed strong Lewis acid activity [123]. This membrane, which
also contained a pH-sensitive dye to give an optical response, exhibited strong
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selectivity for chloride over other anions. PVC membranes containing an
indium porphyrin [124] also showed a strong, selective response to chloride,
as measured by the shift in the visible spectrum of the porphyrin.

As was found for electrochemical-based sensors, problems can occur with
peeling of the membrane element from its substrate. PVC is not the only mem-
brane used for optrodes; other polymers include polyurethane, which displayed
improved adhesion [125]. Ambrose and Meyerhoff [126] incorporated ion-
selective species into thin liquid films of decyl methacrylate on glass and then
photopolymerised the methacrylate, with simultaneous crosslinking and co-
valent attachment of the polymer to its substrate to give substantially improved
lifetimes.

A commercially available chloride-quenchable fluorescent probe, lucigenin
(Fig. 11) can be immobilised within a Nafion film and used as a sensing mem-
brane to measure the salinity of seawater [127]. In solution lucigenin is com-
pletely quenched by 50 mM of chloride, but when immobilised gave a sensor
with a linear response from 0.2-2 M chloride (brackish and seawater contain
high levels of salt), a detection limit of 80 mM and no interference from ions
commonly found in seawater. Lucigenin is particularly suitable because it can be
excited by radiation of wavelength 451 nm, i.e. a blue LED. Incorporation of a
second chloride-insensitive ruthenium-based fluorophore can be used to pro-
vide an internal reference whilst increasing the sensitivity of the device [128].

A polymeric hydrogel blended with a hydrophobic plasticiser gave a system
in which phase separation led to formation of plasticiser droplets entrapped
within the hydrogel matrix to allow for nitrate sensing [129]. Incorporation of
a fluorescent dye within the hydrophobic regions gave an optical sensor dis-
playing good reversibility, with fluorescence increasing linearly with nitrate
concentration in the range 0.1-50 mM.

Incorporation of the optical dye within polymer microspheres has been de-
veloped as an alternative to membrane-based approaches. Crosslinked dode-
cyl acrylate microspheres containing a fluorescent dye (Nile Blue derivative)
could be made by dispersion polymerisation [130]. These were plasticiser-free,
thereby removing any leaching problem, and could easily be imaged in solu-
tion, so giving information on the anion activity within the test solution, with
selectivity being of the Hofmeister type. Polystyrene beads coated with a phos-
pholipid membrane containing lucigenin and a mercuro-carborand-based
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Fig.11 Structure of lucigenin CH,
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chloride ionophore could be used to measure chloride concentrations within
biological fluids [131], with fluorescence quenching of a lipobead suspension
being related to Cl~ concentration.

There has been some development of optical biosensors. Nitrate reductase
was immobilised within a sol-gel matrix, with binding of nitrate ion (down to
a limit of 10® M) causing a characteristic change in the optical absorption
[132]. It is notable that this sensor was reversible, allowed selective nitrate
detection over other physiologically significant anions and did not lose activity
even over six months. Phosphate-binding protein was immobilised on a fibre-
optic detector and could be used to measure phosphate with a detection limit
of about 10° M [133].

3.2
Colorimetric Sensors

These can be considered as a variant on optical sensors where the detection
device is the human eye. Although it is unlikely that they would give a quanti-
tative measurement of anion concentration, they can be used as simple tests to
determine whether a particular anion is present above a certain concentration.
If the dyes could be adsorbed onto paper and still remain active, an anion
equivalent of pH indicator paper would be created.

The simple compound shown in Fig. 12a is used as a colorimetric sensor for
fluoride; on addition of fluoride ions to a solution in dichloromethane or
DMSO, a visible change from a yellow to purple solution becomes evident [134].
This is quenched, however, by addition of water.

Other methods have been used, for example complexing a dye such as Methyl
Red with a receptor for nitrate [135]. Addition of nitrate ion causes formation
of a nitrate-receptor complex, leading to the release of the chromophore and a
large absorbance change. Similar methods have been developed [136] using
complexes between calixpyrrole and 4-nitrophenolate ion which are colourless,
but on addition of a suitable anion, release the intensely yellow free 4-nitro-
phenolate anion.

Other workers have used pyrilium cations [137] as sensors for anions such
as ATP or sulphate. Charge-transfer complexes between calixpyrroles and chlo-
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Fig.12 Colorimetric sensor receptors. a For fluoride. b Amide macrocycle which can detect
fluoride, acetate or H,POj; the moiety in bold lies above the plane of the rest of the molecule
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ranil have been shown to respond selectively to either fluoride or H,PO; [138].
An interesting amide macrocycle (Fig. 12b) can selectively show the presence
of three different anions [139]. The macrocycle, which normally gives a clear
solution, undergoes colour changes upon exposure to fluoride (green), acetate
(yellow) or H,PO; (magenta).

A dipyrrole compound when complexed with TCNQ shows a blue to orange
transition upon exposure to 5x10°> M PO3~ and a blue to purple transition
upon exposure to 2.5x10™* M COZ% [140]. An alizarin-based compound, when
adsorbed onto nanocrystalline TiO,, gave a composite orange material which
turned red when exposed to 1 mM aqueous fluoride or cyanide [141]. Other
selective fluoride sensors include a polyhydroxybenzoxazole material which has
a colourless to yellow transition [142] and a trialkylborane-porphyrin conjugate
which displays a purple to green transition upon exposure to fluoride [143]. An
indoaniline-thiourea system also gave selective blue to green transitions upon
exposure to 2.5x107> M of the tetrahedral anions H,PO; and HSOj [144].

4
Other Types of Anion Sensors

A few other types of anion sensors have been mentioned recently in the liter-
ature. Tetrathiofulvalene microcrystals immobilised at a platinum electrode
displayed electrochemical properties that were affected by the presence of
anions in solution, with some selectivity for anions such as bromide [145]. A
flow-injection analysis system using anion-exchange columns for separation
and polyaniline electrodes as detectors could detect dichromate down to
0.004 ppb and could be used for seawater samples [146].

A microcantilever beam has been used in conjunction with a hydrogel to
detect chromate ions, the presence of chromate causing the hydrogel to swell
and deflect the microcantilever. Concentrations of chromate as low as 10! M
are detectable with excellent selectivity over bromide, phosphate, nitrate, sul-
phate and carbonate [147].

A series of papers have concerned the incorporation of various sensors into
lab-on-a-chip devices with, for example, conductivity measurements being
combined with poly(methyl methacrylate) microfluidic devices to analyse mix-
tures of mono- and polyanionic molecules such as proteins [148].

An interesting technique recently published uses FTIR spectroscopy to
detect anions [149]. Thin films of tetraalkylated ferrocenium salts were evapo-
rated onto ATR crystals. Exposure to anion-containing solutions caused incor-
poration of the anions, and they could then be detected via their IR absorbances.
Limits of detection for 10-min analyses varied from 10~ to 10-8 M for a variety
of anions; however, this technique cannot be used to detect anions that do not
have IR absorbances, such as halides.
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5
Applications of Anion Sensors

Anion sensors are beginning to find many applications. For example, chloride
sensors are now being used for environmental monitoring. Due to the relative
inertness of chloride ions with respect to rock or soil components, chloride is
an effective tracer for pollution from chemicals moving from man-made sources
into natural water bodies, or alternatively for monitoring salt water intrusion.
Chloride ion measurements can aid the monitoring of landfills for leaks, trac-
ing the movement of point- or non-point-source pollutants (for instance, storm
water runoff) within a natural water body, monitoring estuarine waters for
changes in salinity, and detection of salt water intrusion into drinking water
supplies (ground or surface waters). NexSens, amongst other companies, man-
ufactures ISEs for this application [150].

Another ion widely monitored within the environment is nitrate. Nitrate is
the commonest biologically available form of nitrogen, an essential nutrient for
all forms of life, including all levels of aquatic organisms. It can be found in
both suspended solids and dissolved compounds in natural waters. Often, the
amount of life that a natural system such as a lake can support is limited by the
nitrate concentration. Small changes in biologically available nitrogen levels
can dramatically affect the levels of microbiological, plant, and eventually,
animal life. Low levels mean the biodiversity is limited by the nitrate level;
conversely, high levels of accessible nitrogen are also damaging. High nitrate
levels can effectively act as a fertiliser, leading to an overabundance of micro-
organisms, or a so-called algal bloom. Unfortunately this can lead to a depletion
of dissolved oxygen, resulting in mortality to higher organisms such as fish
and shrimp. The monitoring of nitrate levels is used to trace pollution from
agriculture (nitrate fertilisers), for checking fish farms and other aquaculture
for waste build-up and for surveying nutrient levels in natural water bodies.
Companies such as Hydrolab (Hach) manufacture nitrate ISEs for this pur-
pose [151].

Fluoridation of water is often used to help reduce tooth decay. However,
whereas levels of 1 ppm are commonly used, excessive fluoride levels (>2 ppm)
can be a problem and need to be corrected. Analytical Technology Inc. manu-
factures a fluoride-sensitive ISE for this purpose [152].

6
Future Perspectives

The future of anion sensors is a very promising one. Greater interest and legal
requirements for environmental, food and water monitoring will require the
detection of anionic species, often at lower and lower concentrations. Techni-
cal problems, however, need to be overcome. These include some of the con-
siderations below:
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- Sensor stability
Problems such as peeling of the polymer films and leaching of the mem-
branes need to be overcome to increase sensor lifetime. New membranes
such as those based on siloxanes show possible increases in performance
and stability.

- Cost
The simplest way to deal with the problem of sensor lifetime is to circum-
vent it completely by using each sensor once. This requires the production
of inexpensive, disposable sensor strips for a variety of anions, possibly by
a method such as screen printing. An alternative method may be to further
develop photoprocessable polymers, which can then be assembled into the
final sensor by a process such as photolithography.

- Selectivity
Often sensors only display Hofmeister selectivity or are affected by anions
of a similar nature to that of interest. The development of sensors that will
detect small concentrations of the anion of interest in the presence of strong
interferents, possibly in higher concentrations, will be of great use.

- Multi-anion detectors
Processes such as screen printing and lithography allow the reduction in
sensor size and cost. Assembly of multiple sensors on a single chip, with each
sensor being of good selectivity, would enable us to perform complex mea-
surements in a single step. Pattern recognition technology could be used
here to aid the determination of the analyte constitution.

Microelectrodes often display superior properties to those of larger planar elec-
trodes. They experience hemispherical diffusion profiles which can confer stir
independence on the results, which may be important if measuring turbulent
systems such as in a river or in the bloodstream. They also allow measurements
in high-resistance media, which may be experienced if electrolyte concentra-
tions are very low.
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Abstract Metal-based receptors are an important and expanding class of molecules in anion
sensing. This review describes the subject with specific focus on the metal-containing
subunit’s function in determining their anion sensing properties. In general the metal ion
is used as a photo- and/or electrochemical reporter group, an anion recognition site and/or
as a simple structural component. Metal-based receptors, particularly where the metal ion
performs a combination of these roles, exhibit a range of functionality not available to purely
organic structures. The most recent advances in the field are also detailed including the use
of metallo-receptors in dendrimer, functionalised nanoparticle and surface-bound anion
sensors.
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1
Introduction

Metal ions, in the form of organometallic and coordination complexes, possess
many physical and chemical properties desirable for use in anion sensors.
Amongst the many examples of metal-based anion sensors that have been
developed over the last 15 years the metal is most commonly incorporated as
a reporter group, whose photochemical or redox response is changed upon
proximal binding of an anion. Alternatively the metal can act directly as a
selective Lewis acid binding site for anions or simply serve as a structural com-
ponent, allowing the self-assembly of binding sites of different topologies.
Metal-based receptors, particularly where the metal ion combines these roles,
show a range of functionality not available to purely organic structures.

Many aspects of anion recognition by metal-based receptors have been
covered in previous reviews [1-5]. This review is not intended to be compre-
hensive; rather, it provides an overview of the subject with particular reference
to the specific properties that metal-containing sub-units impart to this class of
anion sensor. The most recent advances in the field are also detailed including
the use of metallo-receptors in dendrimer, functionalised nanoparticle and
surface-bound anion sensors.

2
Organometallic Anion Receptors

2.1
Cobaltocenium-Based Receptors

Anion receptors incorporating cobaltocenium have been studied extensively
due to the combination of an accessible redox couple and potential favourable
electrostatic interactions of the cationic organometallic metallocene complex
with anions. The first anion receptor based on this species was reported by Beer
and co-workers in 1989 [6]. The macrocyclic bis-cobaltocenium receptor 1 was
shown to bind (via electrostatic interaction) and to electrochemically sense
bromide in acetonitrile solvent media.

Augmentation of cobaltocenium receptors with hydrogen-bond donor
groups, such as amides in receptors 2 and 3, generates both stronger and more
selective anion binding [7]. Proton NMR anion titration studies in CD;CN
reveal 2 and 3 to have selectivity for dihydrogenphosphate over chloride by
approximately an order of magnitude [8]. This is attributed to the greater ba-
sicity of the dihydrogenphosphate anion. In these receptors the electrochemi-
cal sensing of anions is also enhanced. For 2 and 3 chloride causes cathodic
shifts of 30 and 85 mV, respectively, in the cobaltocene/cobaltocenium redox
couple. The more strongly bound anion dihydrogenphosphate correspondingly
generates larger cathodic shift magnitudes of 200 and 240 mV, respectively. It
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is thought that these cathodic shifts are due to the stabilisation of the cationic
cobaltocenium species relative to the neutral cobaltocene species by the closely
bound anion guest.

A tetra-cobaltocenium receptor 4 has been synthesised that is supported by
a porphyrin skeleton [9]. This exhibits parallel photo- and electrochemical
sensing of anions with a trend in selectivity of CI">Br>NOj3. Proton NMR
titrations in CD;CN showed chloride and bromide to be bound in 1:1 stoichio-
metry with stability constants of 860 and 820 M, respectively, whereas nitrate
exhibited weaker binding with K=190 M. In the UV-vis spectrum of 4 in ace-
tonitrile solution the Soret band (A,,,,=425 nm) of the porphyrin was signif-
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icantly bathochromically shifted on addition of dihydrogenphosphate (AA,,,,=
15 nm), hypsochromically shifted with chloride (AA,,,,= 10 nm) and split into
two maxima (A1=430,440 nm) with hydrogensulphate. Electrochemical studies
displayed cathodic shifts in the cobaltocene/cobaltocenium redox couple of
35-75mV on addition of chloride or hydrogensulphate, and 225 mV for dihydro-
genphosphate. Smaller shifts were seen in the porphyrin oxidation wave. It
should be noted that these anion sensing effects are specific to the cis-a, a0, a0,
atropisomer.

The anion recognition properties of calix[4]arene receptors 5-7 were found
to be dependent on the structure of the upper rim of the calix[4]arene [10]. For
instance, in DMSO solution the bis-cobaltocenium receptor 5 shows a greater
affinity for acetate over dihydrogenphosphate, whereas for 6 (its isomer) the
trend is reversed. Receptor 7, in which the calix[4]arene is bridged by a single
cobaltocenium moiety, displays significantly greater affinity for the above
anions despite possessing only a single positive charge. It is proposed that this
selectivity preference is due to the upper-rim bidentate amide hydrogen-bond
donor cavity of 7 being of complementary topology to bidentate anions such
as carboxylates. The cobaltocene/cobaltocenium redox couple of 7 was found
to undergo an anodic shift of 155 mV in the presence of acetate.

The incorporation of crown ether units into a cobaltocenium receptor has
been shown to allow the switchable sensing of anions. Proton NMR titrations
of receptor 8 in CD;CN solution gave log K values of 3.1 for chloride and 3.0 for

2.2 oL e
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bromide [11]. Electrochemical titrations showed cathodic shifts of the cobal-
tocene/cobaltocenium redox couple of 60 and 30 mV for the two anions,
respectively. However, when either the NMR or electrochemical titrations were
carried out in the presence of K* no significant shifts were observed. It is
postulated that the K* ions form a 1:1 intramolecular sandwich complex with
the two benzocrown ether units of the receptor. The concomitant change in
conformation of the amide groups reduces their availability for anion binding.

2.2
Ferrocene-Based Receptors

The accessible ferrocene/ferrocenium redox couple of ferrocene has led to its
frequent use in electrochemical anion sensors. The chemical and structural sim-
ilarity between ferrocene and cobaltocenium has meant that receptors based on
these complexes often share the same design. The most relevant difference is
that the ferrocene derivatives are neutral (until oxidised to ferrocenium), have
no inherent electrostatic interaction with anions and therefore their complexes
with anions exhibit lower stability constants.

Molecules 9-13 are a selection of ferrocene-based receptors which include
secondary amide groups for the hydrogen bonding of anions [12, 13]. Measured
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in acetonitrile 9-12 showed cathodic shifts in the ferrocene/ferrocenium oxi-
dation wave of up to 240 mV induced by dihydrogenphosphate. Competition
experiments demonstrated the same shift even in the presence of a tenfold
excess of chloride or hydrogensulphate. A cathodic shift is expected in this class
of compounds since the coordination of an anion guest close to the ferrocene
stabilises the cationic ferrocenium redox state, facilitating the oxidation
process. It is therefore largely the stability of the electrostatically enhanced
anion-ferrocenium complex which determines the magnitude of the redox
shift. Receptor 13 has the opposite selectivity, displaying a hydrogensulphate-
induced shift of 220 mV which does not change in the presence of excess
dihydrogenphosphate. In this case the HSO; anion donates a proton to the
basic amine function of the receptor and the resulting cationic complex then
binds the residual SO anion.

The cyclotriveratrylene amides 14 and 15 described by Moutet and co-work-
ers include closely spaced multiple ferrocene reporter units [14]. In CH,CI, or
acetonitrile two-wave electrochemical behaviour and cathodic shifts of up to
260 mV are observed in the presence dihydrogenphosphate or ATP?~. The in-
creased electrostatic affinity of the multiply charged oxidised species for these
anions eliminates the irreversible electrode adsorption processes which occur
with related monoferrocenyl receptors. A very simple cationic receptor 16 was
investigated by the same group [15]. It is able to sense dihydrogenphosphate
and ATP?" in a range of solvents, displaying a shift of 470 mV in CH,Cl, with
dihydrogenphosphate, solely due to a strong ion-pairing interaction. Other
anion coordinating groups to which ferrocene has been attached include imi-
dazolium, calix[4]pyrrole and pyridinium-substituted tripods, e.g. 17,18 and

19, respectively [16-18].

OCH3;

HN  OCHs O
HaCO
HSCO :< HsCO 3 5 O:e HCO O
0

@ Comty o
Fe H 2 N
8 ¢
N M

Fe

S o S
(o]

O

T

14

0
Fe

= \,\I/ BF, o) (S
o 15

16



Anion Sensing by Metal-Based Receptors 131

=y )
& NN Ty
&) (&) Me

17 ,

18
OF:
HN
72
Y
N+ Et
N{
/N
Et Et H Fe

Molecules 20-22 in which a ferrocene-1,1’-bisamide is bridged across the
upper rim of a calix[4]arene show interesting anion sensing selectivity [19].
The results of '"H NMR studies in CD;CN show that the receptors preferentially
bind carboxylate anions (acetate and benzoate) over dihydrogenphosphate and
chloride.

Organometallic receptors are also capable of operating in an aqueous envi-
ronment, an important consideration in the sensing of biologically relevant
anions. Strong electrostatic interactions are once again the key. Beer et al. have
generated a series of ferrocene-based receptors appended with various open
chain and cyclic amine functional groups, e.g. molecules 23 and 24 bind
ATP? and dihydrogenphosphate in water [20-22]. The selectivity of this class
of receptors is pH dependent. In the 1:1 complexes formed at pH 6.5 at least two
of the amines are protonated. Anion-induced cathodic shifts of 60-80 mV were
observed in the ferrocene/ferrocenium couple. Metallacyclic receptors 25 and
26 were shown to be able to quantitatively determine phosphate and sulphate
in the presence of other anions. The electrochemistry of these receptors was
studied in 70:30 THF/H,O over a range of pH values. A maximum selective
redox shift of 54 mV for phosphate over sulphate was observed at pH 4 for 25,
whereas 26 gave a maximum selective redox shift of 50 mV for phosphate over
sulphate at pH 7.
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20 Ry=Ry=CHs
21 Ry = CHja, Ry = CH,COOEt
22 Ry =Ry= CH,COOEt

/N
Fe 11 N e W Ho Ao
SN N LN N <L
N/ n U
25 26

Recognition of fluoride in aqueous media is particularly difficult due to the
strongly hydrated nature of the anion. Shinkai and co-workers have demon-
strated that ferrocene-boronic acid 27 acts as a selective redox sensor for
fluoride which operates in H,0O [23]. The favourable interaction between boron
and fluoride (a hard acid and hard base, respectively) generates a stability
constant of 700 M for the fluoride-ferrocenium complex. Stability constants
for both the bromide and chloride complexes are <2 M.
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Tucker and co-workers have recently reported a ferrocene ion-pair receptor
which acts as a chromogenic molecular switch [24]. Appended to one cyclo-
pentadienyl ring of the ferrocene of molecule 28 is a phenyl urea unit for
anion binding and to the other a crown ether for cation binding. On addition
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of fluoride to a solution of 28 in acetonitrile, a significant perturbation of the
UV-vis spectrum was observed including the appearance of a new absorption
at 472 nm. The stability constant for the 1:1 anion/receptor complex was
determined as 9,340 M~!. The addition of 10 equivalents of KPF; to the solution
of 28 containing 10 equivalents of fluoride caused the complete disappearance
of the 475 nm absorption. The K, value of the receptor with K* in the presence
of fluoride was calculated as 1,460 M~L. It should be noted that the model
receptor 29, lacking the cation binding site, exhibited similar switching prop-
erties. The K, value of this receptor for fluoride is equivalent (9,660 M!) but the
K, for K* in the presence of fluoride was understandably far lower (230 M™!).
Inhibition by K* of the response of these receptors to fluoride is therefore
thought to be due to the ion-pairing interaction between fluoride and K*.

23
Other Organometallic Receptors

If one of the cyclopentadienyl rings of ferrocene is replaced with an arene
moiety, the Fe(II) complex becomes cationic and hence gains the potential
for electrostatic interaction with anions. This concept was first explored by
Beer and co-workers using the simple amido[CpFe(arene)]*, 30 [25]. Simi-
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larly, Atwood and co-workers have derivatised a cyclotriveratrylene with the
[CpFe(arene)]* unit to generate receptor 31 [26]. Qualitative NMR studies
demonstrate that 30 binds chloride and bromide in acetonitrile, and 31 binds
halides in acetone. It is proposed that the strength of the interaction in 31,
which does not possess amides or other H-bonding groups, is due to the
arrangement of positive charges around the upper rim of the hydrophobic cav-
ity. No electrochemical data are reported for either receptor.

In receptor 32 Gale and co-workers have exploited the electron-withdraw-
ing properties of Cr(CO); [27]. The coordination of this metal unit to the arene
substituents of the isophthalamide increases the acidity of the NH protons and
hence their affinity for anions. 'H NMR titrations with 32 in CD;CN provided
stability constants of the same order of magnitude as those for the non-metal-
lated receptor in the far less competitive solvent CD,Cl,.

The anion binding properties of a series of highly cationic metallated
calix[4]arenes have also been investigated. Host 33, in which the calix[4]arene
is coordinated to four Ru(n®-p-cymene) units, was found (using 'H NMR titra-
tions) to bind chloride (K;=551 M), bromide (K;=133), iodide (K,=51) and
nitrate (K;=49) in aqueous solution [28]. No electrochemical data were re-
ported.

3
Receptors Based on Complexes of Transition Metals

3.1
Receptors Based on Polypyridyl Complexes of Group 8 and 9 Cations

[Ru(bpy);]** is perhaps the most extensively studied transition metal complex
in the literature. Its cationic character, chemical stability, rich electrochemistry
and luminescent emission [29, 30] have led to its widespread use as a reporter
group in anion sensing. This combination of properties has allowed the devel-
opment of anion receptors capable of both optical and electrochemical sensing
of anions, as demonstrated by a series of [Ru(bpy);]** amide receptors 34-37
prepared by Beer and co-workers [31-33]. The single crystal X-ray structure of
the chloride complex of 34 clearly indicates that the anion is bound tightly
within the bpy amide ligand by six hydrogen bonds. It forms hydrogen bonds
not only to the two NH groups but also to four aromatic CH groups with H-Cl
distances ranging from 2.51 to 2.71 A."H NMR titrations in DMSO-dj revealed
strong binding of chloride and dihydrogenphosphate (stability constants are
shown in Table 1). Four reversible redox couples (one metal-centred oxidation
and three ligand-centred reductions are expected for [Ru(bpy);]** species)
were observed in electrochemical studies. Of these only the least cathodic
ligand reduction was significantly shifted in the presence of anionic guests. The
assignment of this redox process to the relatively electron-poor amide-substi-
tuted bipyridyl reaffirms the X-ray structure evidence that anion recognition
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Table 1 Stability constant data for 34-37 with chloride and dihydrogenphosphate anions in

DMSO-d, solution, errors <5%

Receptor KM™)

cr H,PO;
34 5.0x10? 8.0x10°
35 1.8x10? 1.6x10°
36 4.2x10? 5.6x10°
37 1.6x103 2.8x10%
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takes place at this site. The calix[4]arene-modified molecule 37, which shows
particular selectivity for dihydrogenphosphate, was able to electrochemically
sense this anion in the presence of a tenfold excess of chloride and hydrogen-
sulphate. In the luminescence emission spectra of 34-37 both a blue shift (of up
to 16 nm for 37) and an increase in intensity of the A, of the metal-to-ligand
charge-transfer (MLCT) emission band were observed on addition of dihy-
drogenphosphate. It was proposed that the conformational flexibility of the
receptors is decreased by complexation of the anion guest, thus reducing the
rate of non-radiative decay through vibrational and rotational relaxation. Wa-
ter-soluble receptors 38-40, based on polyaza bipyridines, have been prepared
and were shown to bind and sense, via MLCT luminescent emission quenching,
phosphate and ATP anions in aqueous solution [34].

Deetz and Smith have prepared a heteroditopic [Ru(bpy);]** receptor 41,
incorporating both amide and boronic acid groups, which selectively senses
certain phosphorylated sugars in aqueous solution [35]. Boronic acids are
known to form covalent complexes with the diol groups of saccharides, whereas
the adjacent amides are placed to complex the anionic phosphate component.
Sensing was accomplished by measuring luminescence enhancement, with
fructose-6-phosphate generating the highest stability constant (log K,=3.1).
Non-phosphorylated saccharides gave much smaller changes in emission
intensity (log K,<1.2), showing that the anionic component of the guest is
essential for strong binding. However, a covalent attachment between the an-
ion and the saccharide is not required. In the presence of sodium phosphate
buffer non-phosphorylated saccharides are bound with similar strength to
their phosphorylated counterparts. It is reported that this apparent coopera-
tivity is a result of favourable hydrogen bonding between the phosphate anion
and the saccharide. Watanabe and co-workers have also shown that anionic and
neutral phosphodiesters can be sensed in acetone by the imidazole-function-
alised receptor 42 [36].
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The Ru(II)bipyridylcalix[4]diquinone receptor 43 selectively binds and
senses acetate anions (from 'H NMR titrations in DMSO-d, solution K=
9,990 M!) [37]. This receptor exhibited only weak luminescence because
calix[4]diquinone is an electron acceptor, quenching the [Ru(bpy);]** emission
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by oxidative electron transfer. Addition of acetate to acetonitrile solutions of
43 resulted in a 500% increase in luminescence intensity (60% for chloride),
concomitant with a slight blue shift of the emission maximum. It is clear
that the presence of the acetate anion in the binding pocket between the
[Ru(bpy);]** moiety and the quencher interrupts the oxidative electron trans-
fer process.

The sensing of ion-pair species can be achieved by the attachment of a
calix[4]arene tetraester to [Ru(bpy);]** [38]. The oxygen-rich lower rim of
the macrocycle in 44-47 was designed to act as a cation binding site. 'H NMR
titrations on 44-47 in CD;CN were carried out with bromide and iodide in
the presence and absence of one equivalent of Li* or Na*. The receptors
showed a preference for bromide over iodide and significantly enhanced anion
binding in the presence of the alkali metal. With iodide the greatest enhance-
ment is with the co-bound sodium cation, which correlates with the known
selectivity preference of lower-rim tetrasubstituted ethyl ester for this alkali
metal.

Sessler and co-workers have recently prepared complexes 48 and 49 which
are capable of selectively sensing fluoride, giving stability constants for fluoride
of 12,000 and 54,000 M1, respectively, by UV-vis spectrophotometry in DMSO
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[39]. It is proposed that the pyrrole NH protons of the quinoxaline phenan-
throline ligand are rendered more acidic by the electron-withdrawing effect of
the coordinated metal centre, thereby increasing their affinity for fluoride. The
higher stability constant of the cobalt(III) complex 49 is accounted for by its
extra positive charge. In the cyclic voltammetry of 49 in DMSO solution addi-
tion of fluoride led to a complete disappearance of the Co(II)/(III) reduction
wave. Addition of water to this solution restored this redox process, suggesting
that the presence of a strongly bound fluoride anion renders the complex
redox inactive. Chloride and dihydrogenphosphate produced cathodic shifts of
160 and 70 mV, respectively.

The influence of replacing the Ru(II) centre for its heavier congener Os(II)
is illustrated by the series of bimetallic ‘cleft’ complexes 50-52, which are
selective for dihydrogenphosphate over chloride [40]. Stability constants were
measured by 'H NMR in DMSO-dg, revealing that the diosmium complex (52,
K>30,000 M) has the highest affinity for dihydrogenphosphate, followed by
the mixed metal (51, K=22,150 M~!) and the diruthenium (50, K=15,480 M')
receptors. This suggests that the Lewis acidic {(bpy),0s**} moiety is a particu-
larly efficient centre for dihydrogenphosphate binding.

[Ru(bpy);]** macrocycles 53-56 bind anions with similar strength to the
cleft complexes 50-52 [41]. The results of 'H NMR studies in DMSO-ds demon-
strated that 53, with the smallest macrocyclic cavity, binds acetate preferen-
tially to chloride, whereas the larger macrocycles 54-56 show the opposite
trend. Remarkably, 53-56 were also found to bind chloride preferentially to
dihydrogenphosphate. The presence of a second positively charged metal moi-
ety leads to increased overall anion stability constants for 55 and 56. Receptor
55 displays outstanding selectivity, with a stability constant for chloride of
40,000 M™! and no measurable affinity for dihydrogenphosphate. The substi-
tution of one Ru(II) centre for Os(II) in 56 results in both an increased stabil-
ity constant for the chloride complex and a diminished affinity for acetate - in
effect an increase in selectivity between the two anions. The results of electro-
chemical measurements on the complexes in acetonitrile solution confirmed
the pattern of anion selectivity, generating a maximum anion-induced cathodic
shift in the first bpy redox wave of 125 mV for 56 in the presence of chloride.
Complexes 53-56 were also found to sense chloride by luminescence en-
hancement. The rate of non-radiative decay of the [Ru(bpy);]** excited state is
thought to be lessened by the rigidifying effect of the chloride anion binding
to the macrocycle.

Bis-terpyridine iridium(III) has been used as a reporter group in anion
sensing. In aqueous solution isomers 57 and 58 both exhibit halide-induced
luminescence quenching with selectivity for chloride [42]. Receptor 58, al-
though less sensitive than 57, is reported to possess good characteristics for
sensing chloride at physiologically relevant concentrations.
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58

3.2
Rhenium(l) Tricarbonyl Chloride-Based Receptors

Complexes of rhenium(I) tricarbonyl chloride with pyridyl ligands are often
luminophores and hence in anion sensing have principally been used as re-
porter groups. In many cases this Re(I) fragment is compatible with the same
bipyridyl receptor ligands that have been used in [Ru(bpy);]** examples.

For instance 59, the Re(I) bipyridyl analogue of receptor 43, also selectively
senses acetate anions [37]. The lack of an electrostatic interaction accounts for
a significantly lower stability constant for acetate (from 'H NMR titrations
K=1,790 M!in deuterated DMSO solution) and hence a smaller luminescence
response than its [Ru(bpy);]** counterpart.

Receptor 60 possesses similar ion-pair sensing properties to its [Ru(bpy),]**
analogue 47 [38]. The neutral receptor naturally showed lower overall stability
constants for halides, but the anion binding enhancement observed on the ad-
dition of Li* or Na* was increased, with a 60-fold enhancement in the stability
constant for bromide in the presence of Li*.

The Re(I) bipyridyl unit has been exploited in another series of ion-pair sen-
sors. Molecules 61-64 incorporate crown ether components to act as cation
receptors [43, 44]. 'H NMR titrations revealed 61-64 to be selective for acetate
over chloride. In all the receptors (except 62 and 64 with acetate) enhanced bind-
ing was observed in the presence of K* cations. The degree of enhancement is
lower in the xylyl-spaced molecules 62 and 64 (40-50%) than in 61 and 63
(80-110%).1It is also small compared to that seen in the calix[4]arene receptor 60.
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Lees and co-workers have investigated Re(I) bipyridyl anion hosts based on
aryl bisamide skeletons 65-67 [45]. Measurement of anion-induced lumines-
cence quenching in CH,Cl, showed 65 to have strong binding affinities for
halides, acetate and cyanide, weaker affinity for dihydrogenphosphate, and even
less affinity for nitrate and perchlorate. The iso- and terephthalamide receptors
66 and 67 possess smaller stability constants for all the anions tested. It is pro-
posed that the anion sensing efficiency of 65 is due to intramolecular hydrogen
bonding holding the receptor in a ‘cleft’ conformation.
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3.3
Receptors Based on Other Transition Metals (Including Group 12)

Complexes of the late transition metals are well studied in anion sensing; much
of the work has been pioneered by Fabbrizzi and co-workers. As well as pro-
viding an electrochemical or optical signalling function the Lewis acid metal
ion can act as a binding site for the anion. In addition, the metal ion often forms
an organisational unit designed to create a receptor of a specific shape. In or-
der to harness metal-anion interactions for anion sensing, the binding proper-
ties of the metal must be modulated by an ancillary ligand. In this way one or
two vacant coordination sites can be made available for the incoming anion,
and other elements appended to allow signalling or modified selectivity.

In complexes with simple tripodal amines such as 68 and 69, zinc(II) forms
five-coordinate metal complexes of trigonal bipyramidal geometry, which
leaves one of the axial positions of the metal available for anion binding. The
Zn(II) complex of 68 was found to undergo quenching (by photoinduced elec-
tron transfer) of the anthracene fluorescent emission in the presence of aromatic
carboxylate anions such as 4-N,N-dimethylaminebenzoate in ethanol solution
[46]. Complete quenching was observed at the 1:1 anion-to-receptor ratio and
log K of the association equilibrium was measured as 5.45. Likewise the Zn(II)
complex of 69 was found to form 1:1 adducts with carboxylate anions in
methanol solution, with log K values ranging from 4 to 5 [47]. Only aromatic
carboxylates induced quenching of the ligand luminescence.

The bis(boradiazaindacene)-substituted bipyridine ligand 70 is highly
fluorescent in organic solvents whereas its Zn(II) complex is not [48]. It was
found that the complex progressively regained its fluorescent emission when it
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70

was titrated with various anions in acetonitrile. Stability constants for the
anion-receptor complexes were calculated for fluoride (4,160 M), chloride
(3,230 M), bromide (2,500 M!), acetate (4,760 M!) and phosphate (4,000 M™1).
Decomplexation of the chelated Zn(II) ion from 70 by the weakly coordinating
anions was ruled out as the sensing mechanism. It is proposed that the quench-
ing of the ligand luminescence by electron transfer to the Zn(II) centre is
inhibited by anion coordination.

Fabbrizzi and co-workers have demonstrated the use of bis-copper(II)
cryptates to sense ambidentate anions [49]. On titrating molecule 71 with NaN,
in aqueous solution, the colour changed from pale blue to bright green and an
anion-metal LMCT absorption appeared at 400 nm. X-ray diffraction studies
have shown that the azide anion is held colinear with the two Cu(II) centres,
coordinated through the two terminal sp*-hybridised nitrogen atoms. Stability
constants for 71 with a variety of anions in aqueous solution were calculated
and the selectivity of this anion sensor was found to be controlled by the bite
distance between the two copper atoms (Fig. 1).

Cryptate 72, in which the aryl spacer of 71 is replaced with a furanyl unit,
acts a colorimetric sensor for anions. UV-vis titrations in aqueous solution
gave log K values for the 1:1 halide/receptor adducts of 3.98 for chloride, 3.01
for bromide and 2.39 for iodide. X-ray diffraction studies confirm that bromide
is held between the two copper atoms. Under the same conditions 72 also in-
teracts strongly with azide (log K=4.7) and thiocyanate (log K=4.28) anions.
This receptor is interesting because of its lack of selectivity compared to 71. The
complex appears to be able to expand and contract its bite length in order to
accommodate anions of various sizes.

The use of this class of receptors in practical applications is limited by the
small changes in UV-vis absorption which indicate anion binding. To over-
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Fig.1 Geometrical selectivity in the recognition of polyatomic anions by 71. Log K values
of stability constants determined in an aqueous solution buffered at pH 8. Bite length refers
to the distance of the two coordinating donor atoms of the ambidentate anion. Reproduced

with permission from [49]
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come this problem of sensitivity a chemosensing ensemble approach has been
applied. The fluorescent indicator coumarin 343 carries a carboxylate group,
which allows it to be bound by 71 in a 1:1 complex (log K,,,=4.8) with complete
quenching of the luminescent emission [50]. Titration of a solution containing
0.2 mM 71 and 0.1 pM coumarin 343 with hydrogencarbonate, azide or cyanate
anions resulted in complete recovery of the indicator luminescence. Anions
with a lower affinity for the receptor were unable to displace the coumarin 343
and produced only a slight luminescence enhancement. The usefulness of this
chemosensing ensemble was demonstrated by the quantitative determination
of carbonate in mineral water. Using the same principle Han and Kim have
recently reported a chemosensing ensemble made up of the dizinc complex 73
and pyrocatechol violet which is selective for phosphate [51].

74 R = CHoNH3*
76 R=H

Anslyn and co-workers have developed a series of tripodal Cu(II) complexes
74 and 75 in which the metal ion and three cationic organic groups form a
tetrahedral cavity designed to host phosphate [52]. Receptor 74 is built from the
tris(2-ethylamino)amine skeleton with appended benzylamine groups. UV-vis
anion titrations were carried out in aqueous solution at pH 7.4 where it can be
assumed the terminal amines are all protonated. Hydrogenphosphate and its
congener hydrogenarsenate were found to bind strongly in a 1:1 anion/host
ratio, both with a log K value of 4.40. Perrhenate was bound an order of mag-
nitude less strongly and the affinity for chloride was too small to measure.
Model complex 76, which has no ammonium groups, gave a log K value of 2.95
with hydrogenphosphate, indicating that the Cu(II)-anion interaction con-
tributes significantly to anion binding. Receptor 75 follows the same design
principle, this time incorporating guanidinium binding units with a tris-[(2-
pyridyl)methyl]amine skeleton. Log K values for hydrogenphosphate and
hydrogenarsenate were found to be 4.18 and 4.23, respectively. Other anions,
including perrhenate, had no significant affinity for 75. It is apparent that the
guanidinium groups are responsible for the improved selectivity of this recep-
tor for phosphate. In a separate study the driving force for hydrogenphosphate
binding was found to be entropic for receptor 74, but enthalpic for receptor 75
[53]. Partnered with the colorimetric indicator 5-(and 6)-carboxyfluorescein,
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receptor 75 provides an effective chemosensing ensemble for the determination
of inorganic phosphate in serum and saliva [54].

Cadmium(II), the heavier congener of zinc(II), can also act as a coordination
site for anion binding. Mizukami et al. employed a novel approach with recep-
tor 77, by covalently attaching the coumarin indicator group of a chemosensing
ensemble to a macrocyclic Cd(II) anion receptor [55]. It is designed such that
anions will displace the nitrogen of the aromatic fluorophore from the coordi-
nation sphere of the Cd(II) centre. In aqueous solution as the receptor was
titrated with pyrophosphate, the luminescent emission of the molecule was
observed to shift gradually from 342 to 383 nm. Receptor 77 shows a high de-
gree of selectivity for pyrophosphate, citrate, ATP and ADP with log K values
in the range 4-5. It worthy of note that the Zn(II) analogue of 77 was found to
be ineffective for anion sensing.

An interesting development has been the self-assembly of metallo-dithio-
carbamate macrocyclic receptors for electrochemical anion sensing. The naph-
thyl-based Cu(II) macrocycle 78 displays a cathodic shift of 85 mV in the
Cu(II)/(III) redox couple in the presence of hydrogenphosphate or perrhenate,
but gives no response to halides [56]. It is thought that, like the Cu(II) cryptate
systems, selectivity is controlled by cavity size. Dithiocarbamate receptors
incorporating thiourea and hydrogen-bond donor groups 79-82 have also been
investigated [57]. UV-vis titrations in DMSO indicated that the Ni(II) macro-
cycle 79 forms strong complexes with acetate with 1:1 stoichiometry, giving a
log B, value of 5.36. Hydrogenphosphate, however, was found to bind in a 2:1
anion/host ratio with alog ; of 4.10 and a log 3, of 9.07. Electrochemical mea-
surements on the Cu(II) macrocycle 80 revealed cathodic shifts in the Cu(II)/
(IIT) couple of up to 160 mV with hydrogenphosphate. The open-chain thiourea
complex 82 preferentially binds carboxylates with typical log 3, values of 6. The
electrochemical anion sensing properties of dithiocarbamate cryptands 83
and 84 in dichloromethane solution have also been investigated [58]. The irre-
versible Co(IV)/Co(III) redox couple of the complexes was found to undergo
significant anion-induced cathodic perturbation: up to a maximum of 125 mV
for 84 with dihydrogenphosphate.
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3.4
Receptors Based on Lanthanide(lll) Complexes

Given their favourable luminescence properties and propensity to coordinate
oxy-anions, it is perhaps surprising that complexes of lanthanide(III) ions have
received comparatively little attention as anion sensors.

Parker and co-workers have reported a novel method for the selective de-
tection of carboxy anions by time-delayed luminescence using the Eu(III) and
Tb(III) complexes of 85 [59]. Luminescence measurements on the coordina-
tively unsaturated complexes in aqueous solution showed significant increases
in lifetime and emission intensity in the presence of anions. This behaviour is
consistent with the anions displacing water from the non-ligated coordination
sites at the metal centre. Studies allowed the number of water molecules (g)
remaining coordinated in the presence of added anions to be estimated. For the
triflate salt of the Eu(III) receptor g=2.14, whereas with hydrogencarbonate
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q=0.34 and with hydrogenphosphate q=0.74. The selectivity for hydrogencar-
bonate reflects the ability of this anion to chelate the Eu(III) centre, whereas
hydrogenphosphate prefers to bind in a monodentate fashion. This behaviour
is also pH-dependent (pK, HCO3/H,C03=6.38) so that for a given starting
bicarbonate concentration, a pH-dependent lifetime and emission intensity was
observed [60].

Other groups have subsequently reported anion receptors that work on the
same principle. For instance, an Eu(III) complex of the bis-bipyridinephen-
ylphosphine oxide ligand 86 made by Ziessel and co-workers is able to sense
anions by luminescence enhancement in acetonitrile, with stability constants
which follow the trend fluoride>acetate>chloride>nitrate [61]. Tsukube and
co-workers have investigated the properties of the Eu(III) and Tb(III) com-
plexes of the chiral ligand 87 [62]. Anion binding was assessed by profiling
luminescence enhancement in acetonitrile, and it was found that the different
metal centres provided different selectivities. The emission at 548 nm of the
Tb(III) complex was increased by 5.5 times in the presence of 3 equivalents of
chloride compared to 2.2 for nitrate and 1.1 for acetate. Conversely the emis-
sion at 618 nm of the Eu(III) complex was increased 8.3 times by 3 equivalents
of nitrate, 2.5 times for chloride and 1.0 times for acetate. Stability constants
were not reported.

The same group most recently reported the use of neutral lanthanide(III)
tris-diketonates of type 88 for the determination of chloride [63]. The response
in luminescence of the Eu(III) complex for chloride in acetonitrile solution was
large enough to be seen by the naked eye. Incorporation of the complexes in
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PVC membrane electrodes allowed measurement of potentiometric selectivity
coefficients. These showed the Eu(III) complex to be more selective for chloride
than the Pr(III), Dy(III) or Yb(III) analogues.

4
Mixed-Metal Receptors

Combining the different properties of the types of metallo-receptor described
above can lead to added anion-sensing functionality. For instance, the incor-
poration of phosphine groups into ferrocene-amide receptor 89 allowed the
coordination of various transition metals to generate mixed-metal complexes
90-92 [64]. '"H NMR titrations were carried out and the stability constants
of these receptors with various anions in CD,Cl, were calculated. The neutral
molecules 90 and 91 were found to bind chloride approximately an order of
magnitude more strongly than the parent phosphine (89). The complexes of the
metallated molecules with chloride, bromide, iodide and hydrogenphosphate
were also found to be more stable, but to a lesser extent. These results demon-
strate that the presence of a Lewis acid metal centre enhances anion binding.
The stability constants of cationic complex 92 for the same anions was found
to be an order of magnitude higher again, illustrating once more the influence
of electrostatic attraction. In the electrochemistry of the complexes with chlo-
ride, bromide and hydrogensulphate in acetonitrile/dichloromethane solution,
significant cathodic shifts of both the ferrocene/ferrocenium couple and oxi-
dation wave of the metal were observed.
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Receptor 93 incorporates a zinc porphyrin backbone with four ferrocene
amides [65]. This shares the design of the cobaltocenium receptor 4, except that
now a zinc atom occupies the centre of the porphyrin. The Lewis acid metal
centre provides an additional binding site for anion recognition. In dichloro-
methane solution no significant anion-induced shifts in the '"H NMR signals
of the amide protons were seen in the free-base precursor of 93, whereas the

H H
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_ N/‘\N/|HH H Fe 6 2
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metalloporphyrin binds bromide (K=6,200 M), nitrate (K=2,300 M™!) and
hydrogenphosphate (K=2,100 M™!). Electrochemical studies in 3:2 dichloro-
methane/acetonitrile revealed anion-induced cathodic shifts in both the por-
phyrin (AE=85-115 mV) and tetraferrocene (AE=20-60 mV) oxidation waves.
The trend in magnitude of AE for the porphyrin oxidation wave is hydrogen-
sulphate>chloride>bromide>nitrate, reflecting the polarising power, i.e. charge-
to-radius ratio of the anionic guest species. Atropisomers of 93 (other than the
a,a,a,a-atropisomer) were also studied. These displayed different selectivity
and overall lower stability constants.

Macrocycles 94 and 95 incorporate the [Ru(bpy);]* moiety with a bridg-
ing ferrocene or cobaltocenium unit, respectively [41]. In DMSO-d, solution
these receptors were found to exhibit similar anion sensing properties to their
bis-Ru(II) and Ru(II)/Os(1I) analogues 55 and 56, with stability constants
of comparable magnitude and selectivity for chloride over acetate and dihy-
drogenphosphate. The [Ru(bpy);]* luminescence emission quantum yield,
however, is about five times lower for 94 and 95 in acetonitrile solution,
indicating intramolecular quenching due to the appended organometallic
unit. For 95 this results in a 100% increase in emission intensity in the pres-
ence of chloride. The ferrocene/ferrocenium and cobaltocene/cobaltoce-
nium redox couples of 94 and 95 were determined to be more sensitive to
anion binding than the bpy redox couple in the same receptor. For instance,
chloride induces a cathodic shift of 60 mV in the ferrocene/ferrocenium
couple of 94 in acetonitrile solution, whereas the bpy couple changes by only
40 mV.

The mixed Re(I)/Pd(II) molecular square 96 has been found to sense per-
chlorate in acetone (giving K=900 M) by enhancement of the Re(I) lumines-
cent emission [66]. In this case luminescence quenching by oxidative transfer
to the Pd(II) ion is inhibited by the bound anion. The Pd(II) ion also plays a role
as a structural element and charge carrier. Squares 97-101 are very similar, but
incorporate a bis-phosphinylferrocene-supporting ligand [67]. Again the nor-
mally strong luminescence of the Re(I) component is partially quenched by the
bimetallic corners. Binding studies of the squares and different inorganic
anions were carried out by luminescence titrations in acetone solution. Of the
anions investigated, viz., perchlorate, acetate, trifluoroacetate, hexafluorophos-
phate and tetrafluoroborate, only the latter two induced significant changes
in luminescence. As these anions were added an initial decrease in emission
intensity was followed by an increase to a plateau. This is taken to indicate the
presence of two competing quenching pathways which are inhibited to differ-
ent extents by anion binding.

A very unusual mixed-metal receptor has been prepared by Jurkschat and
co-workers [68]. Macrocycle 102 comprises two ferrocene reporter units linked
together by two Lewis acidic organotin spacers. Electrochemical measurements
in dichloromethane solution show anion-induced cathodic shifts of the fer-
rocene/ferrocenium redox couple of 130 mV for chloride, 210 mV for fluoride
and 480 mV for dihydrogenphosphate.
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5
Metallo-Dendrimers, Functionalised Nanoparticles and Surface Effects

A recent significant advance in the development of metal-based anion sensors
has been their incorporation into nanostructured surfaces. Preorganised
groups of closely spaced metallo-receptors, e.g. at the periphery of a dendrimer
molecule or gold nanoparticle, have been found to exhibit significantly en-
hanced anion binding. The attachment of redox-active metallo-receptors to
electrode surfaces allows similarly augmented anion binding and represents a
potential route for the fabrication of anion-sensing devices.

5.1
Metallo-Dendrimers

Astruc and co-workers are pioneers in this area and have synthesised den-
drimers 103-105, incorporating up to 18 amido-ferrocene units, which are able
to electrochemically sense anions in dichloromethane solution [69]. In the
higher dendrimer the selectivity trend is dihydrogenphosphate>hydrogensul-
phate>chloride>nitrate. Evidence of a dendritic effect was observed in the re-
dox response of the consecutive dendrimer generations in the presence of di-
hydrogenphosphate or hydrogensulphate. As the number of amido-ferrocene
units increases, so does the magnitude of the cathodic shift in the ferrocene/fer-
rocenium couple. Calculated stability constants for the hydrogensulphate com-
plexes of generations 104 and 105 in dichloromethane solution are reported to
be 9,390 and 216,900 M}, respectively.

Kaifer and co-workers have produced a similar dendrimer series based on
a commercial DSM polyamine core with 4, 8, 16 and 32 peripheral ferrocenyl
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urea groups as the anion-sensing component [70]. No stability constants are re-
ported, but cathodic shifts in the redox response of the ferrocene/ferrocenium
couple with various anions in DMSO show a similar selectivity trend to 103-105.
In this case the data suggest that two ferrocene urea arms bind a single dihy-
drogenphosphate anion. The dendritic effect was observed in the change from
the first (four ferrocene units) to second (eight ferrocene units) generation
dendrimers. No further increase in response was seen in the third generation
and the fourth generation dendrimer showed a decreased response, presum-
ably due to steric crowding.

Astruc and co-workers have recently investigated five generations of pen-
tamethylamidoferrocene dendrimers using the DSM polyamine core [71]. The
pentamethyl-substituted ferrocene was chosen to overcome the irreversible
electrochemistry and electrode adsorption occurring with 103-105. In this new
series the dendritic effect seen in the electrochemistry in DMF solution varied
according to the anion studied. In changing from lower to higher dendrimer
generations, modest increases in the anion-induced cathodic shift of the fer-
rocene/ferrocenium couple were observed with dihydrogenphosphate, whereas
with ATP?- anion binding progressed from weak to relatively strong. This is
perhaps due to the binding stoichiometry of the ATP?*~ anion being 1:2 anion/
ferrocene unit compared to 1:1 for dihydrogenphosphate.
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5.2
Metal-Based Receptors at Electrode Surfaces

Preorganisation of redox anion sensors on electrode surfaces is a promising
new technique for electrochemical anion sensing. Self-assembled monolayers
or thin polymer films of metal-based receptors have the potential to generate
an amplified response to anion binding akin to the dendritic effect.

Beer and co-workers have investigated this concept using self-assembled
monolayers of the 1,1’-bis(alkyl-N-amido)ferrocene 106 on gold electrodes [72].
The pendant disulphide groups serve to covalently anchor the receptor to the
gold surface. In electrochemical experiments on 106 in acetonitrile/dichloro-
methane solution, anion-induced cathodic shifts of the ferrocene/ferrocenium
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redox couple were observed for chloride (40 mV), bromide (20 mV) and hy-
drogenphosphate (210 mV). When confined to a monolayer the anion-induced
shifts measured were 100 mV for chloride, 30 mV for bromide and 300 mV
for hydrogenphosphate in the same solvent system - consistently greater
than for the solution-phase receptor. This represents a significant ‘surface sens-
ing amplification’. The modified electrodes were also able to selectively detect
hydrogenphosphate in the presence of a 100-fold excess of halide. In aqueous
solution the selectivity of the system was altered, enabling the detection of the
poorly hydrated anion perrhenate in the presence of hydrogenphosphate.

A number of groups have been exploring the anion sensing of thin polymer
films which incorporate organometallic receptors. Monomer 107 incorporates
a cobaltocenium amide reporter with a polymerisable pyrrole unit. Thin films
of the receptor were prepared by electropolymerisation on a platinum or
carbon electrode [73]. In electrochemical experiments on 107 in acetonitrile
solution significant anion-induced cathodic shifts of the cobaltocene/cobalt-
ocenium redox couple were observed only for dihydrogenphosphate (45 mV)
and hydrogensulphate (20 mV). When confined to a polymer film the anion-in-
duced shifts measured were 210 mV for dihydrogenphosphate and 250 mV for
hydrogensulphate. Chloride and bromide could also be detected, both giving
shifts of 20 mV. Polymerisation of 107, as well as giving rise to surface sensing
amplification, also results in a change in selectivity from dihydrogenphosphate
to hydrogensulphate. It was also found that film thickness influences the sensi-
tivity of the sensor. Thin films (I'=1.8%10~° mol cm~2) exhibit higher sensitiv-
ity to hydrogenphosphate at low concentrations (<50 pM), whereas thick films
(I'=2.7x10"® mol cm™2) extend the measurable concentration range to high con-
centrations (up to 2 mM).

Films of the analogous ferrocene monomer 108 have been examined by
Moutet and co-workers [74]. Anion-induced shifts of the ferrocene/ferro-
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cenium couple were measured in acetonitrile for hydrogensulphate (30 mV),
ATP* (180 mV) and hydrogenphosphate (220 mV). Again this represents a
surface sensing amplification. The same group has recently explored the an-
ion sensing properties of viologen 109 in thin polymer films [75]. In aqueous
solution poly-109 registered small anion-induced cathodic shifts of the fer-
rocene/ferrocenium redox couple, with hydrogensulphate (20 mV), S,0%
(10 mV) and ATP?- (35 mV).

5.3
Nanoparticle-Based Sensors

Metal-based receptors which are able to form preorganised monolayers on pla-
nar electrodes can be expected to do the same on the surface of nanoparticles,
leading to a surface sensing amplification effect. The very large surface area of
nanoparticles could also allow greater overall sensitivity to anions.

Astruc and co-workers have prepared the amidoferrocenylalkylthiol (AFAT)-
gold nanoparticle system depicted as 110 [76]. The proportion of AFAT to
dodecanethiol obtained by ligand substitution on different batches of dode-

110
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canethiol-stabilised nanoparticles ranged from 7 to 38%, corresponding to an
average of 8-39 AFAT units per nanoparticle. Electrochemical measurements
in dichloromethane solution show a single reversible redox wave for the fer-
rocene/ferrocenium couple at identical potential in each case. Addition of
dihydrogenphosphate led to the appearance of a new redox wave (220 mV ca-
thodically shifted) at the expense of the initial wave, which was completely
replaced at 1 equivalent of anion per AFAT branch, indicative of 1:1 anion/
branch binding. The cathodic shift is the same irrespective of the AFAT loading
and is considerably larger than that observed for the comparable amido-
ferrocene monomer FcCONHCH,CH,OPh (45 mV) or even a representative
ferrocene tripod PhC(CH,CH,CH,NHCOFc); (110 mV).

_© \N)_@

111R= Fe 112R= H Fe
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The same group has also investigated the anion sensing properties of gold
nanoparticles 111 and 112 substituted with dendrons comprising three amido-
ferrocene or silyl ferrocene branches [77]. The surface loadings of 111 and 112
were 3 and 4.8%, respectively, corresponding to an average of three and five
dendrons per nanoparticle. Nanoparticles of type 111 show very similar prop-
erties to the AFAT-modified nanoparticles 110, with a dihydrogenphosphate-
induced cathodic shift of 210 mV in dichloromethane solution. Despite lacking
any hydrogen bonding groups, the nanoparticles dendronised with silyl fer-
rocenes 112 gave a dihydrogenphosphate-induced cathodic shift of 110 mV in
the same solvent.

Very recently Beer and co-workers have developed a surface-enhanced
optical anion sensor based on gold nanoparticles [78]. Dodecanethiol-stablised
gold nanoparticles were modified by ligand substitution with a disulphide-sub-
stituted zinc porphyrin 113 to provide 30 and 80 receptors per nanoparticle.
Titration of both the free receptor and the modified nanoparticles with various

Table 2 Stability constant (log K) data for free and nanoparticle- bound 113 in dichloro-
methane solution, errors +0.1

Anion 113 113 nanoparticles?
Cl- >6 >6

Br- 4.1 5.0

I 3.2 4.0

NO; 24 3.2

H,PO; >6 >6

Clo; 0 0

2 Stability constant values for the 1:1 porphyrin:anion complex on the nanoparticle surface.
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anions in dichloromethane or DMSO solution revealed significant changes in
the intense porphyrin absorption bands. Calculated stability constants are
given in Table 2 and reveal highly enhanced anion binding affinities (up to two
orders of magnitude with chloride and dihydrogenphosphate in DMSO solu-
tion) for the surface-bound porphyrin receptor with respect to the free metal-
loporphyrin.

6
Conclusion

Metal-based receptors continue to play a fundamental part in anion sensing
chemistry. The useful physicochemical properties of metal ions in the form of
organometallic or coordination complexes have allowed them to be used as mul-
tifunctional components in anion receptors. Metal moieties are able to combine
roles such as reporter groups, anion binding sites and structural components in
ways which cannot be achieved by simple organic structures. Although relatively
little studied, lanthanide(III) ions have great potential for use in anion receptors
and are due to receive far greater attention. Another significant recent advance
has been the incorporation of metallo-receptors into nanostructures such as
dendrimers, nanoparticles, thin polymer films and self-assembled monolayers.
The origin and development of the anion ‘surface sensing amplification’
observed in these preorganised systems is certain to attract great interest in the
future.
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Abstract Chromogenic sensors for anions generally consist of two parts: anion receptors
and chromophores. In this review, six types of chromogenic anion sensors are described,
namely, NH-based hydrogen bonding, Lewis acid, metal-ion template, transition metal com-
plexes, chromogenic guest displacement, and chromoreactands. The first four types possess
anion receptors attached directly to the chromophores, while the guest displacement tech-
niques employ indicators that are replaced by specific anions. The last type has emerged
recently and uses specific reactions between chromogenic hosts or indicators and particular
anions to cause dramatic color changes.

Keywords Chromogenic anion sensor - Colorimetric anion sensor
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Abbreviations

AcO~ Acetate anion

ATP Adenosine triphosphate
ADP Adenosine diphosphate
A- Anion

DMSO-dg Deuterated dimethyl sulfoxide

DMF Dimethylformamide

DMSO  Dimethyl sulfoxide

EDOT Ethylenedioxythiophene

EDTA*  Ethylenediaminetetraacetate

GMP Guanosine monophosphate

h Hour(s)

'TH NMR Proton nuclear magnetic resonance spectroscopy

H-bpmp  2,6-Bis{[bis(2-pyridylmethyl)amino]methyl}-4-methylphenol
HEPES  2-[4-(2-Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid

K, Association constant
M! Per mole

M* Metal ion

Me Methyl

MeOH  Methanol
MLCT Metal-to-ligand charge transfer

mV Millivolt

nm Nanometer

Ph Phenyl

SEM Monotrimethylsilylethoxymethyl
SHE Standard hydrogen electrode
TCNQ  Tetracyanoquinodimethane

THF Tetrahydrofuran

UV-vis  UV-visible spectroscopy

viv Volume by volume

Anax Maximum absorption wavelength
Aem Emission wavelength

Aex Excitation wavelength

1

Introduction

In the field of supramolecular chemistry, the progress in synthetic receptors for
anions [1-5] has attracted considerable attention in recent decades due to the
fact that a large number of biological processes involve molecular recognition
of anionic species. It is thus important to develop techniques for quantifying or
sensing such anions. Nowadays, the development of colorimetric anion sensing
[6-11] is particularly challenging, since visual detection can give immediate
qualitative information and is becoming increasingly appreciated in terms of
quantitative analysis.

One approach to reach an effective anion sensor for biological anions
involves the construction of optical anion sensors. Such a system generally
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Fig.1 Operating principle of chromogenic anion sensors

consists of two parts. One part is an anion binding site employing various
combinations of anion receptor units. Anion receptors can be mainly divided
into two categories: neutral anion receptors and positive-charge anion recep-
tors. Neutral anion receptors employed hydrogen bonding NH-based donors
such as pyrroles, amides, and urea/thioureas or Lewis acids. Positive-charge
anion receptors use ammonium derivatives or guanidinium centers for bind-
ing negative-charge anions. The other is the chromophore part, which converts
the binding events or recognition phenomena to optical signals. These two
parts can be either covalently attached or intermolecularly linked to each other.

The concept of chromogenic anion sensors is illustrated in Fig. 1. The crys-
tal in the figure can be compared to analytes such as anions, and the cup acts
like a receptor that is connected to a light bulb. When the crystal goes into the
cup that fits its shape, the electronic part of the light bulb is perturbed, and the
light bulb will give a different color.

Chromogenic anion sensors can be divided into two main categories: metal
and nonmetal chromogenic hosts. For metal-involved chromogenic hosts, the
changing color comes from the color of metals or metal complexes, especially
transition metal ions, as their electronic properties are perturbed upon
coordination to anions. The other way to generate a chromogenic sensor is to
displace the coordinated chromophore by specific anions. Besides coordination
aspects, the color changes can stem from reactions between chromogenic hosts
or indicators and anions. This type of chromogenic anion sensor can be called
a “chromoreactand”. When the reaction occurs, the conformed host will defi-
nitely change its electronic properties. This, therefore, results in an observable
color change.

2
NH-Based Hydrogen Bonding Chromogenic Hosts

These hosts include simple anion sensor systems containing urea, thiourea,
amine, amide, alcohol, and pyrrole groups linked to chromophores. Chro-
mophores used in this type of chromogenic anion sensors are mainly organic
dyes such as azobenzene, nitrobenzene, indoaniline, and anthraquinone or
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extensively conjugated aromatic compounds such as quinoxaline, oxadiazole,
and porphyrin. The color change occurs upon binding of anion guests that
affect the electronic properties of the chromophores.

Sessler and Miyaji [12] have investigated a number of commercially available
compounds such as 1,2-diaminoanthraquinone, 1,8-diaminoanthraquinone,
4-nitroaniline, 4-nitro-1,2-phenylenediamine, L-leucine-4-nitroanilide, 1-(4-ni-
trophenyl)-2-thiourea, 4-nitrophenol, alizarin, 2,2’-bis(3-hydroxy-1,4-naphtho-
quinone), acid blue 45, naphthol AS, 9(10H)-acridone, and Direct Yellow 50 as
anion sensors in organic solvents such as dichloromethane. These compounds
contain hydrogen bond donors such as amine, amide, alcohol, and urea as anion
binding sites. The compounds also contained chromophore subunits (acting as
an electron acceptor) whose electronic properties were modified as a result of
interactions with a bound anionic substrate (acting as an electron donor). The
NH-based hydrogen bonding chromogenic hosts can be classified as follows.

2.1
Chromogenic Hosts Containing Nitrophenyl Units

Thiourea is an especially good hydrogen bond donor and is an excellent anion
receptor for carboxylate anions. Teramae and coworkers [13] prepared thiourea-
based chromophores with p-nitrophenyl units, 1 and 2. As a result, compounds
1 and 2 were found to be more highly selective for AcO~ than other anions in
1% water:MeCN. The binding properties of 1 and 2 with AcO~ showed that in-
creasing the concentration of AcO~ produced a significant bathochromic shift
in the UV-vis spectra. The stability constant of the AcO~ complex of 1 was
5.6x10° M1, much weaker than that of 2 (K,=3.5%10> M™!). It was evident that
introducing a p-nitrophenyl group into the (p-nitrophenyl)thiourea moiety en-
hanced the hydrogen bonding ability. Likewise, chromophore 2 was then ap-
plied to the colorimetric determination of acetic acid in commercially available
brands of vinegar. The results agreed well with the specification provided by the
suppliers.

NO2 N02
H=N CH3C00" O™ H-N
>:S —_—— _<\ >:S
H-N O'H-N
\ \
R R
CHy

1.R
2. R = p-nitrophenyl

Besides urea and thiourea, amide groups can also form effective chro-
mogenic anion sensors. Jurczak and coworkers [14] have demonstrated the use
of amide groups containing nitrophenyl-macrocycle 3 as a selective colori-
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metric sensor for F~. A DMSO solution of compound 3 showed dramatic color
changes upon addition of F~, AcO~, and H,POj ions. It was found that a colorless
solution of 3 turned dark blue (1=593,708 nm), yellow (1,,.,=375 nm), and yel-
low (A;,,,=384 nm) when exposed to F-, H,POj;,and AcO-, respectively. However,
compound 3 formed a substantially stable 2:1 anion-to-ligand ratio with F~ in
DMSO-dg and CD;CN with K, values of 7.8x10° and 7.5x10% M}, respectively.

The 3,5-dinitrophenyl derivatives of pyrrole 2,5-diamide 4 [15] acted as a se-
lective naked-eye sensor for F~ in MeCN solution, which gives rise to a deep
blue color (A,,,,=598 nm). This color change was due to a deprotonation
process caused by F~ acting as a base and subsequent charge-transfer interac-
tions between the deprotonated pyrrole and the nitroaromatic groups.

0 NO, NO,

i{ 0N D\NH H HN/C[NOQ
OZN\
I O O

The calix[4]pyrroles functionalized with nitrobenzenes 5 and 6 [16] can act
as F~ sensors. These systems bear an appended chromophore directly linked to
the calix[4]pyrrole skeleton through a conjugated C=C triple bond. Upon ad-
dition of tetrabutylammonium F-, solutions of 5 and 6 in CH,Cl, turned from
pale yellow (A,,,,=391 nm) to intense yellow (A,,,,=433 nm) for 5 and from yel-
low (A.=441 nm) to red (A,,,,=498 nm) for 6. In addition, the color changed
from yellow (A,,,,=441 nm) to orange when Cl~ (A,,,,=483 nm) and H,PO;
(Anax=478 nm) were added to a solution of 6.

ON
A A= ON% ONO
5 6
2.2

Chromogenic Hosts Containing Azo Dye Units

Hong and coworkers [17] have recently reported anion coordination with a
nitro-azophenol thiourea-based sensor, compound 7. Association constants for
anion binding were determined by '"H NMR and UV-vis titrations in CDCl,.
H,PO; (K,=2.6x10* M!) and AcO~ (K,=1.9x10* M!) gave stronger complexes
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with 7 than other anions due to their high basicity. Moreover, H,PO; with four
oxygens makes the strongest complexes via multitopic hydrogen-bonding
interactions and these results agreed with those obtained by 'H NMR. The large
downfield shifts of thiourea NH resonances (>2.5 ppm) were detected upon
complexation with H,PO; and AcO". Broadening of the phenol OH resonance
was also observed, indicating its participation in hydrogen-bonding interac-
tions with anions.

In the absence of anions, the UV-vis absorption spectrum of 7 showed an
absorption A ,,=376 nm. Upon addition of H,POj, the peak at 376 nm de-
creased while a new peak appeared at 529 nm, concomitant with a solution
color change from light yellow to deep red. This may be due to electronic exci-
tation through charge transfer from the oxygen donor of the phenol to an ac-
ceptor substituent (-NO,) of the chromophore. The excited state would be
more stabilized by anion binding, resulting in a bathrochromic shift in the ab-
sorption maxima as well as a color change. Changing the substituent at the
thiourea moiety of 7 from butyl groups to nitrobenzene groups in compound
8 [18] allowed the easy colorimetric differentiation of F-, H,POj;, and AcO~
which have similar basicity. The degree of red shift for 8 was determined to be
H,P0O;>AcO=F >Br=Cl">HSO;=I" in CHCl;. The maximum red-shift value
(Amax=538 nm) for H,PO; can be understood on the basis of the guest basicity
and the structure of the complex.

Later, Hong and coworkers changed the signaling unit in compound 7 from
nitroazobenzene to indoaniline [19]. The compound 9, a new chromogenic
indoaniline-thiourea-based sensor, showed significant color and UV-vis spec-
tral changes upon binding anions. Upon the addition of H,PO; or HSOj, the
color of the CHCl; solution changed from blue-green (1,,,,=678 nm) to deep
blue (A,,,,=632 nm). The association constants obtained from UV-vis titra-
tions for complexes of 9 with H,PO; and HSO; in CHCl; are 1.1x10* and
2.5x10* M, respectively. However, addition of AcO~ or F~, which are more ba-
sic anions, caused a less intense color change. In addition, in the case of Cl-,
Br~,and I, no detectable color changes were observed. In the same manner as
in compound 7, compound 9 possesses four NH urea moieties and allows the
selective colorimetric detection of tetrahedral oxoanions such as HSO; and
H,PO;.
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2.3
Chromogenic Hosts Containing Naphthalimide Units

The receptors 10-13, which contain naphthalimide groups, can act as chro-
mophores and show recognition of anion especially F~ in DMSO. Upon addition
of F~ to the solution of 10 [20], a 1:2 complex was found concomitant with the
color change from light yellow to deep purple, while receptors 11-13 [21]
showed color changes from green to purple. These results can be attributed to
strong hydrogen-bonding interactions between the 4-amino moiety of the naph-
thalimide group and F-, or more likely a complete deprotonation. Surprisingly,
color changes of receptors 11-13 reversed gradually with time due to the
fixation of CO, (as HCOj3) by the receptors as 1:1 adducts. This was confirmed
by X-ray crystallography.

. NKO © ol (NK)"o 0 N(o
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Chromogenic Hosts Containing Naphthalene Units

The fluoride-selective chromogenic and fluorescent sensor 14 containing naph-
thalene ureas was synthesized by Lee and coworkers [22]. From UV-visible
studies, the sensor 14 showed a characteristic band at 325 nm. Upon addition
of F~,a new peak at 379 nm occurred in MeCN:DMSO (9:1 v/v). Furthermore,
Aem 0of 14 at 379 nm was shifted to 445 nm upon addition of F~ (K,=14,200 M™).
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Addition of other anions showed the same A, as free 14. "H NMR results sug-
gested that F~ bound four urea NH protons via hydrogen-bonding interactions,
which resulted in the downfield shift of the NH proton signals.

The other dual-sensing receptor based on binaphthalene skeleton 15 [23]
bearing two thiourea groups showed sensing abilities toward F-, AcO~, and
H,PO; in MeCN. A bathochromic shift with unique isosbestic points was ob-
served upon addition of these anions. From fluorescence titrations, the intensity
of A, of 15 at 459 nm decreased and a weak broad emission band around
650 nm occurred upon addition of F~ (K,=2.1x10° M), AcO~ (K,=1.1x10° M),
and H,PO; (K,=5.5%10* M'). X-ray crystallography showed that two naphthyl
rings are placed in the same plane and two thiourea groups are located in the
anti position. The thiourea groups are in the syn-anti conformation due to
formation of intermolecular hydrogen bonds in the solid state. In the solution
state, two naphthyl rings of 15 can freely rotate. The complexation with anions
then induced the rotation of naphthyl rings to form a planar conformer as
shown in Fig. 2, which caused the emission spectrum to move to a longer wave-
length.

15

Fig.2 Proposed hydrogen-bonding interactions between fluoride and receptor 15
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2.5
Chromogenic Hosts Containing Anthraquinone Units

Anthraquinone derivatives 16 and 17 showed potential as off-the-shelf anion
sensors [12]. It was found that 16 had a more dramatic color change than 17
upon addition of anions. The solution of 16 in CH,Cl, changed from yellow
(Anax=478 nm) to dark purple (A,,,,=555 nm), red (A,,,,=519 nm), reddish or-
ange (A,,=513 nm), orange (A,,,,=499 nm), purple (A,,,,=548 nm), and orange
(Anax=493 nm) when exposed to F-, Cl-, Br-, I, H,POj, and HSOj, respectively.
Proposed binding modes of sensors 16 and 17 with anions are presented in

Fig. 3.
d- N

1

[ NH 0 HN O NH,
“CO0 L0
o) o)
16 17

Fig.3 Proposed binding modes of an anion for sensors 16 and 17

Jiménez et al. [24] have synthesized receptors 1,5-bis-N-(9,10-dioxo-9,10-di-
hydroanthracen-1-yl)-N'-butylthiourea 18 and its urea analogue, 1,5-bis-N-
(9,10-diox0-9,10-dihydroanthracen-1-yl)-N’-butylurea 19, by condensation of
1,5-diaminoanthraquinone with butyl isothiocyanate and butyl isocyanate,
respectively.

Compound 18 showed a remarkable color change from orange to brown
(Anax=670 nm) in DMSO upon adding F~. Color changes are most probably due
to a charge-transfer process and electron-rich formation of hydrogen bonds
between thiourea-bound F~ and the electron-deficient anthraquinone moiety.
The anion was believed to form a 2:1 anion-to-ligand ratio as shown in Fig. 4.

Similar to compounds 5 and 6, anthraquinone-functionalized calix[4]pyrroles
20 and 21 can act as F~ sensors [25]. Upon adding F~ to solutions of 20 and 21 in
CH,Cl,, the color of 20 changed from yellow (A,,,,=467 nm) to red (A,,,,=518 nm),
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Fig.4 Proposed hydrogen bond formation between fluoride and sensor 18
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while 21 turned from red (A,,,,=526 nm) to blue (A,,,,=613 nm). The dramatic
color changes were tentatively ascribed to charge-transfer interactions between
electron-rich calix[4]pyrrole-bound anions and electron-deficient anthraquin-
one moieties.

2.6
Chromogenic Hosts Containing Oxadiazole and Benzoxazole Units

Wang and colleagues [26] have synthesized two derivatives of oxadiazole 22 and
23 that were used as anion-fluorescent and -colorimetric sensors. The two com-
pounds showed high selectivity for H,PO; and F~ over CI~ in DME It was found
that compounds 22 and 23 changed their color from colorless (A,,,,=376 nm) to
yellow (A,,,,=400 nm) upon addition of F~ and H,PO; in DMF. Association
constants of 22 with F~ and H,PO; are 8.6x10* and 7.9x10° M, respectively.
Furthermore, compound 23 showed high selectivity toward H,PO; with K,=

1.8x106 M.,
o, L) 0
o ¥
OH oH NN o

22 23

In DMEF solution, the hydroxybenzoxazole-based polymer 24 showed selec-
tive colorimetric sensing ability for F~ over H,POj, Cl-,and HSOj3 [27]. Upon ad-
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dition of F~ to the solution of 24, the color changed from colorless (A,,,,=333 nm)
to yellow (A,,,=420 nm) due to the binding of F~ to this polymer. Therefore,
compound 24 can act as a naked-eye detector for F~ anion.

2.7
Chromogenic Hosts Containing Dipyrroylquinoxaline Units

Sessler and coworkers have recently investigated 2,3-dipyrrol-2’-ylquinoxaline
derivatives 25-27 [28] as potential anion receptors and sensors. The electronic
influence of the functional groups present in the receptor played a crucial role
in its recognition and sensing ability. It was found that receptor 26 had a higher
affinity for F~ (K,=1.2x10° M) than 25 (K,=2x10* M) in CH,Cl,. The solution
of 26 underwent a dramatic color change from yellow to purple in the presence
of F~. Furthermore, receptor 27 showed the lack of a complete NH hydrogen
bond donor. It then displayed a slight change in the optical spectrum.

Ri R,

Q 25. R1=R2=R3=H

N N 26. R1=R3=H, R2=N02
>\_/<® 27.R; =R, =H, Ry = SEM
N Z

ONR HN J

3

The fluorinated dipyrrolylquinoxaline 28 [29] underwent a sharp yellow to
orange color change in the presence of both F~ (K,=61,600 M!) and H,PO;
(K,=17,300 M) anions in CH,Cl,. No changes in color were observed upon
addition of Cl~ (K,=180 M™).

F N\ /N F
F N z F
Y
NH HN

28
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Fig.5 Proposed anion binding modes of receptor 30

Sessler et al. [30] synthesized two novel quinoxaline derivatives bearing
dipyrromethane 29 and tripyrromethane 30. Both compounds were found to
be much better anion receptors not only for F~ (K,=32,000 M™! for 29 and
>1,000,000 M~! for 30), but also for H,PO; (K,=4,300 M! for 29 and 300,000 M~!
for 30) in CH,Cl,. The substantial increase in affinities seen in the case of H,PO;
was ascribed to the greater number of pyrrole NH donors required to bind a
larger anion. In addition, '"H NMR results showed that compound 29 was able to
bind anions using two modes of structure as shown in Fig. 5.

Extended dipyrrolyl quinoxalines 31-34 were synthesized by Anzenbacher
et al. [31] and displayed strong selectivity for F~ and pyrophosphate anions
(HP,027). Addition of these anions to the solutions of 31-34 in CH,Cl, in all
cases resulted in the decrease of absorptions at 400-450 nm concurrent with
the appearance of strong bands around 500-550 nm.

Ar Ar
31. Ar =-Ph
N N

32. Ar = -PhOMe
N/ 33. Ar=EDOT
@ Z ) 34. Ar = -PhN(Me),
NH HN

Recently, Sessler and coworkers [32] have synthesized a quinoxaline-bridged
porphyrinoid 35 that can be used as a naked-eye sensor for F~. Upon addition
of F~ to a 10% DMSO:CH,Cl, solution of compound 35, the color of the solu-
tion changed from pale orange (A,,,=427 nm) to red (A,,,=480 nm) with
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log K,;=11 and log K,,=2.2. The binding of the first fluoride anion makes the
binding of the second somewhat more facile. The change in color is not ob-
served upon addition of Cl-, Br-, NOs3, or HSOj.

One example of the cavitand-based anion sensor, an open-ended host mol-
ecule with a vase-shaped cavity, was synthesized by Rebek and coworkers [33].
In this study, cavitand-based dipyrrolyl quinoxaline compound 36, featuring
four anion-detecting walls, was synthesized and showed a selective binding for
F~and AcO™ in toluene:acetone (4:1 v/v). A dramatic color change from yellow
to dark red was observed. A band at A,,, =420 nm disappeared and two new
bands at A=350 and 490 nm emerged in the UV-vis spectrum.

p 5 o@

36. R= (CH2)10CH3
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2.8
Chromogenic Hosts Containing Porphyrin Units

Starnes et al. [34] synthesized a disulfonamide porphyrin receptor 37. Anion
binding was detected by the perturbations of the porphyrin Soret and Q bands.
The Soret band of 37 at 422 nm showed a red shift upon addition of anions in
CH,Cl, and isosbestic points were observed. Compound 37 was able to bind
F~ via hydrogen bonding from sulfonamide NH protons in a 2:1 anion-to-
ligand ratio with K,,;=255,000 M~! and K,,=1,700 M.
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37

In MeCN solutions, the Soret band of receptor 38 [35] at 425 nm significantly
bathochromically shifted upon addition of H,POj; and hypsochromically shifted
upon addition of Cl, and split into two bands at 430 and 440 nm upon addi-
tion of HSO;. Anions formed 1:1 complexes with 38 via favorable amide
hydrogen-bonding interactions and electrostatic interactions with four cobal-
tocenium moieties.

29
Nanoparticles Containing NH-Based Hydrogen Bonding Chromogenic Hosts

Nowadays, fabrication of chromophore-functionalized gold nanoparticles has
emerged as one of the most exiting research areas, and their possible applica-
tions as anion sensors were also presented by Kamat et al. [36] The amide-func-
tionalized gold nanoparticle 39 [37] was used for optical sensing of H,POj,
HSO;, AcO, NO;3, CI, Br, and I". In CH,Cl,, nanoparticle 39 showed a red-
wine color with a characteristic plasmon band centered at 520 nm. When 0-0.5
equivalents of the anions were added to the solution of 39, the plasmon band
decreased in intensity with a slight red shift in wavelength. This marked de-
crease in the intensity of the band was ascribed to an anion-induced aggre-
gation of 39 through hydrogen bond formation between anions and the
interparticle amide groups. Further addition of anions to 39 solutions caused
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an increase in intensity of this plasmon band, which reflected the desegrega-
tion of the nanoparticle built by 39 and the corresponding anions. This
nanoparticle was capable of optically sensing changes in anion concentration
at a level of 1075 M.

3
Lewis Acid Chromogenic Hosts

This section involves a type of receptor that requires the incorporation of a
defined number and type of Lewis acids, such as B, Zn(II), and Hg(II), into a
molecular skeleton with their electron-deficient sites exposed for interaction
with the lone electron pair of anions.

James and coworkers [38] have synthesized an azo dye molecule with
boronic acid, receptor 40, which can act as a colorimetric sensor for detection

F
HO. \
BJ? HO— /BJ?

HN HO HN

oo
2 G

40
Fig.6 Proposed binding mode of fluoride with 40
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of F~. Upon addition of KCl, KBr, and KI in MeOH solution of 40 the orange
absorbance at 450 nm increased in intensity, while KF caused a dramatic color
change from orange (A,,,,=450 nm) to claret (A,,,,=563 nm) with K,=130 M".
The color change is due to the hybridization change from sp? to sp> when boron
binds F~, as shown in Fig. 6. Tamao and coworkers [39] reported a new type of
multistage sensing of F~ anion based on boron-containing T-conjugating
systems 41-44. The boron atoms in this type of compound possess a unique
LUMO in which m-conjugation is divergently extended through the vacant
p-orbital of the boron atom. Complexation of the boron m-electron systems
with anions would interrupt the m-conjugation extended through the boron
atom, resulting in a dramatic color change. The complexation studies of com-
pounds 41-43 and F~ were carried out using UV-vis spectrophotometry and
showed K,>2.6x10° M in all cases. When F~ anion was added to a THF solu-
tion of each boron-containing compound, a dramatic color change occurred
from colorless to orange for 41 and from yellow to colorless for compounds 42

and 43.
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41. R4 = R, = 9-anthryl
42. R4 = 9-anthryl, R, = mesityl
43. R4 = R, = mesityl 44

The more extended m-electron system 44 has four boron atoms in two dif-
ferent environments. When the concentration of F~ increased, the absorption
at 524 nm decreased, a new band at 474 nm emerged together with a broad
shoulder band around 570 nm, and the color of the solution changed from red
to orange. The UV-vis analysis implied that compound 44 was able to bind
three F~ ions. The three stepwise binding constants in THF solutions are
6.9x10% 9.0x10% and 2.1x10* M}, respectively. The results suggest that the
complexation of F~ in 44 may occur not with the internal boron atom but with
the three peripheral boron atoms instead.

The triarylborane-porphyrin conjugate receptor 45 [40] can bind a F~ ion
concurrent with the change from sp? to sp® hybridization of the boron atom.
The change in the hybridization interrupts both the electronic communication
and the dipolar interaction between the triarylborane and porphyrin unit as
well as the internal charge transfer in the presence of F~. Bathochromic shifts
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of the Soret and Q bands were observed upon addition of F~. No changes in
color were observed upon exposure of 45 to Cl~, Br~, 1", AcO~, or OH".

Martinez-Mdfez and coworkers [41] showed the complex of Hg(II) with
aza-oxa-thia macrocycle 46 can be used for the specific chromogenic sensing
of NOj anion. Addition of NOj3 to the MeCN solution of 46 resulted in a shift of
the 540 nm band to 490 nm, with a concomitant change in color from red to
yellow. UV-vis titrations of 46 with NO3 in CH,Cl, gave a stability constant of
log K=6.2. NMR studies of a 46/NOj system showed a slight shift of signals
assigned to the protons ortho to the azo group. This shift could be related to the
presence of Ti-stacking interactions between the nitrate ion and the p-nitro-
phenylazobenzene group. The selective sensing of nitrate by 46 has found
application in NO3 determination in water.
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Ditopic neutral receptors composed of both a Lewis acid binding site (zinc
porphyrin unit) and a Lewis base binding unit (crown ether moiety) 47 and 48
were reported by Kim and Hong [42]. Such receptors bound only NaCN in a
ditopic fashion. UV-visible titrations between the receptors 47 and 48 with
NaCN in CH,Cl, resulted in a red shift of the Soret band of the zinc porphyrin
units, which were the origin of the color change from red to green in all cases.
The association constants of 47 and 48 complexes with NaCN in DMSO:water
(9:1 v/v) are 5.7x10* and 5.1x10* M, respectively.
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New azophenolurea-containing porphyrin compounds 49-52 for the col-
orimetric sensing of anions were reported by Hong and coworkers [43]. These
compounds contained both Lewis acid centers and urea anion binding sites.
Receptors 49 and 50 show high selectivity for AcO~ and H,PO; in DMSO. The
Soret band at 433 nm shifted to 438 nm when H,PO; was added to the solution
of 50, indicating that a 1:1 complexation occurred with K,=2x10* M-!. Com-
pounds 51 and 52 showed dramatic color changes in CH;CN upon addition of
F~ due to an increased interaction with a nitrophenylazo phenolic OH group.
Furthermore, upon addition of H,POj to the solution of 51, the intensity of the
Soret band decreased concurrent with the appearance of a new band at about
600 nm.

o
N
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4
Metal-lon-Templated Chromogenic Hosts

The intramolecular enrollment of different binding groups can be readily
achieved by a metal template. The basic concept shown in Fig. 7 requires that
individual subunits contain both a metal binding region and an anion binding
site. Addition of a metal ion will cause the coordination of metal binding
regions and the organization of the binding site for anions [44].

Hamilton and coworkers have synthesized bipyridine-bisthiourea subunit
53 in the presence of Fe(II) or Ru(II) ions [45]. These resulted in the forma-

Fig.7 Schematic of binding site organization by metal template effects

or 54. M = Fe(ll)

55. M = Ru(ll)

Fig.8 Proposed binding mode of 54 and 55 with dicarboxylates
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tion of bisthiourea binding regions of complexes 54 and 55 for binding an-
ions, as presented in Fig. 8. Preliminary results showed that complex 55 par-
ticipated in binding with dicarboxylate anions such as glutarate (K,=8.3x
10° M), adipate (K,=2.9x10° M!), and pimelate (K,=6.0x10* M) to differ-
ent extents.

Weiss and coworkers [46] have reported a new receptor for dicarboxylic
acids, related guests to dicarboxylate anions, based on the self-assembly of
functionalized meta-catechol 56 around cis-[Mo00O,]**. UV-vis studies for di-
carboxylic acid binding showed a 1:1 stoichiometry for the complex formation
(Fig. 9). Receptor 57 displayed selectivity for C, and C; dicarboxylic acids. The
stability constants (log K values) of the complex 57 with C, and Cs dicarboxylic
acids in CH;CN are 6.1 and 4.3, respectively. This should be explained by the
free rotation of the CO-phenyl bond enabling the receptor to adapt to the
length of the diacid carbon chain. Furthermore, this receptor exhibited enan-
tioselective recognition of D and L-N-CBz-glutamic acid via directed multiple
hydrogen bonding and lipophilic interactions with topographical control
achieved by the cis-[MoO,]** core.

Fig.9 Proposed binding mode of 57 with dicarboxylic acid
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Furthermore, Hamilton and coworkers [47] synthesized the dicarboxylic
acid receptors 58 and 59. These two receptors consist of a 2,9-disubstituted
phenanthroline bearing one or two acylamino pyridine binding sites, which
can coordinate to a Cu(I) ion. This arrangement was ideally suited to the strong
hydrogen bonding complexation of dicarboxylic acids (Fig. 10), and large
downfield shifts of the NH resonances were observed in an NMR study. Sig-
nificant changes in the UV absorption of 58 and 59 in CHCI; also took place on
addition of glutaric acid, with the color of solution changing from red-orange
to orange-red for 58 and orange to red for 59. The Job’s plot showed 1:1 and 1:2
stoichiometries of complex formation between 58 or 59 and dicarboxylic acids,
respectively. Binding constants for the complexes of 58 with glutaric acid and
pimelic acid measured by '"H NMR in CDCl; are 4.3x10* and 1.6x10* M,
respectively. The chromogenic effect presumably came from a change in the
conjugation of the (benzoylaminopyridyl) side arm of the phenanthroline-
metal system due to conformational changes on guest binding.

+

BF,-

BF,-

CH,

CH3 CH3

M* = Cu(CH5CN)," 59

Fig.10 Proposed binding modes of 58 and 59 with dicarboxylates
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5
Transition Metal Complexes as Chromogenic Hosts

This type of chromogenic sensor utilizes the coordination chemistry of transi-
tion metal complexes, which have vacant binding sites to bind specific anions or
have pendant arms containing anion receptor units. Transition metal complexes
already have their own specific colors due to their different electronic structures.
Coordinating directly to anions or binding of anions by the pendant arms results
in perturbations of their electronic structures and causes color changes.

The dicopper(II) complex 60 [48] was capable of sensing imidazolate anion
over others at pH 9 with log K=4.7 (Fig. 11). Upon addition of imidazolate, the
pale blue color of 60 (A,,,,=640 nm) turned to a more intense blue concurrent
with the absorption band being shifted to 690 nm. In addition, these results
suggest that 60 can detect L-histidine which contains an imidazole moiety
giving intense blue color (log K=5.5).

Fabbrizzi and coworkers reported the synthesis of dicopper(II) complexes of
bis-tren cryptands 61-63. The metal center was coordinated by a tren subunit
oriented to a trigonal bipyramidal geometry which had an available binding site
for anions at a vacant axial position. The complex 61 [49] showed the highest

N, |
WNH
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Fig.11 Proposed binding mode of 60 with imidazolate
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selectivity for N3 anion with log K=4.78 at pH 8 in a 1:1 complex stoichiometry,
with a color change from blue to bright green (A,,,,=400 nm). Receptors 62 and
63 [50] displayed a special affinity for halide ions in a 1:1 stoichiometry. Halide
inclusions could be detected visually by the appearance of an intense bright
yellow color above 400 nm in the spectrum (Cl-, A,,,,=410 nm; Br-, 430 nm, and
I', 440 nm). Compound 63 was not only able to include halide ions but also
linear triatomic anions such as N3 (log K=4.7) and NCS~ (log K=4.28). The aque-
ous solution turned pale blue to intense olive green (A,,,,=386 nm). This was due
to the NH-CH,-C-O torsion angles along the chain arm of 2,5-dimethylfuran
behaving as a spring, which controlled the length of the intermetallic cavity.

Beer and coworkers [51] have combined ferrocene and mixed amide—-amine
moieties for a new anion sensor. The receptor 64 showed a spectacular UV-vis
response to the addition of H,POj in CH;CN, which resulted in hydrogen bond-
ing to the amide units near the ferrocene and caused a large UV perturbation.
The d-d band at 443 nm showed a hypsochromic shift and a hyperchromic
effect. This change was visible to the naked eye with the solution becoming
brighter in color.
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Recently, Miyaji and coworkers [52] reported the chromogenic molecular
switch 65 as a new ditopic ferrocene receptor for anions in the presence of
cations. Upon addition of F- to a solution of 65 in CH;CN, a new absorbance ap-
peared at 472 nm (K,=9,340 M!). Addition of K* to the solution of 65-F caused
areverse behavior and the solution turned colorless. This implied that the color
change was controlled by F~“switches on” and K* “switches off”. This result was
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confirmed by NMR studies in CD;CN. When K* was added to the solution of
65-F-, large upfield shifts of the proton of the urea-NH occurred and shifted
to the position of the free receptor. The results from 'H NMR and UV -vis stud-
ies, therefore, supported the assumption that it was the presence of K* in close
proximity to the fluoride binding center of 65 that caused the color quenching
process. This receptor may thus be applied as an optical device at the molecu-
lar level.

A luminescent Ru(II) metal complex with 2,3-di(1H-2-pyrrolyl)quinoxaline
receptor 66 was reported by Castellano and colleagues [53] to undergo a red
shift in the UV-vis spectrum upon addition of CN~ in 98% CH,Cl,/CH;CN
solution (K,=428,000 M!). The low-lying MLCT absorption (A,,,,=465 nm) and
the high-energy m-m* ligand-based absorptions decreased monotonically
throughout the addition. These absorption features signified that CN~ anion
bound to the metal complex through the dipyrroylquinoxaline receptor.

The receptor 67 [54] shows the sensing of F~ in DMSO. Upon addition of
F~ to the solution of receptor 67 two bands at 323 and 525 nm decreased and a
new band at 652 nm appeared. Furthermore, the color of the solution changed
from red-pink to pale purple. These spectral changes were ascribed to the
formation of a 1:1 adduct between the metal complex and F~ anion, in which
F~ anion bound two dipyrrolylquinoxaline units (K,=54,000 M™'). Receptor 67
was also studied electrochemically by cyclic voltammetry. A clearly reversible
redox signal was observed at 160 mV (vs SHE), which was assigned to the
Co(III)/Co(II) reduction. The addition of F~ led to a complete disappearance

N ZITIZ o

67



Chromogenic Anion Sensors 187

NO, NO,

68 [Zn,(68)1%*

Fig.12 Formation of [Zn,(68)]** complex

of the Co(III)/Co(II) reduction signal due to the formation of a redox-inactive
complex.

The complex of Zn(II) with 68 [55], in which both Zn?* atoms coordinated
to pyridine-nitrogen donors and a phenolate oxygen donor (Fig. 12), displayed
ayellow color at A ,, =417 nm in aqueous solution at pH 7.4. Addition of H,POy,
AcO~, F,HCO;, Cl,HPO?, and citrate to the solution of [Zn,(68)]** did not in-
duce spectral changes. However, addition of pyrophosphate causes a batho-
chromic shift from 417 to 463 nm and a color change from yellow to red. The
result showed that a 1:1 adduct was formed between the complex and pyro-
phosphate anion. Pyrophosphate reacts with [Zn,(68)]** via oxygen to give two
hexacoordinate Zn?* ions. The red shift occurs by the weakening of the bond
between the phenolate oxygen and Zn?** atoms. This increases the negative
charge character of the phenolate oxygen giving a bathochromic shift in the
visible region.

Anslyn and coworkers [56,57] synthesized receptors containing Cu(II) bind-
ing sites with appended ammonium 69 and guanidinium 70 groups. These re-
ceptors showed high affinities for tetrahedral anions such as HPO}  and
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HAsO7" in aqueous solution at pH 7.4. Binding constants of 69 with these guests
had the same value (K,=2.5x10* M™!). However, compound 70 was found to
bind HPOj~ and HAsOj~ with binding constants of K,=1.5x10*and 1.7x10* M,
respectively. Furthermore, the binding of host and guest is proposed through
ion-pairing interactions between the charges of functional groups and between
Cu?* and guest reactions.

1,3,5-Triarylbenzoamido-crown ethers 71 and 72 [58] showed abilities as
naked-eye sensors for F-, H,POj, AcO7, citrate, trimesate, and isophthalate in the
presence of potassium picrate in DMSO:H,0 (1:1 v/v). Upon addition of the
aforementioned anions to a solution of 71-K* or 72-K* picrate, the color of the
solution changed from yellow to green.

8 9 o
R I 0 g
N 0y e
HN.O C Q 0

;@NH O (\O/\ O\\/O\)\NH HN OH g\ofﬁ&>

(0]
HO Q\—/ HO Y HN}O 03
‘@ X0

71 72

6
Displacement of Chromogenic Guests

An alternative method to a covalently attached chromophore is a competition
between the indicator and the analyte in the receptor unit. An indicator is
displaced from the binding site upon addition of an analyte, causing a signal
modulation (Fig. 13). In order to create a sensitive sensing strategy, an indica-
tor must give a large absorption change upon addition to the receptor, since the
subsequent addition of an analyte must lead to a large change in the opposite
direction. The advancement of this method has been described in detail by
Anslyn and his colleagues [59]. Therefore, the work included in Anslyn’s
excellent accounts are not restated.

Indicatar Substrate %
3 O o

Fig.13 Schematic operation of displacement method for a chromogenic sensor
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Gale and coworkers [60] have discovered a very simple displacement
method for a calix[4]pyrrole-based anion receptor. Addition of calix[4]pyrrole
73 to a solution of tetrabutylammonium 4-nitrophenolate in CH,Cl, caused a
decrease in intensity of a UV band at 432 nm, and calix[4]pyrrole-4-nitrophe-
nolate complex 74 was formed. Upon addition of F-, 4-nitrophenolate was dis-
placed from the complex, and the color of the solution changed from colorless
to yellow due to the presence of the free nitrophenolate anion (Fig. 14).

Shao and coworkers [61] have demonstrated that a noncovalent charge-
transfer complex of calix[4]pyrrole-chloranil can be used as a chromogenic
sensor for F~ and H,POj;. Upon addition of calix[4]pyrrole 75 to the solution of
chloranil 76 in chloroform, the color changed from pale yellow to blue. This
indicated the formation of a charge-transfer complex between calix[4]pyrrole
and chloranil in chloroform. The Job’s plot analysis showed a 1:1 complex with

NO,

76
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K,=5.8x1072 M. In the presence of F~ and H,POy, the charge-transfer band,
Amax=622 nm, of the complex 75-76 disappeared, while a new absorption band
appeared around 400-500 nm and the color of the solution turned from blue
to orange-yellow.

Heparin 77, an anticoagulation reagent, is used during cardiopulmonary
bypass surgery. During surgery, heparin is commonly monitored by deter-
mining the activated clotting time (ACT). Zhong and Anslyn [62] have recently
reported a new designed receptor and sensor for heparin possessing a novel
amino acid with a boronic acid side chain, 78. This new receptor showed strong
binding to heparin with good selectivity. Pyrocatechol violet 79 was used as an
indicator for the colorimetric sensing of heparin. The binding of 79 to the
receptor 78 in MeOH/water caused a color change from yellow (A,,,,=430 nm)
to grayish purple (1,,,,=526 nm) with K,=7.1x10> M~'. When heparin replaced
79 and was bound in the cavity of the receptor 78, the color of the solution
turned to yellow (K,=3.8x10* M1).
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The detection of anions such as HPOj~ in water is a challenging task due
to the competing solvation effect between water and anions. Han and Kim
[63] have recently reported a colorimetric sensor that can detect HPO} in
aqueous solution at neutral pH. The dinuclear Zn(II) complex of 2,6-bis{[bis(2-
pyridylmethyl)amino]methyl}-4-methylphenol (H-bpmp) 80 was synthesized.
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Fig.15 Schematic representation of the displacement of 79 from 80 by HPO3-

The Zn(II) H-bpmp is colorless and has good water solubility. In addition, it
can bind HPOj3~ very strongly. The authors used pyrocatechol violet 79, a cate-
chol-type pH-sensitive dye, as a chromogenic indicator for the sensor. When
the solution of complex 80 was titrated into the solution of the indicator, the
color changed from yellow (A,,,,=444 nm) to blue (1,,,,=624 nm) signifying
the binding of 79 to the zinc complex. The addition of HPO?™ to the aqueous
solution of the ensemble resulted in a change of the color from blue to yellow,
indicating free pyrocatechol violet that was replaced by the anion (Fig. 15).
Moreover, other anions failed to cause the color change.

A similar system for detecting pyrophosphate optically in water was created
by Fabbrizzi et al. [64]. The researchers used the Cu(II) complex of the bisdi-
ene macrocycle 3,6,9,16,19,22-hexaazatricyclo[22.2.2.2(11.14)]-triacontal(26),-
11(12),13,24,27,29-hexaene 81 as a receptor for binding anions, dyes such as

81 82
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coumarin 343, 82, and pyrophosphate in their system. The displacement of the
dye from the Cu(II) complex by pyrophosphate gave a naked-eye detectable
change. The detection of carbonate in water was also developed by the same
researchers.

Recently, Guo et al. [65] synthesized selective colorimetric detectors for PO3-
and CO3 based on the assembly of dihydroxymethyl-di-(2-pyrroyl)methane 83
and tetracyanoquinodimethane (TCNQ) 84 in MeCN:H,0 (1:1 v/v). Upon ad-
dition of 83 to the solution of 84, an absorption peak at 397 nm evidently shifted
to 317 nm concurrent with a new absorption band appearing at 627 nm. This
indicated the formation of a 1:1 charge-transfer complex between 83 and 84
with K,=463.4 M~!. Upon addition of PO}~ to the solution of 83-84, the charge-
transfer absorption band at 627 nm markedly decreased and the color changed
from blue to orange. Similarly, the addition of CO3- to the solution of 83-84 in-
duced the color change from blue to pale purple (A,,,,=550 nm) and finally to
orange-yellow after 20 h. These results were caused by the break-up of the
charge-transfer assembly 83-84.

OH OH
NG CN
D 7 /C:ch
\ o ! NC CN
83 84

7
Chromoreactands: Concurrent Recognition and Reaction

Besides the covalent attachment of the chromophore to the receptor units or
displacement of a chromogenic guest, one can employ the advantages of the
selective reactivity between a particular anion and chromogenic hosts, which
will display dramatic color changes. There have been at least nine examples of
these chromoreactands published recently.

The mixture of 85 and methylene blue 86 [66] at pH 3 showed the charac-
teristic blue color (A,,,,=665 nm) of the dye. Upon addition of F-, the oxidation
potential of the redox-active ferrocene unit decreased. Under these conditions,
the ferrocene group was able to reduce the dye as detected by the disappear-
ance of the band at 665 nm. Other anions had no effect on the ferrocene and
dye units. Therefore, this system can be used as a colorimetric detector for
fluoride.
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Fig.16 The chemical structure of receptor 87 and the corresponding bisulfite adduct

Mohr has used 4-N,N-dioctylamino-4’-formyl-2’-nitroazobenzene 87 as a
chromoreactand for selective sensing of hydrogen sulfite (HSO3) [67]. The
aldehyde moiety in 87 is known to interact with hydrogen sulfite by forming a
bisulfite adduct, as shown in Fig. 16. The conversion of the aldehyde into the
bisulfite adduct can bring about a change in the electron acceptor strength.
Consequently, a color change of the formyl dye upon interaction with hydro-
gen sulfite can be noticed. The investigator has demonstrated that in a sensor
layer composed of the chromoreactand and dioctadecylmethylamine in PVC
plasticized by 2-nitrophenyloctyl ether, first with plain buffer of pH 4.9 and
then with buffer containing 30 mM hydrogen sulfite, a shift in absorbance max-
imum from 524 to 484 nm was observed.

Ros-Lis et al. [68] have taken advantage of the selective reactivity toward a
particular reaction that certain anions display. The nucleophilic characteristics
of CN~ allow a reaction with a squaraine dye derivative 88 that results in a
distinct color change. The chromogenic sensing ability of 88 was studied in
acetonitrile in the presence of various anions: F~, Cl-, Br~, 17, NO3, H,PO;, HSOj,
AcO~, Bz0~, CN-, and SCN™. Only CN~ was able to decolorize 88. 'H NMR data
for 88 in CD;CN upon CN~ addition were consistent with CN~ attack on a car-
bon of the four-atom squaraine ring next to the phenyl group. This caused the
rupture of the electronic decolorization with the consequent disappearance of
the 641-nm charge-transfer band.
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The transformation of a reactant to another form by changing the pH of the
solution can be used as a chromogenic sensor. The 1,3,5-triaryl-1,5-pentane-
dione derivative 89 [69] can be readily transformed into the corresponding
pyrylium ion, as shown in Fig. 17. Addition of nitric acid to a solution of 89 in
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89

Fig.17 Transformation of receptor 89 into the pyrylium cation

1,4-dioxane/water caused a dramatic change in color from yellow to magenta.
The changes in absorption spectrum of 89 at neutral pH upon adding anions
such as chloride, bromide, sulfate, phosphate, ATP, ADP, and GMP have also
been studied. However, the most remarkable effect was observed in the pres-
ence of ATP, whereby a bright magenta color was fully developed. Therefore, 89
is a selective chromogenic reagent for sensing ATP.

Sancendn et al. [70] have synthesized a number of colorimetric probes to
discriminate isomeric dicarboxylate anions. A dioxane/water (70:30 v/v) solu-
tion of compound 90 at ca. pH 6 using 0.01 M HEPES buffer is yellow. Upon
addition of oxalate and malonate anions, solutions of compound 90 turned to
red-magenta. Other dicarboxylate anions such as succinate, glutarate, adipate,
pimelate, and suberate did not change the color of the solutions, which remained
yellow. The remarkable color change was a result of the anion-induced selective
cyclization of 90 to give the colored 2,4,6-triphenylpyrylium cation similar to
the one shown in Fig. 17. The solution of 91 in the same solvent and buffer was
yellow in the presence of fumarate (a trans isomer), but turned to magenta in
the presence of maleate (a cis isomer). Specific color change occurred because

R1\N/R2

OO

90. R1 = CHchon, R2 = (CH2CH20)4CHQCH20H
91. R1 = R2 = CH3
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the tweezer-like diacid (cis isomer and oxalate) was able to act as a chelating
ligand toward the hydroxyl group whereas other diacids did not. This shape-
induced recognition enhanced the ease of cyclization to the magenta pyrylium
cation.

A sensor containing a pyrylium-aniline backbone, 92 [71], reacted toward
SH- to give the pyrylium cycle (Fig. 18). Further addition of an acid induced
cyclization and resulted in the corresponding anilinethiopyrylium derivative
93. This transformation induced a charge-transfer color change from magenta
(Amax=540 nm) to blue (A,,,,=580 nm) in water-MeCN (1:1 v/v) that allowed
visual recognition of SH™.

Bachas and coworkers [72] have reported a highly selective optical sensor
for chloride in blood, based on the multidentate Lewis acid ionophore [9]mer-
curacarborand-3, 94. This compound incorporates three electron-deficient
mercury centers within a macrocyclic cavity and, therefore, is selective for chlo-
ride by such a preorganized cavity. In addition, the compound is chemically
stable and hypophilic and, thus, suitable for using as a sensor for Cl™ in blood.
This sensor was constructed by embedding the mercuracarborand, a suitable
acidic lipophilic dye 95, and lipophilic cationic sites in a plasticized polymeric
membrane film. The sensing mechanism was based on anion binding by 94,
followed by a concomitant protonation of the acid dye to ensure electroneu-
trality. Such protonation of the proton chromoionophore led to a large change
in the absorbance of the optical film.

H3C\N/CH3
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Fig.18 Transformation of receptor 92 into the thiopyrylium form in the presence of SH-
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Leclerc et al. [73] have demonstrated that a cationic polymer which consists
of polythiophene derivatives can be a colorimetic sensor for iodide. In aque-
ous solutions, polymer 96 is yellow (A,,,,=406 nm) due to a random coil con-
formation of the polythiophene derivative that leads to a decrease in effective
conjugation through the polythiophene chain. Addition of F-, Cl-, Br-, SO7,
CO%, HCO;3, H,PO;, HPOZ, EDTA*, (C¢H;)B-, and AcO- induced negligible
changes in the UV-visible spectrum of 96. However, addition of I" gave a red
shift of the band centered at 406 to 543 nm (yellow to red-violet). This color
variation was ascribed to iodide promoting the aggregation and planarization
of polymer 96. Furthermore, fluorimetric detection of iodide anion was also
possible because the fluorescence spectrum of 96 in the yellow random coil
form (A,=420 nm, A,,=550 nm) was quenched in the planar aggregated form.
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8
Conclusion

We have summarized six types of chromogenic anion sensors. Many anion
receptors containing different anion binding sites and a plethora of chromo-
phores have been described. Each type has its own advantages and drawbacks.
The NH-based hydrogen bonding-type and Lewis acid-type sensors are simple
and easy to use, but they have a limited use in some media such as water. The
metal ion template type can be alternatively employed as a switchable “on” or
“off” sensor utilizing a metal ion as a switch. The transition metal complex
chromogenic hosts are still waiting for new discoveries. The indicator dis-
placement method is a powerful approach in terms of analytical aspects, but it
is sometimes complicated to use. Therefore, this type of chromogenic sensor,
in particular, needs more development. There should be a lot of space to fill in
this area. The chromoreactand has only recently emerged and definitely needs
more investigation. Overall, chromogenic anion sensing is still a young field
waiting for new disclosures. It is yet a long way to bring these synthetic sensors
or systems to practical use. We optimistically believe that there is a way to
combine the aforementioned approaches to fabricate an ultimate chromogenic
sensor for a particular anion.
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Abstract The guanidinium functionality has been utilized by molecular recognition chemists
as a strong and selective binder for anionic guests. Guanidiniums, because of their high pK,,
offer both hydrogen-bonding and charge-pairing interactions over a wide range of pH.
Strong binding interactions in competitive media have been reported for receptors con-
taining this functionality. Due to the advantageous properties of the guanidinium group, it
has been used in receptor designs for almost every class of small anionic target molecules.
This review article will record the history of this group in supramolecular systems by
cataloging the target analyte classes for which synthetic guanidinium-based anion receptors
have been developed.

Keywords Guanidinium - Molecular recognition - Anion receptor - Sensing -
Supramolecular
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Abbreviations

AMP  Adenosine monophosphate

ATP Adenosine triphosphate

Bpy Bipyridine

cAMP  Cyclic AMP

CD Circular dichroism

d(ApA) 2’-Deoxyadenylyl(3’—5")-2’-deoxyadenosine
EPR Electron paramagnetic resonance spectroscopy
FT-IR  Fourier-transform infrared spectroscopy
GABA  y-Aminobutyric acid

GTP Guanine triphosphate

HIV-1 Human immunodeficiency virus type 1
HPNPP 2-Hydroxypropyl-p-nitrophenyl phosphate
ITC Isothermal titration calorimetry

MLCT Metal-to-ligand charge transfer

mRNA Messenger RNA

NOESY Nuclear Overhauser effect spectroscopy
PAGE  Polyacrylamide gel electrophoresis

PEG  Polyethylene glycol

PET Photoinduced electron transfer

ROE  Rotating Overhauser effect

RRE  Revresponse element

SN Staphylococcal nuclease

TPB Tetraphenylboron

TREN  Tris(2-ethylamino)amine

UMP  Uracil monophosphate

XPS X-ray photoelectron spectroscopy

1
Introduction

Until relatively recently, the field of supramolecular chemistry, more specifically
molecular recognition, has been mainly concerned with the complexation of
cationic guests. In the past 15 years or so, however, there has been a boom in the
literature of synthetic receptors designed to bind interesting anions or zwitteri-
ons. The guanidinium group, which is a carbon bound to two amines and an
iminium, has been shown to be one of the most versatile functionalities for bind-
ing anions via strong noncovalent interactions with several biologically and com-
mercially interesting targets, such as carboxylates, phosphates, carbonates, ni-
trates, flavins, and sulfates. The idea of using guanidiniums for these receptors
arises directly from nature. Enzymes often use the guanidinium-containing side
chain of arginine in their active sites to bind anionic substrates [1-4].

Several factors contribute to the guanidinium’s strong ability to bind anionic
guests. The wide pH range through which the group remains protonated allows
for binding to occur through both hydrogen bonding and charge pairing. The
pK, value of a typical guanidinium lies between 12 and 13, which means that
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at physiological pH, 7-8, the guanidinium remains charged [5, 6]. The second
important factor is the geometry of the group, which allows for better align-
ment of the hydrogen bonds with the diffuse anions listed above than a simple
ammonium. Also, the more delocalized nature of the positive charge in the
guanidinium group allows for better interactions with softer anions such as
sulfates and phosphates than does the hard, localized charge of an ammonium.
With the numerous advantages presented by the guanidinium group for bind-
ing a wide variety of anionic guests, there has been a steady rise in the use of
the group in anion receptor designs. Recently, two reviews on this topic have
been published which focus on the diversity of the receptor design motifs into
which guanidiniums have been incorporated [7, 8]. This review will attempt to
demonstrate the universality of the guanidinium group as an anion binder by
cataloging the myriad anionic targets of guanidinium-containing receptors and
the data and usefulness gleaned from such studies.

2
Phosphates

By far the most extensively sought after class of analytes using guanidiniums is
phosphate derivatives such as inorganic phosphates, synthetic phosphodiesters,
nucleotides, and nucleic acids. The prevalence of the phosphodiester linkage in
biological systems makes the phosphate a very attractive target anion for mol-
ecular recognition chemistry. As mentioned above, because the positive charge
of a guanidinium is rather delocalized and soft, it has a much higher potential
for binding big, soft anions, of which phosphates are a prime example, than does
a charge-localized ammonium group. Interestingly, as will be seen later, very few
instances have been reported of heightened affinity for sulfate binding with
guanidiniums. Because most of the phosphate targets for which receptors have
been designed have some biological significance, the binding studies have been
conducted at physiological pH. In this pH range, a typical phosphate guest is
dianionic. As such, many of the guanidinium-based receptors designed to bind
phosphate guests consist of two guanidinium moieties connected by a linker,
which allows them to orient around the tetrahedral geometry of the anion. For
many of the receptors designed to bind phosphodiester guests, binding studies
are only a preliminary step to the real objective of the design, catalysis of
hydrolytic cleavage. Our discussion of this analyte class will begin with simple
inorganic phosphate and small organic phosphates and move up to binding
and/or hydrolysis of synthetic phosphodiesters and nucleic acids.

2.1
Inorganic Phosphates (H,PO} and P,0%)

Some of the earliest work using guanidiniums for trapping anionic guests dealt
with binding inorganic phosphate. Lehn and coworkers synthesized the three
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guanidinium-containing macrocycles 1, 2,and 3, and characterized their bind-
ing to tribasic phosphate anion by analyzing pH titration curves [9]. They
found that stability constants, K, for the macrocycles were considerably greater
than those for their acyclic control compounds.
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Later work by Schmidtchen’s group using a bicyclic guanidinium core, which
will be seen in many of the later receptor scaffolds, and four appendant arms
capable of hydrogen bond donation, were used to bind a variety of different
guests [10]. Using '"H NMR to watch the shift in the N-H signal, they were able
to determine that 4 bound phosphate with a 1:1 stoichiometry and a very
strong dissociation constant in both acetonitrile and chloroform. Hard evi-
dence of the 1:1 stoichiometry of this host with its analytes was given by a crys-
tal structure of 4 with acetate. This study was particularly important, in that it
demonstrated the versatility of the guanidinium, by showing high binding
affinities for not only phosphates, but also carboxylates and sulfates.
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Another interesting study on a receptor which bound phosphate was con-
ducted almost a decade later by Beer and coworkers. Using the ferrocene-ap-
pended guanidinium 5, they studied the binding of monobasic phosphate and
tetrabasic pyrophosphate by 'H NMR titration [11]. They were unable to fit the
monobasic phosphate binding to a recognizable stoichiometric curve; however,
pyrophosphate was found to bind in a 2:1 (host:guest) stoichiometry with an
affinity of 4.6x10°> M~ in 50/50 H,0/MeOH. Interestingly, receptor 5 was



Abiotic Guanidinium Receptors for Anion Molecular Recognition and Sensing 203

extremely selective to the phosphates over sulfates. The novelty of this study
was the experiments conducted on the effect that binding the phosphates had
on the redox potential of the receptor. Cyclic voltammetry studies showed that
only pyrophosphate induced any significant enhancement of the oxidation
potential of the iron, thus showing the selectivity of 5 for this bidentate guest.

Another receptor with strong, selective 2:1 complexation to inorganic phos-
phate was prepared by Teramae [12]. The pyrene fluorophore of 6 allowed for
quantitation of binding through fluorimetric assays. This analysis was com-
pleted by observing the change in the ratio of excimer to monomer emission
upon 2:1 complex formation. By fluorimetry and 'H NMR in methanol, a 2:1
binding constant of 1.2x10® M2 was observed with a 1:1 K, value of 1x10* M~!
for receptor 6 with pyrophosphate. However, no emission changes were
observed with monobasic phosphate anion. This study and studies with host
5 delineate two different ways to distinguish between phosphate and py-
rophosphate.
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Finally, metallo-receptor 7 and a tris(ammonium) TREN-based analog were
reported by Anslyn and coworkers as selective binders for phosphate and
arsenate in water [13]. UV/vis titrations and isothermal titration calorimetry
(ITC) experiments were used to determine the binding energetics of the re-
ceptors. Binding affinities in 98:2 water/methanol for both receptors to phos-
phate and arsenate were similar, ~10* M~! for both analytes. The guanidinium
receptor 7 showed slightly higher selectivity, however the binding was
stronger for the ammonium host. ITC studies showed that the bulk of the free
energy associated with binding the anions to these hosts resulted from com-
plexation with the Cu(II) center, while the cationic arms fine-tuned the selec-
tivity. Binding of phosphate to 7 was driven by both favorable enthalpy and
entropy changes, whereas the ammonium host association was completely
entropy driven. This disparity was attributed to solvation effects, where the
ammoniums bind a tighter solvent sphere than the guanidiniums.

NH,
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2.2
Organic Phosphates

This section will cover a wide variety of compounds from small organic phos-
phates and phosphodiesters, to nucleotides, to fully formed DNA and RNA
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chains. In addition to binding these guests, many of the receptors have been
found to act as RNase mimics, in that they catalyze hydrolytic cleavage of the
phosphodiester functionality of their guests. Most of the catalysis has been
reported for nucleotides or synthetic replicas of nucleic acids; however, several
receptors have been tested with actual RNA or DNA strands.

2.2.1
Organic Phosphates and Phosphodiesters

In an early study, Schmidtchen employed the bicyclic guanidinium scaffold to
study the binding of tetrahedral oxoanions by a ditopic receptor. The result was
the urethane-linked bis(guanidinium) compound 8, which was found to selec-
tively bind dianionic tetrahedral guests in water [14]. While simple, planar
bis(guanidinium) guests showed no binding in water, host 8 was able to
encompass the shape of such biologically relevant phosphates as p-nitrophenyl
phosphate and cytidine 5’-phosphate. In a later study, de Mendoza used the
bicyclic guanidinium in the macrocyclic receptor 9 to study the binding modes
of several different synthetic phosphodiesters [15]. 'H NMR spectra of 9 with
phosphate counterions of varying bulk showed single resonances at room tem-
perature which split at 213 K, indicating two rapidly interchanging binding
conformations in which the phosphate counterion was exchanging from one
side of the ring to the other rather than sitting inside the cavity as predicted.

The indicator-displacement assay exploited in the Anslyn group uses an
indicator with a weak binding affinity for the designed host which undergoes
a spectrophotometric change upon binding to that host. The target guest is then
titrated into a solution containing the host-indicator complex, and the absorp-
tion of the indicator is monitored as it is displaced from the binding cavity of the
host. This indicator-displacement assay was utilized to study the binding of the
tris(phosphate) secondary messenger inositol triphosphate with compound 10,
which contains six guanidiniums directed toward the center of the binding
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cavity [16]. The 2,4,6-triethylbenzene scaffold employed, and several other re-
ceptors shown below, bias the substituents in the 1, 3,and 5 positions via steric
gearing to preferentially remain on the same face of the aromatic platform. This
facial selectivity preorganizes the binding substituents - in this case the three
appendant triethylbenzenes - into a rigid binding cavity. In studies on the
binding affinities of 10 and a hexakis(ammonium) analog with various anionic
guests, the absorbance of 5-carboxyfluorescein was measured as it was dis-
placed from the binding cavity of the host. Binding constants for both 10 and
the ammonium analog were found to be similar; however, the ammonium com-
pound showed less selectivity, and the binding fell off more strongly as ionic
strength increased.

Another interesting spectroscopic assay using a guanidine-based receptor
for organic phosphate guests was developed in Watanabe’s laboratory. The bind-
ing of neutral and anionic phosphoric acid diesters to ruthenium complex 11
was studied by monitoring the MLCT absorbance and fluorescence changes
upon binding [17]. Large fluorescence emission changes were seen upon com-
plexation. Interestingly, anionic guests caused an increase in the luminescence
intensity, whereas neutral phosphoric acid binding resulted in a decrease in
intensity. Binding of anionic guests probably introduced an increased rigidity
to the metal complex. However, because the hydrogen-bonding modes are
different for the binding of neutral guests, intracomplex proton transfer prob-
ably accounts for the reduction in luminescence.

Many of the guanidinium receptors used for binding organic phosphate
guests were designed not only as receptors, but also as enzyme mimics to study
the catalysis of hydrolytic cleavage of phosphodiesters. Many of these receptors
contain two guanidiniums separated by a spacer, which allows them to orient in
a way which mimics the active site of staphylococcal nuclease (SN). Hamilton
and coworkers reported the isophthaloyl bis(guanidinium) receptor 12 which
bound phosphodiester guests with high affinity. '"H NMR analysis determined
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that an intramolecular hydrogen bond between the guanidinium and the iso-
phthaloyl oxygen increased the rigidity of the binding cavity, which, in turn,
strengthened the binding ability of the host for the phosphodiesters. Higher
order binding with one guest was observed in which one equivalent bound
inside the cavity, but with guest concentrations higher than one equivalent,
further binding occurred on the periphery of the guanidiniums. Later studies
on the catalytic properties of 12 revealed a 700-fold increase in phosphodiester
cleavage in the presence of catalyst over the uncatalyzed scenario [18]. A
monoguanidinium control was studied as well, and interestingly, catalytic rates
were only 2.5-fold larger than rates in uncatalyzed conditions.
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Gobel and coworker used the phenyl alcohols 13 and 14 to study binding and
catalysis of hydrolysis of synthetic phosphodiester guests [19]. In the absence
of base, binding constants for the two compounds were obtained, with 13
(K,=2.9x10° M) having a much higher affinity for the chosen cyclic phosphate
guest than 14 (K,=190 M™). Kinetics measurements using *'P NMR showed
that 13 catalyzed the phosphorylation under basic conditions of the appendant
alcohol 800 times faster than 14 and 380,000 times faster than phenylethanol,
a result which directly shows the ability of the guanidinium to enhance the
binding and thus the reactivity of phosphate guests.

Hamilton and coworkers expounded on the idea of placing additional pen-
dant functionalities on the receptor for hydrolysis of organic phosphates by
studying a series of compounds similar to 15 [20]. They found that appending
amines to the guanidinium groups to act as general bases to deprotonate the
free alcohol of 2-hydroxypropyl-p-nitrophenyl phosphate (HPNPP) could effect
large rate enhancements for intramolecular phosphate transesterification. It
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was found spectroscopically that the trialkylamine 15 was optimal for binding
and catalysis of HPNPP. Receptor 16 was shown to have good binding to phos-
phodiester anion guests [21]. The trans-decalin spacer, however, proved too
rigid to effectively catalyze hydrolysis of the diester.

Another SN mimic was designed concurrently in the Anslyn group using an
octahydroacridine spacer between two aminoimidazoline groups [22]. Binding
studies in competitive media (2:1 DMSO-D,0) of 17 with dibenzyl phosphate
gave a binding affinity of 3.6x10> M, whereas no association was observed with
guanidinium chloride. Variation of the linker to a less rigid pentane moiety in
a later study showed that the constraining octahydroacridine linker imparted
1.8 kcal mol™! of stabilization to the binding of the host to uridine 5-monophos-
phate [23]. This work was expanded with studies on the individual stereoiso-
mers of 17 and an analog containing a hexahydrodicyclopenta[b,e]pyridine.
It was found that guest binding was affected by the guest counterion on the
spatial orientation of the binding groups. With small counterions like chloride,
the d,! forms of the host bound better due to a specific interaction within the
binding cavity, as shown by the crystal structure. The meso isomer, as predicted,
was preferred for larger counterions such as tetraphenylboron [24]. In a final
study, polyacrylamide gel electrophoresis (PAGE) was used to study the catal-
ysis of mRNA cleavage in the presence of 17. Hydrolysis was 20 times faster in
the presence of the catalyst than without [25].

The calix[6]arene-based receptor 18 was reported [26] as a synthetic acetyl-
cholinesterase by Mandolini and de Mendoza. Designed as a receptor for dioc-

CO,Et
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tanoyl-L-a-phosphatidylcholine, a transition state analog for the hydrolysis of
esters and carbonates, the host binds a carbonate guest bearing a trimethy-
lammonium through the calixarene and the phosphate of the target phos-
phatidylcholine through the appendant guanidinium. Methanolysis of p-ni-
trophenyl carbonate was successfully achieved in the presence of 18 in 1%
methanol-chloroform in the absence of the phosphate. In the end, the catalyst
was able to act as a successful mimic, though with neither great selectivity nor
high activity.

The bis(guanidinium)-appended steroid 19 was designed as an enzyme
mimic for RNA cleavage. The study utilized 12 very different guanidinium-
containing scaffolds to study the hydrolysis of HPNPP [27]. Of these, com-
pound 19 was found to have a tenfold greater rate than any of the others for
cleavage of HPNPP and was three times faster at hydrolyzing uridylyl(3’,5")-
uridine.

19

2.2.2
Biological Nucleotides

Early work with binding nucleotides was generally conducted in noncompet-
itive solvents like chloroform, or as extractions from aqueous solutions into
organic solvents. The justification for these methods was the common view
that intracellular environments such as the enzyme active sites where reactions
occur can be nonaqueous and even aprotic. One study by de Mendoza and
coworkers used a series of compounds similar to receptor 20 to examine the
selective extraction of various adenosine monophosphates from water into
chloroform [28]. They found a range of extraction efficiencies from 0 to 50%
for several analogs of 20, with efficiencies much greater at higher pH where the
phosphates are doubly deprotonated. This pH effect was most pronounced for
3’-AMP.Ironically, their most selective binder, 20, was not lipophilic enough to
use in the extraction experiments. The naphthoyl group of 20 allows for m-
stacking interactions with the nucleic base, while the uridine moiety allows for
complementary hydrogen bonding with the adenosine of the phosphates. 'H
NMR titrations in DMSO revealed almost no interaction between 20 and 3’,5’-
cAMP, whereas there was strong binding with 3’-AMP as their models suggested.
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Joint work by de Mendoza, Bruix, and Rebek’s groups resulted in the lipo-
philic, guanidinium-containing host 21, which was expected to bind well to
dideoxy dinucleotides. The carbazole arms, derived from Kemp’s triacid, are
expected to complement the purine nucleic bases, especially adenine, through
concomitant Hoogsteen and Watson-Crick base pairing. The bicyclic guani-
dinium core was added to bind the phosphate linker of the dinucleotide. In
extraction experiments once again, it was found that 21 bound 2’-deoxyad-
enylyl(3"—5")-2’-deoxyadenosine (d(ApA)) very strongly and extracted a full
equivalent of d(ApA) [29]. NOE data showed strong intermolecular coupling
between the phosphate guest and the carbazole arms. Later studies led to a sim-
ilar host with only one arm designed to bind cAMP under similar conditions.
2,3’-cAMP and 3’,5-cAMP were both extracted in full equivalency into the
organic layer with slight selectivity for 2,3’-cAMP [30]. Separately, these car-
bazole-based receptors were utilized as membrane transport agents for adenine
mono- and dinucleoside monophosphates across model liquid membranes.
Also, it was found that 21 was effective in extracting longer oligonucleotides,
as long as they contained adenosine, and the efficiency rose with increasing
ApA occurrence in the oligonucleotide [31]. In a final study with these recep-
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tors, another monocarbazole derivative with a hydrophilic group in place of the
second arm was found to be a receptor for cAMP in water [32].

A twist on the extraction technique was employed in Kunitake’s laboratory
using the extremely lipophilic receptor 22. This compound forms a monolayer
on a water surface, and the monolayer formed was studied for the binding of
nucleotides at the air-water interface [33]. The molecular packing of the mono-
layer was monitored as changes occurred due to the binding of ATP and AMP.
The resulting m-A curve - a measure of the molecular area expansion or con-
traction of the monolayer - condensed upon binding of ATP, whereas AMP
caused the curve to expand. Thus, the host was found to be selective and dis-
tinguishable for the two phosphate guests based on monolayer signal change.
Binding constants to this receptor in the solid phase were determined by XPS
analysis of Langmuir-Blodgett films drawn from substrate-saturated mono-
layers. Binding of ATP occurred in a 1:3 ATP:amphiphile ratio with a binding
constant of 1.7x107 M~!, whereas AMP bound in a 1:1 fashion with an affinity
of 3.2x10° M!. FT-IR studies on the films led to the conclusion that binding
occurred through phosphate-guanidinium interactions and that the counterion
played very little role in the association. Later studies with 22 found enhanced
binding with UMP over AMP due to secondary binding interactions between the
uracil carbonyl groups and the guanidiniums of the amphiphile [34].
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Other hosts for binding nucleotides in aqueous, or at least protic, media have
been designed. Receptor 23 has been used to bind several different mono- and
dinucleotides in water and methanol [35]. It was thought that in switching from
methanol to water, organic phosphates would begin to bind better than inor-
ganic phosphate due to hydrophobic effects and/or hydrogen bonding; how-
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ever, this was not the case. Dianionic inorganic phosphate was the best binder,
with ATP* running a close second. This study also brings into sharp focus the
extreme effects that solvents have on binding, even when switching between
supposedly similar solvents. The binding affinity of 5-AMP with 23 in water
was nearly 40 times less than in methanol.

One final study, using a combinatorial library of immobilized receptors
based on the 2,4,6-triethylbenzene scaffold 24, was conducted in the Anslyn
group [36]. The core guanidinylated triethylbenzene was bound to a PEG resin
and the combinatorial library was grown by placing peptides on the free arms.
Finally, fluorophores were appended to the peptide arms, and the library was
fluorometrically screened for ATP binding with UV light through inspection.
Potential binders were sequenced, resynthesized, then screened more rigor-
ously. The analog of 24 containing two Ser-Tyr-Ser tripeptide arms gave strong
selectivity for ATP over AMP and GTP. Later studies found that an unscreened
combinatorial array based on the 24 scaffold was suitable for differentially
recognizing structurally similar analytes (i.e., ATP, GTP,and AMP) [37].It was
found that the highest response factors were for analogs containing serine and
aromatic amino acids.
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Oligonucleotides, RNA, and DNA

We have already seen two receptors which have been used to bind or catalyze the
cleavage of oligonucleotides and RNA. A 20-fold increase in the rate of mRNA
cleavage was found in the presence of Anslyn’s host 17 over background hydro-
lysis, and receptor 21 was found to bind well to oligonucleotides containing a
high percentage of ApA units [24, 29]. Several other guanidinium-based recep-
tors have been reported to have binding and/or catalytic properties with long
phosphate polymers. The tetraguanidinium structure 25 and a related meta-
linked compound were designed to bind to the DNA minor groove [38]. Asso-
ciation constants measured by both CD titration and ultrafiltration assays with
calf thymus DNA were found to be ~10° and ~10” M for 25 and the meta-
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linked analog, respectively. Sequence specificity for these compounds was
determined by NOESY analysis. Both 25 and the analog were found to prefer-
entially bind 3’-GAA-5 regions.

Several studies have used the strategy of appending guanidiniums to bio-
logical molecules to effect higher selectivity. Receptor 26, a tobramycin deriv-
ative, and several other guanidinoglycosides were reported by Tor as possible
alternatives to natural aminoglycosides for increased binding affinity to RNA
[39]. Guanidiniums, with their directed hydrogen bonds and diffuse charge
density, were expected to give a better binding profile to the RNA phosphodi-
ester linkages than ammoniums. Using fluorescence anisotropy, it was found
that the guanidinoglycoside had five to ten times the inhibitory power toward
HIV-1 RRE-Rev binding than the parent aminoglycosides. The researchers
also demonstrated that 26 and the other guanidinylated glycosides could be
tuned toward greater RNA selectivity than the ammonium-containing par-
ents. Two other studies on modifying biological molecules to create novel
molecular recognition scaffolds used guanidinylated RNA, where the phos-
phodiester links were replaced by guanidiniums [40, 41]. The result of the
substitution is a polycationic strand which can bind with DNA and RNA, not
only through the ion-pairing interactions, but also through nucleic base com-
plementarity.

3
Carboxylates

After phosphates, the most highly prized guests for guanidinium-based recep-
tors are carboxylates. Due to the similarity in size and charge distribution,
carboxylates and guanidiniums complement each other very well. A wide va-
riety of carboxylates, from small organic monocarboxylates, to amino acids, to
polypeptides, to full proteins have been targeted by receptors with guanidinium
cores. With the advent of proteomics in chemistry and biochemistry, the
demand for better, stronger, more selective carboxylate binders is expected to
skyrocket, and the phosphate may be forced to take a back seat.
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3.1
Simple Carboxylates

This section will cover receptors and studies which deal with binding small or-
ganic mono-, di-, tri-, etc. carboxylates. One of the earliest receptors used to
study carboxylate binding has already been discussed as an inorganic phos-
phate binder. Receptor 4, reported by Schmidtchen and coworkers, was studied
with a variety of anionic guests [10]. Strong binding for p-nitrobenzoate was
characterized by 'H NMR titration, and had a dissociation constant of less than
10~* M. As mentioned above, the 1:1 binding stoichiometry was confirmed by
X-ray crystal structure analysis of acetate bound to 4. A year later, Lehn and de
Mendoza reported the bis(naphthoyl) host 27 as a strong carboxylate binder
and the first anion receptor showing chiral discrimination [42]. The naphthoyl
side arms were incorporated to provide Ti-stacking interactions with aromatic
guests. Quantitative extraction of p-nitrobenzoate from water to chloroform
was achieved using 27, and 'H NMR titrations quantified the binding with this
and other aromatic carboxylates. The strongest binding was found with p-ni-
trobenzoate, having a stability constant of 1,609 M~ in chloroform. In extraction
experiments using optically pure 27-S,S or -R,R and racemic carboxylate salts
such as mandelate, naproxenate, and N-acetyltryptophan, the researchers ob-
served slight diastereomeric excesses in the extracted salts.
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Morén and coworkers reported the unique xanthone-based receptor 28 for
the binding of monocarboxylates [43]. Apart from the guanidinium, the xan-
thone core includes extra binding interactions through hydrogen bond donation
from the amide NH and the diisopropylbenzoate substituent for positive di-
pole-t interactions. "H NMR analysis of the binding of 28 to acetate showed that
acetate would displace methanesulfonate, but none of the characteristic shifts
which indicate host-guest binding with guanidiniums could be observed. It was
determined that proton transfer from the guanidinium to the carboxylate guest
was occurring rather than binding. To test this theory, a series of carboxylates
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with steadily decreasing pK, values were titrated into the free-base guanidine
form of the host. The system was found to be extremely sensitive to carboxy-
late pK,. For example, decanoic acid (pK, 4.9) bound with K,=6.0x10* M~! while
monochloroacetic acid (pK, 2.86) had an association constant of 6.5x107 M1
a 1,000-fold increase in binding with only a 100-fold increase in acidity.

More complex carboxylates, especially di- and tricarboxylates such as tar-
trate and citrate, have often been targeted due to their prevalence in biological
systems as a product of various metabolic pathways. Hamilton and coworkers
examined the binding energetics of mono- and dicarboxylates with various
phenyl-based receptors including 29 [44]. Binding for both mono- and dicar-
boxylates increased with increasing acidity of the recognition element from
urea to thiourea to guanidinium. Whereas the urea and thiourea derivatives
bound glutarate with affinities of 6x10* and 1x10* M~! respectively, binding
with the bis(guanidinium) 29 was too strong for determination by NMR analy-
sis in pure DMSO. Using 25% D,0/DMSO, a binding constant of 4.8x10? M!
was found. In later studies, isothermal titration calorimetry (ITC) experiments
with the urea, thiourea, and guanidinium compounds further quantified the
binding thermodynamics with dicarboxylates [45]. Based on the earlier report,
ITC studies with solvent mixtures of increasing polarity were conducted to de-
termine the thermodynamic effects of solvent on binding. With the urea and
thiourea receptors, associations were always exothermic or thermoneutral,
while the entropy becomes more favorable with increasing solvent polarity due
to solvent release. Receptor 29, however, switched from exothermic to endo-
thermic binding as the solvent polarity increased, showing extremely favorable
entropy in polar protic solvents. This result suggests that binding in non-
competitive media is driven by hydrogen bonding and electrostatics, whereas
solvent release accounts for the association to guanidinium-based receptors in
more competitive media. In a later study with 29, it was shown by nonaqueous
affinity capillary electrophoresis that the binding affinity decreased with
decreasing dicarboxylate chain length [46].
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Air-water interface binding studies with dicarboxylates were conducted
with octadecyl (30) and dioctadecylguanidinium receptors [47]. A monolayer
of 30 gave greater molecular area expansion than the dioctadecylguanidinium
amphiphiles. The binding of 30 to a range of dicarboxylates was monitored
once again by the change in the -A isotherm. Generally, the monolayer area
increased with increasing chain length from oxalate through to adipate. Inter-
estingly, the curve changes were once again very sensitive to guest structure,
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with oxalate and phthalate condensing the monolayer while cis-1,2-cyclohexa-
nedicarboxylate and 1,1-cyclohexanediacetate gave expansion.

Though not multicarboxylates, uronic acid derivatives are important biolog-
ical small molecules, and have received some attention for molecular recognition.
A bis(deoxycholic acid) guanidinium receptor, 31, was synthesized and tested for
binding with glucuronate and galacturonate [48]. Though 31 did indeed bind the
uronic acids with a slight selectivity for glucuronate, modifications of the host
design showed that the steroid arms contributed little to the association of the
guests. Other modifications proved that binding was best when the linker be-
tween the guanidinium core and the steroid arms was shortest.
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Citrate has been the target of two compounds developed in the Anslyn
group. Receptors 32 and 33 are both based once again on the triethylbenzene
platform. The orientation of the aminodihydroimidazolium groups in 32 was
expected to be well suited for the binding of the tricarboxylate guest. In pure
water, the binding constant of 32 with citrate was found to be 7x10° M~ [49].
Two control experiments were conducted using an analog with ammonium
groups instead of guanidiniums and an analog lacking the ethyl groups of the
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core scaffold. The ammonium analog had a binding constant less than half that
of 32, which points toward the importance of the guanidiniums. Similar results
were obtained with the other control, indicating the significance of the rigid
binding cavity created by the steric gearing. X-ray crystal structures confirmed
the complexation orientation of the association. In a later study, 32 was used to
successfully quantify citrate in sports drinks through an indicator-displace-
ment assay [50]. Finally, ITC studies covering a wide range of concentrations
and ionic strengths were conducted with 32 to determine the driving forces for
the extremely strong citrate binding [51]. At high ionic strength, 1:1 binding
was found to be driven by large positive entropy and negative enthalpy changes.
At low ionic strength, higher order complexes were seen that were driven by a
large positive entropy, whereas the enthalpy became unfavorable. Interestingly,
it was determined that the higher order complexes resulted from the dilution
of the 1:1 host-guest complexes which then formed the 2:1 complexes.

Receptor 33 was also designed to target citrate. The phenanthroline-copper
complex was added not only as a binding element but also as a signaling mo-
tif [52]. The phenanthroline fluorescence was quenched upon complexing with
copper. Binding of citrate could be detected by the reemergence of the fluo-
rescence signal. This receptor was also used to determine citrate concentrations
in sports drinks.

3.1.1
Thermodynamics of Guanidinium Binding

As observed in several of the examples above, designed receptors do not always
give the results expected of them. In recent years, several investigations as to
why this occurs have been undertaken. Some of these reports have been dis-
cussed briefly above, and here we will describe two more which utilize the
powerful technique of isothermal titration calorimetry (ITC) to determine the
thermodynamic driving forces for molecular recognition events.

Hamilton and coworker conducted a series of experiments with a variety of
guanidinium hosts binding to acetate in DMSO [53]. Receptors which were able
to form linear bidentate hydrogen bonds with acetate showed moderate to
strong binding, whereas more highly derivatized hosts showed no or very weak
binding. TPB guanidinium and aminoimidazolium both formed 2:1 guest/host
complexes, which ITC was able to characterize while NMR titration could not.
It was also found that the guanidinium’s counterion played a role in the bind-
ing energetics, with small coordinating counterions such as chloride damping
the association while large counterions, e.g.,iodide or tetraphenylboron, coor-
dinated less and gave rise to more accurate binding thermodynamics. For most
of the guanidiniums in DMSO, binding was characterized by favorable enthalpy
and entropy changes. However, it was found for one host that could only form
bidentate coordination through geminal hydrogen bond donation that associ-
ation was endothermic, with the driving force arising from favorable entropy.
This scenario was seen for all guanidiniums in more competitive media
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(methanol), indicating that solvent release rather than the formation of strong
hydrogen bonds was responsible for binding.

In a later study conducted in Schmidtchen’s laboratory, ITC measurements
on a series of bicyclic guanidiniums with varying peripheral arms akin to 4
were conducted using benzoate as the guest in acetonitrile [54]. The ultimate
result of this study was a more complete, thermodynamic understanding of
why the basic lock-and-key concept for receptor design fails in many cases.
Receptors with bulky, organic peripheries which were less tightly solvated
showed more favorable enthalpy changes, while entropy due to solvent release
was diminished. Better solvated hosts saw smaller enthalpies of binding,
but greater solvent dissipation produced more favorable entropy. As in the
previously discussed study, similar counterion dependencies were encountered
here. The binding increased by more than an order of magnitude from chloride
to tetrafluoroboron. Again, it was seen that the more coordinating the coun-
terion, the lower the enthalpy change and the greater the effect of the positive
entropy change. These results demonstrate well the emerging theory of en-
thalpy-entropy compensation in competitive media molecular recognition.
Hosts designed by the lock-and-key method tend to take only the enthalpic in-
teractions of binding into account, but groups that are good enthalpically for
the guest to bind also increase competition from the solvent or counterion.
Thus, the design can fail or give less desirable results if enthalpy-entropy com-
pensation is not taken into account.

3.2
Amino Acids and Peptides

Amino acids, peptides, and proteins are very attractive targets for molecular
recognition studies for the obvious reason of their biological abundance and
functions. In the past two years, the vast majority of publications on guani-
dinium-based receptors have dealt with recognizing peptidic species. As men-
tioned above, the desire for better peptide receptors derives mainly from the
growing field of proteomics. New proteins are being discovered every day, and
receptor design is required to keep up. The following sections will discuss
several studies dealing with receptors designed to bind various types of amino
acids and peptides, such as N-acylated or zwitterionic amino acids, oligopep-
tides, and proteins.

3.2.1
Single Amino Acids

In 1992, de Mendoza and coworkers reported the synthesis of the bifunction-
alized chiral bicyclic guanidinium 34 for the purpose of enantioselectively
binding zwitterionic aromatic amino acids (i.e., tryptophan and phenylalanine)
[55]. By including binding elements for the carboxylate and ammonium of the
amino acids which were noncomplementary, they hoped to avoid the potential
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problem of self-coordination which would prevent substrate binding. Hence,
the azacrown ether was used to bind the ammonium while the guanidinium
was expected to complex the carboxylate. The naphthoyl arm added a third
binding interaction with m-stacking to the aromatic side chains. Receptor 34
was found to selectively bind phenylalanine and tryptophan over valine in
competition extraction experiments. More complex extraction experiments
with 13 different amino acids showed an enhanced binding preference for
phenylalanine. Enantioselectivity of the host was also studied by competition
assays. By '"H NMR, >95% ee values were found for the R,R-34/D-AA and the
S,S-34/1-AA complexes. The high enantioselectivity was attributed to the
three-point binding profile of the system. In a later study, 34 and several other
similar structures were used to study the rate of amino acid transport across
a model liquid membrane [56]. It was found that a derivative of 34 containing
amide rather than ester linkages gave the fastest and most efficient transport,
though it was less enantioselective.
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In another study attempting to bind zwitterionic guests, receptor 35 was
designed as a host for the neurotransmitter y-aminobutyric acid (GABA) [57].
Once again, the noncomplementary azacrown ether and guanidinium moieties
were utilized along with the anthracene spacer as the signaling motif. The hope
was that binding of the ammonium portion of the guest would disrupt the
photoinduced electron transfer (PET) quenching of the fluorescence of the
anthracene by the azacrown amine. An increase in fluorescence intensity was
indeed detected upon introduction of GABA. Control experiments with an
analog of 35 lacking the guanidinium group showed no fluorescence change
in the presence of either GABA or its biological precursor, glutamic acid.

Another example of a receptor design using PET enhancement as the
signaling motif was recently reported. Host 36 was studied by monitoring the
fluorescence upon the binding of various essential amino acids, GABA, and
alkyl ammoniums [58]. Strong fluorescence enhancement was seen with GABA
and lysine, while weaker binding was observed with glycine and 1-aminobu-
tane. Other amino acids tested showed no strong response, and the fluorescence
spectrum closely resembled that of the free receptor.
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Calixarene-based host 37 was utilized in the chiral recognition of various
zwitterionic amino acids [59]. In competitive extraction experiments, a 9:1
enantioselectivity was observed for L-phenylalanine over the D-isomer with the
bis(S,S-guanidinium) 37.

The 2,2":6,2” terpyridine-based ligand 38 was developed by Anslyn and
collaborators to bind doubly anionic amino acids [60]. The goal was to achieve
strong binding through a three-point profile with the two guanidiniums and
the complexed zinc. The host-guest interactions were studied using an indi-
cator-displacement assay as described above, using pyrocatechol violet as the
indicator. While binding of the indicator to 38 showed higher order binding
than simple 1:1, the displacement by the analyte was characterized by a sharp
isosbestic point in the UV/vis titration, indicating that interaction only oc-
curred between the singly bound indicator complexes. Fortunately, a very large
absorbance shift (ca. 200 nm) was observed for the indicator upon displace-
ment from the metal center by the analyte. The best binding in 50/50 water/
methanol was observed with aspartate (K,=1.5x10°> M™') while other amino
acids, including glutamate, were less strongly bound by an order of magnitude
or more. While most of the binding affinity for amino acids derives from
the amine-zinc complexation, the selectivity for aspartate was attributed to
better interaction with the appendant guanidinium arms.
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The binding of zwitterions inevitably raises more problems than simply
binding an anion or cation. Therefore, several studies have been conducted on
binding N-acylated amino acids to minimize the challenges associated with
placing binding groups for opposite charges on the same receptor. Davis and
Lawless developed the steroid-based receptor 39 to study the enantioselective
extraction of N-acetyl amino acids from aqueous media [61].It was found that,
through the three-point binding profile of the two carbamates and the guani-
dinium, an average enantioselectivity of 80% for the L enantiomers was achieved
for amino acids with nonpolar side chains. More polar amino acids like as-
paragine not only showed no enantioselectivity, but no binding at all. Further
work with this scaffold led to derivatives with high extraction efficiencies
and 10:1 enantioselectivities for N-acetyl-phenylalanine and N-acetyl-alanine.
Membrane transport studies were also conducted, which indicated that these
receptors showed consistent chiral recognition properties over an extended
time period and with improved enantiomer ratios [62].
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A series of receptors for N-acylated amino acids have been reported in
several publications by Schmuck. Attempts to attach more recognition elements
close to the guanidinium resulted in the pyrrole-appended acyl-guanidinium
receptor 40 [63]. Binding studies in 40% water-DMSO revealed binding affini-
ties ranging from 360 to 1,700 M~!. Selectivity for N-Ac-phenylalanine was
attributed to Ti-stacking between the aromatic side chain and the pyrrole of the
receptor. In general, binding with 40 was found to be orders of magnitude
higher than with the parent N-acetyl guanidinium cation. In a later study, sev-
eral analogs of 40 were produced which contained extra recognition elements
appended to the pyrrole to bind to specific amino acid side chains. A chiral
derivative was also synthesized which gave moderate enantioselectivities [64].
An analog of 40 containing a free carboxylate opposite the guanidinium on the
pyrrole was found to self-assemble through an entropy-driven oligomerization
[65]. Finally, N-alkylated derivatives lacking substitution at position 5 of the
pyrrole (41) were produced and found to bind hydrophobic N-acetyl amino
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acids with very high affinity, even in water. The appendant recognition units
imparted extra selectivity to the binding based on the side chain of the amino
acid bound [66].

3.2.2
Peptides and Proteins

Proteins, due to their wide variety of surface features, present special challenges
for molecular recognition researchers. Different surface structures (i.e., x-he-
lices, B-sheets, B-turns) require different binding motifs to accommodate them.
Most work using abiotic guanidinium receptors has focused on binding heli-
cal peptides and proteins. Hamilton and coworkers designed the bicyclic
bis(guanidinium) structure 42 to bind helical peptides with high concentra-
tions of carboxylic amino acids [67]. Several 16-mer peptides were synthesized
with varying distances between aspartate residues to measure the specificity of
the receptor. The best binding occurred when the aspartates were four residues
apart (K,=2.2x10° M! in 10% water/methanol), and the binding dropped off
as the distance increased. Also, circular dichroism titrations showed increased
helicity upon binding of 42. Controls with cyclopentyl guanidinium chloride
gave nearly immeasurably low binding by NMR and showed no change in the
peptide helicity. In later studies, several analogous hosts showed decreased
association with the peptides [68].
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The bicyclic guanidinium tetramer 43 was first reported as a possible binder
for helical oligonucleotides. Initial studies with 43 and sulfate anions showed
that the tetramer formed double-helical dimers around sulfate counterions
[69]. Despite the initial proposal of using this receptor for membrane transport
of oligonucleotides, all subsequent work on 43 has been conducted on helical
peptides. For example, the binding of 43 with several synthetic peptides
caused an increase in the helicity and helical stability of the peptides in 10%
water/methanol [70]. The peptide containing four Asp derivatives showed the
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strongest binding (K,=1.6x10° M) and a 40% increase in helicity over the free
peptide chain. A later study attempted to look at this system in pure water.
While NOE and ROE spectra gave evidence of increased helicity of the peptide
in the presence of 43, CD titrations showed no detectable change [71]. Binding
constants in water were not reported. A related study on the thermodynamics
of binding based on the side chain length of the anionic residues (Asp vs. Glu)
showed that as the average length of the side chain increased, the binding
became strongly entropy driven. Furthermore, with the introduction of Glu in
place of Asp residues, less induced helicity was observed upon binding [72].
This report is yet another example of the role of enthalpy-entropy compensa-
tion in molecular recognition events, as the apparent binding constants did not
show much change with increasing side chain length. Finally, 43 was studied as
a receptor for the tetramerization domain of protein P53 [73]. Whereas in all
the previous studies, binding was best with every fourth residue being anionic,
the primary binding site of 43 with P53 was with a slightly extended domain.
Sterics and the presence of the longer glutamate residues were thought to be the
cause of this elongated binding site.

The tweezer-like compound 44 was reported as another receptor for peptides
[74]. This study incubated a 1,000-member library of resin-bound tripeptide
guests with the dansylated receptor. After washing, the beads were examined for
fluorescence, and approximately 3% of the library was found to bind the host.
A 95% selectivity for Val-C-terminating peptides was observed as well as a 40%
selectivity for +-BuO-Glu in the central position of the tripeptide. A binding
constant of 4x10° M for their best binder was determined by ITC. A reverse
experiment with a resin-bound receptor and free tripeptides was attempted,
but no significant binding was observed.
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In another study by Kunitake, the amphiphile 45 was used to bind dipeptides
at the air-water interface [75]. Using mixed monolayers of 45 and a dioctadecyl
glycylglycinamide amphiphile, a Langmuir isotherm for the binding of Gly-Leu
was produced. The result was a cooperative binding event between the two
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components of the monolayer and the dipeptide with a binding constant of
6.4x10° M1, Reversal of the dipeptide to Leu-Gly resulted in a 1/3 decrease in
binding affinity, indicating the specificity of the mixed monolayer recognition
profile. Similar studies with single-component monolayers showed highly de-
creased association affinities.

4
Miscellaneous Targets

This section will cover some of the less popular analytes for which guani-
dinium-based receptors have been reported. These analytes include flavins,
nitronates, carbonates, sulfates, squarates, and lactones. Some of the receptors
discussed above have been used to study these analytes as well; however, their
primary purpose was for recognition of the targets listed above. For instance,
even though the first report of receptor 43 dealt with monitoring the induced
helicity upon binding of sulfate counterions, the purpose of the design was to
bind helical biomacromolecules.

Flavin-based coenzymes are particularly attractive targets for molecular
recognition chemists because of the way they interact with the enzymes they
work with. The hydrogen-bonding interactions between flavins and proteins
hold the flavin in place and regulate the reactivity of the coenzyme. Thus, it
might be possible to design enzyme mimics if that hydrogen-bonding profile
could be emulated. Yano and coworkers designed the melamine-based recep-
tor 46 to bind to 6-azaflavin through a five-point hydrogen-bonding profile
after their initial attempts with three-point binding systems failed to have
strong interactions [76]. Addition of the guanidinium to the melamine core saw
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an increased binding affinity for the flavin of 10° over receptors containing only
three hydrogen-bonding sites in chloroform. These results indicate a large bind-
ing cooperativity between the melamine and the guanidinium arm. In another
study, an N-phenyl-substituted analog of 46 was found to bind the semiquinone
radical anions of 6-azaflavin with an association constant of 7.7x10° M~!, which
was 100 times greater than that for the binding of neutral 6-azaflavin [77]. The
radical anions were greatly stabilized and were detectable by EPR spectroscopy
even after 48 hours. Finally, later studies with this receptor scaffold incorporated
a variety of different functionalities at the guanidinium center to probe the
effect of hydrogen bonding by the guanidinium group to different acceptors on
the flavin [78]. Kinetic studies of the oxidation of benzyl-1,4-dihydronicoti-
namide and thiophenol by 6-azaflavin in the presence of the receptor analogs
were carried out. The greatest rate enhancement was induced by receptors
which hydrogen bonded to the N1 position.

As seen above with the phosphate receptors, researchers are often not sat-
isfied with only binding their targets, but they also want to mimic enzymes and
produce some catalytic activity from their receptors. De Mendoza and collab-
orators used the bicyclic guanidinium 47 to effect the addition of pyrrolidine
to a,B-unsaturated lactones [79]. Using a 10% catalyst loading in chloroform,
an eightfold reduction in the half-life of the starting materials was observed by
'H NMR. No similar catalysis was observed for «,3-unsaturated esters due to
the s-cis conformation of the ester. In a later study, analogs of 47 with aromatic
substituents on the bicyclic guanidinium were synthesized. These compounds
were shown to increase catalysis, but no chiral recognition was observed [80].
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Another host design which was eventually probed for catalytic properties is
receptor 48. This structure was found to bind well to nitronate anions in solu-
tion and gave enantioselective recognition of carboxylate guests like naproxe-
nate [81]. The binding of 48 to nitronate anions was exploited to catalyze the
addition of nitroalkanes to a,f-unsaturated ketones. While the catalysis worked,
disappointing enantioselectivities were observed due to the sterically hindered
binding cavity.In an attempt to quantify the guanidinium-nitronate association,
an unsubstituted analog of 48 along with another receptor previously reported
by Hamilton (29) were used in a later study [82]. The binding of nitronate to
guanidinium receptors was found to be greater than that to thiourea analogs,
though not as strong as that of carboxylates. Kinetic studies with the unsubsti-
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tuted bicyclic guanidinium receptor showed a decrease in nitronate activity
allowing for an increase in C-alkylation over O-alkylation.

Continuing in their pursuit of the physical understanding of molecular
recognition events, Schmidtchen and coworkers presented two studies using
squarates as generalized oxoanions for binding studies with various receptors.
In the first study, expanding upon the ditopic receptor design seen previously
(23), a series of receptors akin to 49 were synthesized [83]. The purpose of
the study was to examine the effect of rigidity of the spacer of a ditopic host to
ultimately determine the cost effectiveness of building receptors with stiff pre-
organization. Unfortunately, there was no observable correlation found, since
receptors with similarly rigid spacers varied widely - by almost two orders of
magnitude - in their binding affinities for the squarate guests. The conclusion
was that the free energy due to solvation well outweighed any differences in
rotational or vibrational energies. The next study used the electroneutral re-
ceptor 50, which incorporates a nonhydrophilic closo-borane dianion to com-
pensate for the two guanidinium cations [84]. Binding studies with several
dianionic guests gave in many cases convoluted high-order associations. How-
ever, 1:1 binding constants were obtained for several of the targeted guests, and
it was found that cyclic oxoanions such as squarate and croconate exhibited the
strongest binding. Further studies with 50 and analogs used ITC to measure the
thermodynamic parameters of binding different dianions. It was found that,
based on the anion studied and the solvent used, binding moved from enthalpy
driven to having large favorable entropy as the driving force [85, 86].
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Carboxylates containing vicinal diol functionalities such as tartrate, malate,
and gallate are attractive commercial targets for molecular recognition. These
carboxylates are present in all aged alcoholic beverages. Tartrate and malate are
essential compounds for wine production since their concentrations over time
can be traced to the proper aging of the wine. Gallate and similar cyclic
carboxylates are found in the oak used in the aging barrels in Scotch whisky
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production and are extracted into the Scotch during the aging process. Two
receptors reported by Anslyn and coworkers were specifically designed to bind
to vicinal diols which contain carboxylates. The triethylbenzene-based receptor
51 consists of two aminodihydroimidazolium groups for carboxylate binding
and a phenylboronic acid which can form reversible borate esters with a vicinal
diol [87]. Tartrate, with two carboxylate functionalities as well as a vicinal diol,
was chosen as the target for this receptor. This host was studied using an indi-
cator-displacement assay with alizarin complexone because this indicator con-
tains the same complementary functionalities as tartrate. Qualitative naked-eye
experiments showed distinct color changes upon introduction of tartrate to a
51-indicator solution. Quantitative analyses revealed that binding of tartrate
(K,=5.5x10° M) in 25% water/methanol was selective over all other analytes
except malate (K,=4.8x10° M!). The host was successfully used to quantify the
concentration of tartrate-malate in grape-based beverages such as wine. In a
later study, the bis(boronic acid) analog 52 was studied for binding with gallate
and similar structures [88]. Indicator-displacement assays with pyrocatechol
violet found binding constants between 100 (4-hydroxycinnamic acid) and
10,000 (gallic acid) for these targets. Interestingly, when the assay was applied
to determination of the ages of Scotch whiskies, only the complex binding
profile of all the analytes gave an accurate age-to-concentration ratio.
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One final class of analytes which has been studied with guanidinium-con-
taining receptors is carbonates. The neutral bis(iminoylthiourea) host 53 was
found to undergo a 53-fold fluorescence enhancement upon binding of CO%
[89]. Binding fell off with bicarbonate (39-fold enhancement), and phosphate
and sulfate showed poor binding. The corresponding 1,2,4-thiadiazole deriv-
ative showed only a 12-fold fluorescence enhancement upon binding of
carbonate anion. This study highlights the use of truly electroneutral hosts for
anion recognition.
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5
Conclusions and Outlook

Guanidinium groups have been used to study a wide variety of anionic sub-
strates and have been incorporated into many different molecular scaffolds.
Even with the addition of other recognition elements into many of these
scaffolds, the guanidinium group still continues to offer a large driving force for
the binding of most of these analytes. Major advancements have been made in
understanding the physical properties behind recognition events with guani-
dinium-based receptors. This insight has been used to design receptors with
stronger binding, higher catalytic activity, and structural stabilization proper-
ties. However, many of the goals toward which molecular recognition chemists
have been striving still go unmet. Creating synthetic enzymes with similar
selectivity and activity as natural enzymes, designing receptors with strong
host-guest interactions in water, and creating strongly enantioselective recep-
tors for relevant racemic substrates are all still lacking. Further research in
these areas and in the deeper understanding of the driving forces of host-
guest interactions are essential to the progress of the field and remain open for
the future.
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