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Preface

Supramolecular chemistry, as the readers of these monographs likely appreciate with
enthusiasm, involves the fascinating and almost infinite world of molecular interac-
tions that extend beyond the limits of simple covalent bonds. Understanding these
interactions and exploiting them in new ways continues to define the essence of the
field. Not surprisingly, the challenges and opportunities associated with these goals
are continuing to attract increasing numbers of ever more talented researchers into
the area, while fueling its nearly exponential growth as a venue for intellectual dis-
covery and useful, real-world-relevant contribution. This is particularly true in the
area of anion recognition chemistry. Here, growth is being driven by an increasing
appreciation for the importance of noncovalent anion–molecule interactions in biol-
ogy as well as by a tangible sense that anion recognition chemistry has a beneficial
role to play in the areas of physiology, medicine, synthetic chemistry, materials
development, analyte sensing, and waste remediation. Progress is also being abetted
by the fact that basic principles that allow for controlled anion recognition are
becoming increasingly well codified. As a result, promises of practical application
are starting to drive the field even though it remains animated in large measure by its
inherent aesthetic appeal. The goal of this monograph is to provide a concise
overview of supramolecular anion chemistry with a focus on the chemistry of syn-
thetic anion receptor design. The hope is to enunciate the guiding principles of anion
binding while highlighting the prospects for ultimate practical utility. Towards this
end, this book is divided into eight main chapters. These chapters are designed to
introduce the most important research themes currently animating the field of anion
recognition chemistry and to provide an entry point into the relevant literature.
These eight chapters are prefaced by an introductory chapter that is intended to high-
light in an anecdotal fashion, the importance of anions in everyday life and the crit-
ical role anion recognition chemistry plays in the biological world. As part of this
introduction, the anion recognition field is traced from an historical perspective. The
hope here is to provide the reader with a quick overview of where the field has been,
where it stands now, and where it might be going. This same overview is also
intended to introduce the readers to many of the more common anion recognition
motifs that have emerged as “key players” in both the synthetic and biological anion
recognition worlds. 

The authors are grateful to the various granting agencies that made work on this
book and related experimental projects possible. The National Institutes of Health
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(grant GM 58907 to J.L.S.) and the Department of Energy (grant DE-FG02-
04ER63741 to J.L.S.) are explicitly thanked. P.A.G. would like to thank the Royal
Society for a University Research Fellowship, EPSRC for funding and the Royal
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Glossary

A� anion (generic representation)
AA amino acid
Aba 3-amino-benzoic acid
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ANS 8-anilinonaphthalene-1-sulfonate
ATP adenosine triphosphate
AZT azidothymidine
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2,3-BPG 2,3-bisphosphoglycerate
BPN 2,7-bis(lH-pyrrol-2-yl)ethynyl-l,8-naphthyridine
bptz24 3,6-bis(2-pyridyl)-l,2,4,5-tetrazine
Bu n-butyl
CD circular dichroism or cyclodextrin (depending on context)
CFTR cystic fibrosis transmembrane conductance regulator
CHEMFET chemically modified field effect transistor
CMP cytosine monophosphate
CPK Corey-Pauling-Koltun
CTP cytidine triphosphate
CV cyclic voltammetry or cyclic voltammetric
DABCO 1,4-diaza[2.2.2]-bicycloocatane
dach trans(�) –1,2-diaminocyclohexane
ddTTP 2�,3�-dideoxythymidine 5�-triphosphate
DMSO dimethyl sulfoxide
DNA deoxyribonucleic Acid
DNNO 2,4-dinitronaphthalen-1-olate
DMF dimethylformamide
DOP dioctyl phthalate
dppa N,N�-bis(diphenylphosphino)amine
dppm bis(diphenylphosphino)methane
DPQ dipyrrolyquinoxaline
DQF-COSY double-quantum filtered correlated spectroscopy
EDTA ethylenediaminetetraacetic acid
ESI electrospray ionization
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CHAPTER 1

Introduction

1.1 Importance of Anions in the Modern World
Although often overlooked in terms of their importance, anions are ubiquitous in the
natural world. Chloride anions are present in large quantities in the oceans; nitrate
and sulfate are present in acid rain; and carbonates are key constituents of biomin-
eralized materials. Anthropogenic anions, including pertechnetate, a radioactive
product of nuclear fuel reprocessing, and phosphate and nitrates from agriculture
and other human activities, constitute major pollution hazards.

Anions are also critical to the maintenance of life as we know it. Indeed, without
exaggeration, the recognition, transport, or transformation of anions is involved at
some level in almost every conceivable biochemical operation. It is essential in the
formation of the majority of enzyme–substrate and enzyme–cofactor complexes as
well as in the interaction between proteins and RNA or DNA. ATP, phosphocreatine,
and other high-energy anionic phosphate derivatives are at the centre of power
processes as diverse and important as biosynthesis, molecular transport, and muscle
contraction. They also serve as the energy currency for a host of enzymatic trans-
formations. Anion channels and carriers are involved in the transport of small anions
such as chloride, phosphate, and sulfate and thus serve to regulate the flux of key
metabolites into and out of cells while maintaining osmotic balance.

On a less salubrious level, mis-regulation of various anion transport mechanisms
can have serious consequences. For instance, a malfunctioning of the CFTR chloride
transport channel is implicated in cystic fibrosis, one of the most commonly inher-
ited diseases among Caucasians. Likewise, the so-called ATP binding cassette trans-
port systems, multispecific organic anion transporters, can confer resistance to a
variety of modern pharmaceutical agents and are responsible in part for one of the
most pressing problems in medicine, namely multidrug resistance. On very different
level, an inability to process or catabolize effectively xenobiotic anions, including
such chemically simple species as cyanide, oxalate, arsenate, or nitrite, can produce
symptoms of chronic or acute toxicity. Poor processing of naturally occurring phos-
phate and sulfate is also a serious problem for patients with renal failure. Likewise,
an inability to remove excess superoxide and peroxynitrite is considered responsible
for many of the symptoms associated with reperfusion injury following heart attacks
and strokes. On the other hand, anionic species either administered directly as in the
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2 Chapter 1

case of fluoride used to prevent dental caries, or produced in vivo from a wide range
of prodrugs, running the gamut in complexity from aspirin to AZT, are key features
of modern medicine. This dichotomy underscores the complexity and importance of
anion recognition in biology; it also highlights the need for, and potential utility of,
synthetic anion receptor chemistry.

Later in this chapter we provide a brief selection of biologically relevant para-
digms. Needless to say, in a work of this size, an exhaustive treatment is not possible.
However, it is hoped that the examples chosen as highlights will help illustrate how
nature uses many of the tools, such as hydrogen bonding, electrostatics, size/shape
complementarily, metal–anion complex formation, and hydrophobicity, that chemists
are currently employing in their efforts to achieve anion recognition. In the remain-
der of this chapter, we provide an historical overview that is designed both to trace
the origins of the field and introduce many of the molecular recognition motifs that
are continuing to play a critical role in terms of the design and synthesis of current
state-of-the-art synthetic receptor systems. But first we will start with an overview of
the challenges that anion complexation presents to the supramolecular chemist.

1.2 The Challenges of Anion Complexation
The design of anion receptors (and receptors for ion-pairs) is particularly challenging
when compared to the design of receptors for cations. There are a number of reasons
for this. Anions are larger than the equivalent isoelectronic cations (see Table 1.1)1

and hence have a lower charge to radius ratio. The more diffuse nature of anions
means that electrostatic binding interactions are less effective than they would be for
the corresponding isoelectronic cation.

Anions may be pH sensitive (becoming protonated at low pH and so losing their
negative charge). Thus, receptors must function within the pH window of their tar-
get anion. This is a particular problem when designing protonated receptors for
anions (e.g., ammonium containing receptors) as the protonation window of the
receptor (and the anion) must also be considered. It is, of course, less of a problem
for neutral receptors, or those containing permanent built-in charges, designed to
operate in aprotic media.

Anionic species have a wide range of geometries (Figure 1.1) and therefore gen-
erally a higher degree of design and complementarity is required to make receptors
that are selective for a particular anionic guest than for most simple cations.

Table 1.1 The difference in radii for typical isoelectronic cations and anions (in octa-
hedral environments) serves to underscore the more diffuse nature of the
anionic species (taken from R.D. Shannon, Acta Cryst., 1976, A32, 751)

Group 1 (cations) Group 17 (anions) ∆r

Na� 1.16 Å F� 1.19 Å 0.03 Å
K� 1.52 Å Cl� 1.67 Å 0.15 Å
Rb� 1.66 Å Br� 1.82 Å 0.16 Å
Cs� 1.81 Å I� 2.06 Å 0.25 Å
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The nature of the solvent in which the anion-binding event occurs plays a crucial
role in controlling anion-binding strength and selectivity. Electrostatic interactions
generally dominate over other recognition forces and are particularly important in
stabilizing anions in solution. However, hydroxylic solvents are also noted for their
ability to form strong hydrogen bonds with anions. A potential anion receptor must,
therefore, compete effectively with the solvent environment in which the anion
recognition event is to take place. For example, a neutral receptor that binds anions
solely through hydrogen-bonding interactions is less likely to be capable of compet-
ing with the polar protic solvation shell surrounding the target anion in a hydroxylic
solvent and hence may only function as an anion receptor in aprotic organic solvents
(in which the anion interacts more weakly with the solvent). A charged receptor, on
the other hand, can benefit from electrostatic effects and thus may compete more
effectively with polar protic solvents. For example, protonated polyammonium
macrocycles are capable of binding anions in water. Of course, the anion receptor
must not just compete with the solvent but also with the counter cation that is nec-
essarily paired with the targeted anion.

Ion-pairing can be very significant, particularly in non-polar solvents.2 Therefore,
when studying anion complexation there is a necessary trade-off associated with the
choice of solvent. In non-polar solvents, the anion may be weakly solvated but there
may be significant ion-pairing. In more polar solvents, the solvation may be stronger –
but solvation of both the cation and anion will reduce the strength of ion-pairs in

Introduction 3

Figure 1.1 Anions come in many shapes and sizes!
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solution. It is important to remember that binding experiments in solution always
include an element of competition whether from solvent or from counter ion. Often
these effects are ignored, but at the price of introducing what can be a significant sys-
tematic error into quantitative measurements. These errors can generally be over-
looked when ostensibly similar receptor systems are being compared under analogous
conditions of study. However, problems can arise when attempts are made to contrast
quantitative data derived from analyses carried out using different instrumentation, or
from experiments carried out in, e.g., different solvents, at different concentration
regimes, or using different counter cations. Both newcomers to the field and estab-
lished researcher are advised to keep these caveats in mind when trying to determine
which receptor might be “best” under any particular set of conditions.

Hydrophobicity can also influence the selectivity of a receptor and, as such, any
relative assessment of its anion-binding characteristics. The Hofmeister series3

(Scheme 1.1), which was first established through studies on the effect of salts on
the solubility of proteins, orders anions by their decreasing hydrophobicity (and
therefore increasing degree of aqueous solvation). Hydrophobicity may therefore be
used by chemists in the design of anion receptors to bias selectivity towards larger
anions with low charge. Hydrophobicity effects and the Hofmeister series are par-
ticularly relevant to the solvent extraction of anions from aqueous solution. Anion
receptors that perturb (or “bias”) the Hofmeister series from its normal order can
allow for the selective extraction of a particular anion.

Scheme 1.1 The Hofmeister series

1.3 Anions in Biological Systems
Anions are ubiquitous in biology. They are present in roughly 70% of all enzymatic
sites, play essential structural roles in many proteins, and are critical for the manip-
ulation and storage of genetic information (DNA and RNA are polyanions). Anions
are also involved in regulating osmotic pressure, activating signal transduction
pathways, maintaining cell volume, and in the production of electrical signals. Not
surprisingly, therefore, the disruption of anion flux across cell membranes (espe-
cially chloride, present in cells at the 5–15 mM concentration level4) is increas-
ingly recognized as being the primary determinant of many diseases, including
cystic fibrosis,5 Bartter’s syndrome,6 Dent’s disease,7 Pendred’s syndrome,8,9 and
osteopetrosis.10 In fact, the transport of anions through cell phospholipid bilayers is
known to be mediated by a variety of channels and anion transport proteins with at
least 14 mitochondrial anion transport systems having been identified so far.11 These
include (among others) systems responsible for the trafficking of ADP, ATP, phos-
phate, citrate, maleate, oxaloacetate, sulfate, glutamate, fumarate, and halide anions.

Recently, several X-ray crystal structures have been solved that have allowed the
direct visualization of enzyme–anionic substrate complexes that are stabilized via mul-
tiple hydrogen-bonding interactions. In particular, the structure of the DNA helicase

organic anions > ClO4
- > SCN- > I- > salicylate- > NO3

- > Br- > Cl- > HCO3
- > H2PO4

- > F -,
SO4

2-  > HPO4
2-

4 Chapter 1
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RepA sulfate complex, solved to 1.95 Å resolution, shows six hydrogen-bonding
interactions between the sulfate anion and the RepA protein scaffold. The sulfate anion
is also hydrogen bonded to Asp140 via an intervening water molecule (Figure 1.2).12

The sulfate-binding protein (SBP) found in Salmonella typhimurium is involved
in sulfate transport and consists of two globular domains that are linked by a flexi-
ble hinge. The structure of the sulfate complex of this protein, elucidated in 1985 by
Pflugrath and Quiocho, reveals that the sulfate anion is bound 7 Å below the surface
of the protein in a cleft between the two globular domains. When bound in this site,
the sulfate anion is inaccessible to solvent. There are no charged residues present in
the sulfate-binding site (Figure 1.3). Instead, the sulfate anion is bound by seven
hydrogen bonds from neutral residues, five from peptide NH groups, one from a ser-
ine OH residue and one from a tryptophan NH group (Figure 1.3). The charge on the

Introduction 5

Figure 1.3 The X-ray crystal structure and schematic of the sulfate-binding site in the sul-
fate-binding protein. The anion is bound by seven hydrogen bonds from neutral
NH and OH hydrogen bond donor groups

Figure 1.2 ATPase active site in DNA helicase Rep A showing the interaction of the bound
sulfate anion with various P-loop residues
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sulfate dianion is stabilized through several hydrogen bond relay systems that pre-
sumably serve to spread well into the protein matrix.13

The phosphate-binding protein (PBP) is a polypeptide chain with a molecular mass
of 34,400 Da. Like SBP, this protein consists of two globular domains. The phos-
phate-binding site is located 8 Å below the protein surface in a cleft between the two
domains. The protein is involved in the transport of phosphate into bacterial cells and
shows high selectivity for phosphate, binding this anion at least five orders of magni-
tude more strongly than sulfate. The phosphate-binding site is shown schematically
in Figure 1.4.14 In contradistinction to SBP, the phosphate anion in PBP is bound by
12 hydrogen bonds from a combination of charged and neutral peptide residue inter-
actions that include salt bridge involving the guanidinium group of Arg135. An aspar-
tate residue (Asp56 shown in blue in Figure 1.4) is thought to be responsible for the
high phosphate selectivity of this protein. This residue acts as a hydrogen bond accep-
tor and can form a hydrogen bond with partially protonated phosphate anions.
Unprotonated sulfate anions are repelled by the negative charge on Asp156. Thus,
recognition depends on the protonation state of the anion and in this case is highly
selective for protonated phosphates (e.g., HPO4

2�).
An X-ray crystal structure was obtained from the analysis of the histone

octamer–phosphate complex, which contains fully basic phosphate anions; it
revealed that five separate phosphate anions interact with lysine and arginine
residues at five different sites. Figure 1.5 shows one of the phosphate ions and high-
lights how it is bound by several basic amino acid residues.15 Both charged guani-
dinium (cf. the residue of arginine) and amine (the residue of lysine) are seen to
interact with the phosphate anion; they do so via a combination of hydrogen bond
and electrostatic interactions.

6 Chapter 1

Figure 1.4 Two views of the binding of the phosphate anion to phosphate-binding protein
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Acyclic polyamines such as spermine, NH2(CH2)3NH(CH2)4NH(CH2)3NH2, are
involved in promoting cell growth, inducing the biosynthesis of DNA, RNA, and pro-
teins16 and regulating various enzymatic activities.17 It is also well known that
polyamines display high phosphate anion affinities and bind well, for example, to
phenylalanine transfer RNA.18 Recently, Ohishi and co-workers reported the X-ray
crystal structure of a spermine–phosphate anion complex.19 This structure revealed
that the protonated spermine interacts with the bound phosphate anion via hydrogen
bonds involving intervening water molecules. In other new work, Steed and co-work-
ers reported an X-ray crystal structure that confirmed the ability of tetraprotonated
spermine binds two hydrogen phosphate anions in the solid state (Figure 1.6).20

We have seen that the guanidinium group present in the active site of PBP can
form salt bridges with phosphate anions. Arginine residues play a very important
role in stabilising a wide range of protein polyphosphate complexes including ones

Introduction 7

Figure 1.5 The amino acid residues that interact with the phosphate anion in a structurally
characterized histone octamer–phosphate complex. Only one of five bound phos-
phates is shown

Figure 1.6 The complex between tetraprotonated spermine and two hydrogen phosphate
anions. Five water molecules have been removed to improve the clarity of the rep-
resentation. In this and subsequent figures depicting structures from X-ray dif-
fraction analysis, the carbon atoms will be shown in black, hydrogen atoms in
grey, nitrogen in blue, and oxygen in red. Other colours will be used to designate
other atoms (e.g., magenta for phosphorus in this case)
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involving DNA and RNA. One mode of binding that has been proposed for arginine
allows it to recognize loops and bulges in RNA. RNA-binding motifs in proteins
such as the human immuno-deficiency virus tat protein consist of arginine rich
regions. It has been proposed that the arginine group recognizes bulges in RNA by
bridging between phosphate groups that are close together in space. This binding
mode, shown in Figure 1.7, has been termed “the Arginine Fork.”

In contrast to the phosphate and sulfate anions, the chloride anion is spherical. It is,
however, no less involved in important biological process and, not surprisingly, has
been extensively studied in this context. For instance, Dijkstra and co-workers
reported a 2.4 Å-resolution X-ray structure showing chloride anion bound to the
active site of haloalkane dehalogenase from Xanthobacter autotrophicus GJ10. In this
structure, the bound chloride is seen to interact with Trp 125 and 175 via hydrogen
bond interactions with the indole NH protons (Cl···N � 3.6 and 3.2 Å, respectively).
These interactions are shown in Figure 1.8.21 It is noteworthy that the crystals used to
provide this X-ray structure were grown from a medium containing 1,2-
dichloroethane. The fact that a chloride anion complex resulted thus provides impor-
tant evidence that could help elucidate the catalytic mechanism that serves to convert
1-haloalkanes into the corresponding primary alcohols and a halide ion by hydrolytic
cleavage of carbon–halogen bonds. On a more fundamental level this structure also
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Figure 1.8 Enzymatic active site of haloalkane dehalogenase revealing the presence of a
bound chloride anion
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Figure 1.7 The arginine fork motif
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provides an unequivocal proof this enzyme can interact with chloride anion. Such
information is of potential practical importance since it is well known that the nitro-
gen-fixing hydrogen bacterium, X. autotrophicus GJ10, containing haloalkane
dehalogenase degrade harmful halogenated compounds to primary alcohol with water
as a co-substrate and without the need for either oxygen or ancillary co-factors.22

In 2002, the 3 Å-resolution X-ray structure of the StCIC chloride ion channel was
solved.23 This long-awaited crystal structure revealed a homodimer-derived channel
that is notable for its hour glass shape and the complete absence of positively
charged amino acid side chains anywhere near where the chloride anions would pass
(Figure 1.9). On the other hand, the structure does indicate the presence of a nega-
tively charged glutamate side chain just above the channel entrance. This residue is
thought to act as an anion-regulating gate. By swinging out to open the channel, it
allows Cl� ions to enter the channel pore from whence they are pulled (presumably)
towards the constricted, neutral centre of the channel by surfaces rich in positively
polarized (but not charged) residues. In spite of the elegance of this structure, and a
considerable body of work devoted to understanding biological ion transport in gen-
eral, our understanding of through-membrane anion transport remains extremely
limited. One way of addressing this deficiency is through the synthesis and study of
synthetic anion receptors and artificial anion channels, and this, in turn, is providing
an important motivation to produce such systems.24

The year 2002 was also marked by the exciting discovery of a new, genetically
encoded amino acid, L-pyrrolysine, whose proposed biological function relies in part
on pyrrole-like NH-anion recognition (cf. Figure 1.10).25 Pyrrole NH-chloride anion
recognition and transport have also been proposed recently as an explanation for the
anticancer and immunosuppressive activity displayed by prodigiosin, a naturally

Introduction 9

Figure 1.9 Stereo view of a ribbon representation of the StCIC dimer visualized from the
extracellular side. The two subunits are brown and cyan. A chloride anion in the
selectivity filter is represented as a green sphere
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occurring tripyrrolic pigment known since the 1930s (vide infra). However, an alter-
native explanation for the observed activity has also been put forward that is based
on copper complex formation and DNA cleavage.26 A desire to distinguish between
these two limiting mechanisms and to test whether synthetic oligopyrrole species
can act as anion carriers thus provides a further incentive to make and study pyrrole-
based anion receptors.

In 1992, Jordan and co-workers reported a most exciting discovery that has
remained essentially overlooked by the anion recognition community but which
provides a further important incentive for the design of pyrrole-based anion
receptors. Specifically, these workers reported the 1.9 Å-resolution X-ray crystal
structure of porphobilinogen deaminase, a key enzyme in the biosynthesis of the
linear tetrapyrrole precursor to protoporphyrin IX. This structure reveals that the
pyrrolic NH protons of the bound dipyrromethane substrate form hydrogen bonds
with the two oxygen atoms of the carboxyl side chain of Asp 84 (Figure 1.11).27

Furthermore, the four carboxyl groups of the β-pyrrolic positions are seen to inter-
act with the positively charged enzyme residues of Arg 11, Arg 131, Arg 132, Arg
155, and Lys 83 and to be involved in hydrogen bond interactions with Ser 13.
Interestingly, the replacement of Asp 84 by Glu causes the enzyme to lose 99% of
its activity, while a change to Asn or Glu prevents the enzyme from catalyzing the
formation of preeuroporphyringen.28 These complementary results help underscore
the importance of the interactions between the two pyrrole units and the Asp 84 car-
boxylate anion. They also define binding modes that can be studied in detail using
synthetic pyrrole-based anion receptors.

Prodigiosins 1.1 are a family of naturally occurring tripyrrolic red pigments that
were first isolated in the 1930s29 from microorganisms including Serratia and
Streptomyces30 that are characterized by a common pyrrolylpyrromethene skeleton.
These molecules, especially prodigiosin 25-C, 1.1b, have been studied extensively
for their promising immunosuppressive31 and anticancer activity.32 Various prodi-
giosins have also been found to induce apoptosis in dozens of human cancer cell
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Figure 1.10 (a) Ribbon diagram of Methanosarcina barketi momomethylamine methyl-
transterase subunit. The L-pyrrolysine is shown using a space-filling model. (b)
Stick-diagram of proposed L-pyrrolysine amino acid
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lines, including liver cancer,33 human breast cancer,34 human colon cancer,32 gastric
cancer,35 and haematopoietic cancer cell lines.36 Taken in concert, this combination
of properties has made the prodigiosin an attractive target for use in various combi-
nation of drug therapies. It is also inspiring the synthesis of new pyrrole-based anion
carriers as discussed further in Chapters 3 and 5.

Introduction 11

Figure 1.11 Partial view of the X-ray structure of the enzyme porphobilinogen deaminase
showing the binding of a dipyrromethane co-factor through pyrrolic NH to Asp
84 and pyrrolic side chains (acetate and propionate) to Arg 132, Arg 131, Arg
155, and Lys 83 hydrogen-bonding interactions
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1.4 Historical Overview of Synthetic Anion Receptor
Chemistry

The field of anion recognition, stimulated by Simmons and Park’s report in 1968,37

recently marked its 35th anniversary and a special issue of Coordination Chemistry
Reviews honoring this milestone marked the occasion.38 It, in conjunction with an
edited monograph39 on the subject and other review articles,40 provides a comprehen-
sive overview of the field, including a full discussion of approaches to anion receptor
construction, such as those based on high charge, alternative hydrogen bond donor
schemes, the use of metal centres, and so on, that define the key approaches currently
being used to design synthetic anion receptors. The rapidly growing nature of the
anion recognition field requires not only the kind of comprehensive review that these
prior publications provide but also, in the opinion of the authors, a presentation that
is more pedagogical in nature. The goal of this monograph is to address this latter
need by providing an introduction to the field that is geared to those coming into the
field for the first time, either as an advanced undergraduate or graduate-level chem-
istry student or as an established researcher. As such, this work is focused more on
“philosophy and principles” than on a full-blown, comprehensive review of specific
examples. Nonetheless, the hope is that the coverage will be sufficiently detailed that
the readers will be able to sense some of the vibrancy and importance that is currently
animating the field, as well as the rich opportunities for further contribution that are
helping to fuel the current explosive growth in the anion recognition area.
Unfortunately, this choice of focus, coupled with the very fact that advances in anion
receptor chemistry are being made at an exponential rate means that it is impossible
to include the work, or all of the work, of many colleagues. The authors necessarily
apologize for this but trust that our fellow practitioners will appreciate the importance
of our goals and forgive us for any real or perceived oversights.

Traditionally, as implied above, the field of synthetic anion receptor chemistry
traces its origins back to the 1968 communication by Simmons and Park from
DuPont Central Research in Delaware. In this seminal work, the halide binding
properties of several macrobicyclic receptors, consisting of two ammonium bridge-
head centres spanned by three alkyl linkers, were reported. The authors noted that
the proton on the ammonium group could either point out of or into the cavity of the
receptor, and it was found that the different conformations could be observed by 1H
NMR spectroscopy. From the various compounds studied, with differently sized
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linkers, varying from 7 to 10 methylene groups in length, compound 1.2 was found
to have the highest affinity for chloride with Ka � 4 M�1 in 50% TFA solution. Under
these conditions the only conformer observed, in the presence of the chloride anion,
had both ammonium hydrogen atoms pointed in towards the centre of the cavity,
leading to the suggestion that the anion was bound within the cavity of this cavity.
The crystal structure of this complex was reported by Marsh and co-workers in 1975.
It was found that the macrobicyclic chloride anion complex crystallized together
with an H13O6

� cation (which was the focus of the paper) and eight chloride coun-
teranions.41 However, importantly, the crystal structure did serve to confirm that the
chloride anion was bound within the central cavity of the positively charged recep-
tor in the solid state.

Simmons and Park’s landmark contribution foreshadowed the extensive work that
was to be carried out on macrocyclic ammonium-based anion receptors in the ensu-
ing decades. Consequently, this work is generally regarded as the first example of
what has come to be known as synthetic anion receptor chemistry. However, 14
years earlier (i.e., in 1954), Tanford inferred through changes in the effective pKa

values that a complex is formed between the anionic conjugate base of acetic acid
and guanidinium moieties. In fact, quantitative association constants were obtained.
However, it was also found that under these conditions, the association constant (log
Ka) was low, being less than roughly 0.5.42 Using this approach, the association con-
stants for guanidinium complexes formed from a number of other carboxylate anions
and from phosphates were measured (viz. log Ka � 0.37, 0.32, 0.43, and 1.37 M�1

for acetate, formate, chloroacetate, and dihydrogen phosphate, respectively, in 1.02 M
tetramethylammonium chloride aqueous solution).43

Subsequent to Tanford’s report but earlier than Simmons and Park’s paper, the for-
mation of a chelated complex between methoxide anion and a bidentate Lewis acid,
namely the 1,2 ethane derivative 1.3, was reported by Shriver and Biallas.44 In the
abstract of their communication the authors noted: “This is the converse of the usual
situation where a central metal ion serves as an acceptor toward a difunctional
base.” Clearly Shriver and Biallas appreciated the umpolung nature of their chelated
system with respect to traditional coordination chemistry. Today, Lewis acidic boron
centres continue to be used in anion complexation agents with a plethora of systems
having been reported in the literature along with other receptors containing mer-
cury,45 tin,46 germanium,47 and silicon.48
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Following Simmons and Park’s report, the next step forward came in the mid-
1970s, when Lehn and co-workers described the anion-binding properties of a vari-
ety of macrobicyclic and macrotricyclic ammonium-based receptors. This research
clearly demonstrated how optimizing the fit of an anion for a given charged cavity
could lead to strong binding. For example, the synthesis and binding of halide anions
by compounds 1.4 and 1.5, cryptand-like receptors containing four amine centres,
was shown to be selective by size.49 Upon conversion to their corresponding
tetraprotonated forms, these receptors were found to bind chloride anions selectively
with an association constant (log Ka) of more than 4 in aqueous solution. Iodide is
too large to fit into the cavity and is therefore bound considerably less strongly. The
model compound 1.6 was also studied and displayed a much lower affinity for
anions than the macrobicyclic systems (a log Ka of 1.7 � 0.1 was observed for the
binding of chloride in water at pH 1.5 (HNO3)). The crystal structure of the chloride
complex of 1.4 was reported by R. Weiss and co-workers in 1976; it confirmed that
the chloride anion is bound in the centre of the cryptand.50

In contradistinction to receptors 1.4 and 1.5, receptor 1.7, an ellipsoidal hexa-
protonated cryptand also synthesized and studied by Lehn and co-workers, was
found to be selective for linear anions such as azide N3

� (added as the sodium salt).
This anion is complementary to the shape of the cavity and was found to be bound
with high affinity in aqueous media (log Ka � 4.6 in aqueous solution at 25 °C as
determined by 13C NMR spectroscopic titration methods). The spherical anion,
chloride, displays a much weaker interaction (log Ka � 1.0) under identical condi-
tions.51 A crystal structure of the chloride complex revealed that the anion is bound
in an octahedral fashion via six ammonium groups (Figure 1.12a). The receptor in
this structure is considerably distorted, a finding that was thought to reflect the
reduced stability of the complex. An X-ray structure of the complex formed with
the azide anion, however, reveals that this more complementary anion is bound by
six hydrogen bonds arranged in two trigonal arrays of hydrogen bonds, each bind-
ing a terminal nitrogen atom (Figure 1.12b).52
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Another early pioneer in the anion recognition arena is Schmidtchen from the
Technische Universität München. Schmidtchen produced a series of receptors that
do not rely on hydrogen-bonding interactions to bind anions.53 Instead, these recep-
tors employ quaternary ammonium groups arranged in a tetrahedral manner. Hence,
the anion is bound by these cage-like receptors (e.g., receptors 1.8 and 1.9) solely by
electrostatic interactions. By altering the length of the alkyl chain between the
ammonium centres, Schmidtchen was able to “tune” the selectivity of the receptors
for particular halides. In fact, the cavity in receptor 1.8 has an internal diameter of
approximately 4.6 Å that provides a good size match for iodide anion (diameter
4.12 Å). A crystal structure of the iodide salt of 1.8 (Figure 1.13) revealed that one
of the iodide counteranions is encapsulated within the macrotricycle. The larger
receptor 1.9 is able to form complexes with anions such as p-nitrophenolate that are
too large to form complexes with receptor 1.8.

Receptors 1.8 and 1.9 are positively charged and are therefore associated with
counteranions that may compete for the anion-binding site. To overcome this lim-
itation, Schmidtchen produced zwitterionic receptors such as 1.10 and 1.11 that
are neutral.54 In this case, 1H NMR spectroscopic studies carried out in D2O served
to confirm that receptor 1.11 forms stronger complexes with chloride, bromide,
and iodide anions than receptor 1.8. Taken in concert, this body of work was
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Figure 1.12 The X-ray crystal structures of (a) the chloride complex and (b) the azide com-
plex of receptor 1.7. The same colour codes are used in this figure as in Figure
1.6, with the addition that the chloride anion is shown in green
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seminal in that it established the viability of receptor designs predicated on purely
electrostatic interactions. Nonetheless, perhaps because of perceived synthetic
challenges, very few other systems have been produced that rely solely on this
recognition motif.

Conversely, a wide variety of synthetic anion receptors are known that are neutral
and which rely on hydrogen-bonding interactions to effect anion recognition. These
receptors include amides (or thio-amides), ureas (or thio-ureas), or pyrroles. The first
synthetic anion receptor to utilize amide N-H···anion interactions was reported by
Pascal and co-workers in 1986.55 The system in question, receptor 1.12 contains
three amide NH groups that can orientate to form a convergent binding site within
the cyclophane host. The X-ray crystal structure of 1.12 is shown in Figure 1.14. It
highlights the fact that in the solid state the NH groups do not point into the cavity
of the host but rather, they are inclined by between 47° and 68° relative to radii
drawn from the central axis through the nitrogen atoms. In spite of the fact that the
NH donor groups are not apparently oriented in an ideal arrangement, this receptor
was found to bind fluoride anions in DMSO-d6 solution, as judged from 1H and 19F
NMR spectroscopic studies.

X N

X

N

X

N
X

N
XX

BH3

H3B

H3B

BH3

1.10 X = −(CH2)6−

X N

X

N

X

N
X

N
XX

1.11 X = −(CH2)6−

OOC

OOC

COO

COO

16 Chapter 1

Figure 1.13 The X-ray crystal structure of the iodide salt of receptor 1.8. Only the internally
bound iodide (purple) is shown
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In 1993, Reinhoudt and co-workers56 produced a series of acyclic tripodal recep-
tors containing amide groups (1.13–1.18). The association constants of these recep-
tors with H2PO4

�, HSO4
�, and Cl� were measured by conductivity experiments in

acetonitrile. The receptors were found to bind dihydrogen phosphate anion selec-
tively over chloride anion, a substrate that in turn is bound more strongly than hydro-
gen sulfate (Table 1.2). Receptor 1.18 shows the highest affinity for the dihydrogen
phosphate anion, presumably due to the electrophilicity of the sulfonamide groups
and preorganization of the binding site via π–π stacking of the naphthyl groups.

Urea and thio-urea groups have been used to construct a considerable number of
receptors for anionic species. These groups have particularly high affinities for
oxo-anions, as they are capable of forming two hydrogen bonds to the oxo-anion
(Figure 1.15). One of the earliest examples of oxo-anion complexation by a
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Figure 1.14 Pascal’s amide-based cyclophane anion receptor 1.12. The sulfur atoms are
shown in gold
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synthetic receptor containing a built-in urea subunit (e.g., 1.19 and 1.20) was reported
by Wilcox and co-workers in 1992.57 In this seminal study, UV/Vis titrations were
carried out in chloroform solution at 298 K using receptor 1.19 and a variety of
oxo-anions (in the form of their tetrabutylammonium salts). Association constants
of 2.7 � 0.8 � 104, 9.0 � 2.0 � 103, 6.1 � 1.2 � 103, and 6.9 � 1.4 � 103 M�1

were found for the complexes formed between 1.19 and anions A–D, respectively.
The fact that similar association constants were observed for the interaction
between 1.19 and both tosylate and camphorsulfonate led the authors to conclude
that the critical receptor–anion recognition process does not involve π-stacking
interactions between the anions and the receptor. Rather, Wilcox attributed complex
formation to the presence of hydrogen bonds between the urea and oxo-anionic
guests.
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Table 1.2 Stability constants Ka (M�1) for 1.13–1.18 with the
anions H2PO4

�, HSO4
�, and Cl� in acetonitrile, as

determined by conductometrya

H2PO4
� HSO4

� Cl�

1.13 6100 170 1740
1.14 280 31 290
1.15 870 56 100
1.16 510 73 190
1.17 3500 79 540
1.18 14200 38 1600

aError is 5% for Ka�102 M�1 and 10% for Ka�102 M�1. The anions were studied
in the form of their n-Bu4N

� salts.
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Figure 1.15 Schematic representation designed to illustrate why urea and thio-urea groups
are excellent receptors for oxo-anions such as carboxylates
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As noted in the introductory portions of this chapter, care must be taken with pro-
tonated polyammonium receptors. On the one hand, it is necessary to insure that the
environment is sufficiently acidic for the receptors themselves to remain protonated,
while, on the other, making certain that the proton concentration is not so high as to
protonate any putative anionic guest. One way of overcoming this dilemma is to use
guanidinium subunits as the binding motif. The guanidinium cation is stabilized by
resonance and charge delocalization. It has a pKa of 13.6 and is approximately three
orders of magnitude more stable in its cationic form than a protonated secondary
amine (pKa~~10.5). Therefore, guanidinium subunits generally remain protonated at
relatively high pH values, a feature that is ideal for extending the pH range over
which positively charged, protonated anion receptors can operate.

Nature appears well aware of these benefits. The positively charged guanidinium
group is widely distributed in biological systems as a side chain of arginine and, not
surprisingly given its charge, this moiety plays a major role in the binding of anionic
substrates (vide supra). Synthetic guanidinium-based receptors are also well known
and have played an important role in the development of anion recognition chemistry
and many examples will be discussed later on in this monograph (see Chapter 2). Like
ureas, these systems show strong affinities for carboxylates, phosphates, sulfates, and
nitrates, binding these substrates through hydrogen bonding but unlike urea-based
systems, there is a strong electrostatic component to the binding, allowing for sub-
stantial anion–receptor recognition in aqueous or partially aqueous environments.

Lehn’s group reported the synthesis and binding properties of the first guani-
dinium-based anion receptors in 1978.58 However, even though macrocyclic, these
systems showed relatively poor anion affinities. A breakthrough advance came when
Schmidtchen incorporated the guanidinium motif into fused bicyclic ring systems,
thereby pre-organising the NH hydrogen-bonding array.59 These receptors, e.g.,
1.21–1.23, are characterized by hydrogen-bonding arrays that are similar to those
present in ureas. They also show high affinities for complementary carboxylate or
phosphate guests. For example, the tetraphenylborate salt of receptor 1.21 forms a
very stable complex (Ka � 1.4 � 105 M�1) with p-nitrobenzoate in chloroform.59

This has led to extensive use of guanidinium-based receptors for the binding of this
kind of anionic substrate.

Cyclic and acyclic receptors based on pyrrole also show high affinity for anions. In
the late 1980s, Sessler, one of the authors of this monograph, was interested in the
metal complexation chemistry of expanded porphyrins such as sapphyrin (e.g., 1.24),
a pentapyrrolic macrocycle first synthesized by Woodward and co-workers.60

Sapphyrin is much more readily protonated than porphyrin, resulting in the facile
generation of a mono- or dipositive macrocycle. In early work, Sessler and co-workers
attempted to crystallize the bis-hexafluorophosphate salt of sapphyrin. Instead of
obtaining crystals of the expected salt, a mixed fluoride/hexafluorophosphate salt

N

N

N

H H

R R
R R

1.21 R =

1.22 R =

1.23 R = H

OH

A

A = BF4, Cl, Br, I, PF6

Introduction 19

RSC_ARC_Ch001.qxd  2/7/2006  12:18 PM  Page 19



crystallized (Figure 1.16). The crystal structure was elucidated by Ibers and it was
found that the fluoride anion was bound within the macrocyclic core of the doubly
protonated sapphyrin, being held three by five hydrogen bonds, as well as, presum-
ably, the dipositive charge.61 Solution phase experiments in several organic solvents
revealed that fluoride anion is bound over 103 times more strongly to diprotonated
sapphyrin than either bromide or chloride.62 This discovery has led to an exploration
of the rich anion complexation chemistry of pyrrole-containing systems by Sessler,
Gale, and others (see Chapters 3 and 5).

A final type of anion–receptor interaction that is receiving considerable attention in
the literature involves the use of anions as templating agents for the formation of self-
assembled molecular architectures. Perhaps the most spectacular example of this is
Lehn’s pentameric circular helicate (Figure 1.17). The pentametallic circular helicate
1.25 only forms in the presence of chloride anions.63 The complex may be produced by
mixing tris-bipyridine ligands with equimolar amounts of FeCl2 in ethylene glycol at
170 °C. The chloride anion bound in the centre of the helicate is locked in place and
cannot be exchanged for other anions such as hexafluorophosphate or triflate. If iron(II)
salts, such as tetrafluoroborate or sulfate are used, a hexameric complex 1.25 is
obtained. The chloride anion, therefore, plays a role in the assembly of this remarkable
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Figure 1.16 X-ray crystal structure of the mixed fluoride/hexafluorophosphate salt of sap-
phyrin. The bound fluoride anion is shown in yellow, while the unbound hexa-
fluorophosphate counteranion is not shown
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complex (Figure 1.17). The chemistry of other self-assembling systems will be dis-
cussed in Chapter 9.

1.5 Measurement Methods: Caveats and Limitations
Of course, it is not only the role of the supramolecular chemist to design and syn-
thesize receptors, but also to evaluate their binding properties and selectivity. In the
field of anion receptor chemistry, a variety of techniques have been employed to
measure the stability constants of hosts with guests. These usually involve titrating
a guest into a solution of the host. The titration may be followed by using one or
more of a variety of spectroscopic or calorimetric tools including 1H NMR spec-
troscopy (or spectroscopy involving another NMR detectable nuclei), UV/Vis
absorption spectroscopy, fluorescence emission spectroscopy, or isothermal titration
calorimetry (ITC). Each of these techniques looks at a different part of the binding
process and/or overall equilibrium. For instance, titrations involving 1H NMR spec-
troscopy and monitoring NH proton shifts in, e.g., amide or pyrrole type receptors,
provide insights into the direct interaction of the anion with the hydrogen bond
donor subunits of the receptor. By contrast, UV/Vis and fluorescence spectroscopy
reflect changes in the optical properties of the light absorbing/emitting portions of
the receptor (including any appended chromophore), whereas ITC provides infor-
mation about changes in energy for the system as a whole. These techniques often
operate over different sensitivity ranges, typically 10�3 M for NMR spectroscopy,
10�4 for ITC, and 10�5 or lower for UV/Vis or fluorescence spectroscopy.
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Figure 1.17 Lehn’s chloride templated circular helicate complex 1.25. The iron atoms are
shown in brown
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Measurements are often made in a range of different solvents and the polarity of
the solvent often has a direct effect on the binding affinities, with, in general, the
affinities being considerably higher in less competitive aprotic organic solvents. In
these latter solvents, studies involving tetrabutylammonium anion salts are common.
This is due to the high solubility of these salts in organic solvents. However, these
salts are difficult to keep dry, being in some cases extremely hygroscopic. In the case
of tetrabutylammonium fluoride, it is not possible to dry completely this material
without the tetrabutylammonium cation undergoing decomposition. Cryptand salts of
potassium fluoride have been used to overcome this limitation, although this approach
has yet to see widespread use in the anion recognition community, in part because it
is difficult to assure complete salt purity. In addition to concerns involving salt purity,
many common assumptions made about ion-pairing in solution may not be valid. For
example, tetrabutylammonium is generally regarded as an “innocent” counter cation
with little tendency to form ion-pairs in solution. This assumption is incorrect and, in
fact, it has been suggested that in dichloromethane 1 mM solutions of tetrabutylam-
monium chloride are less than 20% dissociated at 22 °C.2 Therefore, going from one
solvent to another can change not only the strength of interaction between the anion
and receptor, but also the degree of ion-pairing in solution between the anion and its
counter cation. Therefore, when comparing data sets of binding constants across a
range of receptors, it is essential that the binding studies be conducted under identi-
cal conditions (e.g., temperature, solvent, concentration, and even measurement
method); otherwise, any conclusions drawn may well be invalid.

1.6 Summary Remarks
This book will examine the different strategies synthetic chemists have used to bind
anions and ion-pairs. The context of this discussion will examine the roles anion
complexation can play in various technologies, namely the production of sensors, in
extraction, and in the generation of supports for chromatographic applications. We
will also point out opportunities for further work in the area of anion complexation,
as well as highlight the role anion receptors could play in the area of biomedicine.
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CHAPTER 2

Classic Charged Non-Metallic
Systems

2.1 Polyammoniums
Since the days of Park and Simmons1 (cf. Chapter 1), polyammonium receptors have
emerged as true workhorses in the area of anion recognition chemistry.
Polyammonium receptors can be easily generated via the protonation of polyamines
and, as a rule, most polyamines are multiply protonated at pH 7. The resulting pro-
tonated receptors generally display strong anion-binding tendencies in both organic
and aqueous solvents as a result of both strong electrostatic and hydrogen-bonding
interactions. These receptors also have the advantage that they can be accessed using
a range of synthetic pathways, allowing for a considerable diversity in terms of size,
charge, and shape.

In this chapter, the chemistry of polyammonium and other classic charged-anion
receptor systems, namely those based on quarternary ammonium, guanidinium, ami-
dinium, imidazolium, and thiouronium motifs, respectively, is reviewed. The pres-
entation is organized according to each of these five major receptor types, giving rise
to six major sections. Most of these sections are further subdivided according to the
structure, leading to individual subsections devoted to “acyclic receptors” or “linear
systems”, “monocyclic receptors”, “bicyclic receptors”, and “polycyclic receptors”,
respectively. Because of this geometry-based organization, this chapter tends to be
front-loaded so as to introduce in some detail the basic structural elements that have
been commonly used to link a variety of different binding motifs.

2.1.1 Acyclic Systems

A big advance in the development of cationic anion receptor systems came in 1977
when the X-ray crystal structure of 2.1a, in the form of its citrate complex, was
reported by Glusker and co-workers2 (cf. Figure 2.1a). This seminal result made it
clear that even simple systems, such as the ethylenediamonium cation, are capable
of binding anions, at least solid state. Two years after the Glusker report, the bind-
ing of carboxylate anions in solution was studied by Lehn and co-workers3; from an
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analysis of pH-metric titration curves, a log Ka of 3.4 was deduced for the binding
of maleate monoanion to 2.1a in MeOH/H2O 9:1. In independent work, the structure
of the salt formed between protonated putrescine, 2.1c, and dihydrogen phosphate
was determined in the solid state from a single crystal X-ray diffraction analysis car-
ried out at 85 K (Figure 2.1b).4 The structure obtained in this way was considered
as a simple model for amine–nucleic acid interactions.5 In 1977, Nakai and
Glinsmann6 measured the binding constant between putrescine 2.1c and adenosine
phosphates at pH 7.5 and at 303 K (Ka � 82, 200, and 290 M�1 for AMP, ADP, and
ATP sodium salts, respectively). Quantitative analyses of the interactions of this
(2.1c) and other diammonium receptors, namely 2.1b and 2.1d, with tetrasodium
pyrophosphate were carried out by Lönnberg and co-workers7 using potentiometric
titation methods; the log Ka values calculated in this way were 2.6, 2.1, and 1.9 for
2.1b, 2.1c, and 2.1d, respectively.

Spermidine 2.2 and spermine 2.3 are among the most important polyamines in
biology. They are widely distributed in living cells.8 These two polyamines, present
in their respective protonated forms at physiological pH, affect the rate and extent of
nucleic acid biosynthesis with spermine, in particular, being known to bind the phos-
phate groups in yeast phenylalanine transfer RNA.9 Their strong affinity for nucleic
acids is also thought to have a stabilizing effect on DNA.10 In 1969, Huse and
Iitaka11 reported the X-ray crystal structure of the complex formed between spermi-
dine 2.2 and hydrogen phosphate (cf. Figure 2.2a), although the hydrogen atoms
were not specifically identified. Far more recently, Steed and co-workers12 suc-
ceeded in solving the single crystal X-ray structures of this complex (i.e., hydrogen

H3N NH3n

2.1a n = 0
2.1b n = 1
2.1c n = 2
2.1d n = 3

2Cl

Figure 2.1 Single crystal X-ray structures of (a) the citrate complex of diammonium cation
2.1a and (b) the hexakis-dihydrogen phosphate complex of congener 2.1c
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phosphate–2.2) and two related complexes, namely hydrogen sulfate–2.2 and hydro-
gen sulfate–2.3 (cf. Figures 2.2b–d). The association constants (Ka or Ka1 � Ka2) for
the binding of AMP, ADP, ATP, and pyrophosphate anion to 2.2 (2.3) were deter-
mined at pH 7.5 and found to be 230 � 22 (360 � 28), 330 � 82 (1300 � 120), 900
� 280 (9500 � 2400), and 640 (2700) M�2 (�1), respectively.6,13

In order to convert the process of anion binding into a detectable signalling event,
Czarnik and co-workers synthesized the anthrylpolyamine 2.4. This species exists as
the trication at pH 6. Under these conditions, the addition of oxyanions, such as
hydrogen phosphate, sulfate, and acetate, lead to changes in the fluorescence emis-
sion intensity.14 The most dramatic spectral change was observed in the presence of
hydrogen phosphate, with an increase in intensity of more than 145% being
observed. On the other hand, the addition of ATP, acetate, and dimethylphosphate
anions induced a decrease in the fluorescence intensity. These changes allowed the
relevant association constants to be calculated quantitatively (log Ka � 4.2, � 0.6,
and � 0.5 for ATP, acetate, and dimethyl phosphate anions, respectively, and 0.82
for hydrogen phosphate). Taken in concert, these results support the hypothesis that
complex hydrogen phosphate–2.4 exists in the form of Structure B, which precludes
the intermolecular quenching process, while the other anion complexes are best

H3N N
H2

NH3
H3N N

H2

H2
N NH3

2.2 2.3

3Cl 4Cl

Classic Charged Non-Metallic Systems 29

Figure 2.2 (a) and (b) Single crystal X-ray structures (separate determinations) of the tris-
hydrogen phosphate complex of 2.2. Six water molecules are removed for clarity
in both (a) and (b). (c) Single crystal X-ray structure of the diaquo tris-hydrogen
sulfate complex of 2.2; (d) diaquo tetrakis-hydrogen sulfate complex of 2.3. The
sulfur atom is shown in yellow
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characterized by Structure A, which permits fluorescence quenching due to the pres-
ence of the free amine group (Scheme 2.1).

More recently, the process of ATP recognition was studied in an aqueous solution
using various anthrylpolyamines 2.5–2.6, including ones bearing two fluorophore
subunits.15 In the pH range 3–6, receptor 2.5 exists primarily as a tetraprotonated
species. Under these conditions, it interacts effectively with monoprotonated ATP
(sodium salt) in aqueous 0.15 M NaCl (log Ka � 7.1, where Ka � [H5ATP·2.5]/
[HATP][H42.5]). However, ATP binds to 2.6 a little bit more strongly than to 2.5 (log
Ka � 9.9, 8.1, and 9.09 for 2.6a, 2.6b, and 2.6c, where Ka � [H5ATP·2.6]/
[ATP][H52.6]). Presumably, this increased affinity reflects the larger number of
hydrogen-bonding interactions that these latter systems can support relative to 2.5.

Bianchi and co-workers16 prepared the cleft-like hexamine ligands 2.7a and 2.7b
containing hetro-aromatic moieties and studied them as linear polyammonium-type
anion receptors. The association constants between these receptors and ATP were
found to be strictly pH dependent. For example, mono protonated ATP binds to the
diprotonated forms of receptors 2.7a and 2.7b with log Ka � 4.08 and 4.46, while
log Ka values of 5.01 and 5.45 were seen for the tetraprotonated derivatives in 0.1
M NMe4Cl aqueous solution. On the other hand, triphosphate, H2P3O10

3�, was found
to bind to receptor 2.7a less well than ATP, even though both species contain the
same triphosphate unit (the log Ka for the interaction of H42.7a4� with H2P3O10

3� was
3.25). Presumably, the rigid aromatic unit helps provide a binding site that is better

NH N
H

N
H

NH2 NH N
H

N
H

N
H

HN R
n

2.6a n = 1, R = H
2.6b n = 2, R = H
2.6c n = 2, R = CH2(9-naphthyl)

2.5
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NH

N

NH2

H2N

NH

N

H3N

H2
N

O

P
O

O
O

H

H

H

NH

N

H3N

H2
N

O

P
O

O
O

H

H

H

TMA HPO4
pH = 6

2.4 A Low Fluorescence B High Fluorescence

Cl− Cl−

Scheme 2.1 Protonation of 2.4 by hydrogen phosphate
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optimized for the nucleotide-containing anions as the result of, e.g., allowing for π–π
stacking and hydrophobic interactions that are less beneficial in the case of H2P3O10

3�.

Tren-based tripodal polyammonium species have played an important role in the
development of anion recognition chemistry, seeing application, for instance, in such
practical areas as pertechnetate and perrhenate anion extraction.17 This utility
reflects in large measure the fact that such species are relatively easy to make and
modify.

Among the important studies in this area is the 2004 report from Bowman-James
and co-workers18 who examined the anion-binding ability of the tren-based tripodal
polyammonium receptor 2.8 in both the solid sate and in solution. For instance,
these workers reported the crystal structure of the dihydrogen phosphate-anion
complex shown in Figure 2.3a. In this case, it was found that one phosphate, pre-
sumably in the form of dihydrogen phosphate, is located in the middle of the tren-
derived “backbone”, being held in place via three N–H···O hydrogen-bonding
interactions. The remaining three of the four phosphates bound per receptor are
found in between each of the tren “arms” again, presumably, as dihydrogen phos-
phate. However, the corresponding structure (cf. Figure 2.3b) reveals the presence
of only three bound bromide anions per equivalent of 2.8, which is thus presumably
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Figure 2.3 Single crystal X-ray structures of (a) the tetrakis-phosphate and (b) tris-bromide
anion complexes stabilized by the protonated forms of 2.8. Bromide anions are
shown in brown. The other colour codes are as defined previously
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triprotonated, not tetraprotonated, in this case. Quantitative assessments of the
interaction between 2.8 and anions (studied as the corresponding tetrabutylammo-
nium (TBA) salts) came from 1H NMR spectroscopic titrations carried out in
CDCl3. In these studies, the shift of the NH signal towards lower field observed
upon the addition of various anions was monitored. Fits of the resulting binding
profiles revealed a preference for H2PO4

� and HSO4
� over other anions included in

the study, i.e., log Ka � 3.25, 3.20, 1.55, 1.80, and 1.70 for H2PO4
�, HSO4

�, NO3
�,

Cl�, and Br�, respectively. This strong preference for anions that contain one or
more residual acidic protons provides supports for the hypothesis that proton
exchange between the bound anion (acidic form) and the bridgehead amine nitro-
gen atom could be contributing to the binding process.

Receptor 2.9, which relies on triethylbenzene as the backbone, was designed by
Anslyn and Best19 to act as a fluorescent sensor for 2,3-bisphosphoglycerate (2,3-
BPG). Here, it was noted that the three ethyl group present in the backbone would
force the other three appended recognition moieties to point in the same direction,
thus creating a well-defined binding cavity. The fact that one of these motifs was a
europium tetra-N-oxide bipyridine complex was expected not only to enhance the
binding process, but allow for it to be followed via spectroscopic means (e.g., change
in fluorescence intensity). The association constant (Ka) for 2,3-BPG–2.9 was deter-
mined to be 670,000 M�1 (for a 1:1 binding stoichiometry) in (50%) MeOH/MeCN,
as inferred from fluorescence titration experiments.

As an alternative means of obtaining a preorganized polyammonium receptor with
multiple, geometrically convergent binding sites, Anslyn and co-workers20 prepared
receptor 2.10 and studied its anion-binding characteristics using UV–Vis spec-
troscopy. As a result of its design, receptor 2.10 possesses a C3v symmetric cavity,
while the central Cu(II) centre is held in a roughly tetrahedron coordination envi-
ronment. UV–Vis spectroscopic titration studies, carried out using the corresponding
sodium anion salts, confirmed the expected high affinities for tetrahedral-shaped
anions, such as HPO4

2� (Ka � 25,000 M�1), HAsO4
2� (Ka � 25,000 M�1), and

ReO4
� (Ka � 2000 M�1) in preference over AcO� (Ka � 900 M�1), NO3

� (Ka � 20
M�1), HCO3

� (no binding detected; “N.D.”), and Cl� (N.D.) in the HEPES solution
(pH 7.4). The selectivity displayed by system 2.10 was attributed to a combination
of receptor size, shape, and charge complementarity effects.
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Anslyn and Tobey21 have also reported the carboxylate anion-binding properties
of 2.10. In this work, the association constants for the interaction with the 1,2,3,
4-butanetetracarboxylate, tricarballate, glutarate, and acetate anions were measured
by UV–Vis and isothermal calorimetric (ITC) titration methods in HEPES buffer
(pH 7.4). It was found that the tetra- and tricarboxylate anions were bound to recep-
tor 2.10 with similar affinity (Ka � 220,000 (18,000) and 90,000 (19,000) M�1 by
UV–Vis (ITC)), from which it was inferred that both anions bind to the receptor via
one primary Cu(II)-carboxylate and two ancillary ammonium-carboxylate interac-
tions. Consistent with such thinking, the association constants for the di- and mono-
carboxylate substrates were found to be almost two orders of magnitude lower 
(Ka � 2000 (400) and 900 (300) M�1 by UV–Vis (ITC)) than the more complex tri-
and tetracarboxylate targets.

2.1.2 Monocyclic Systems

In 1981, Kimura and co-workers22 indirectly observed that the protonated cyclic
tetra- and pentaamine receptors, 2.11a, 2.11b, and 2.14, are capable of binding car-
boxylate-type anions. This finding came about while these researchers were seeking
to develop simple and reliable analytical methods for identifying and separating var-
ious cyclic polyamines. Specifically, in the course of testing the electrophoretic
properties of polyamines on a cellulose citrate membrane at pH 6, it was found that
protonated polyamines, 2.11a, 2.11b, and 2.14, migrated towards the anode, i.e., in
exactly the opposite direction expected for a cationic species. This unexpected
observation was rationalized by assuming that a citrate-anion complex was being
formed whose overall charge was negative, rather than positive. Figure 2.4 illustrates
the citrate complex that is thought to form with 2.14.

In follow-up work, the carboxylate-binding properties of pentamines 2.12 and heax-
amine 2.14a were studied at neutral pH using polarographic methods.23 Under these
conditions, the amines are triprotonated and are able to bind to citrate (Ka � 55, 250,
1000, and 240 M�1 for 2.12a, 2.12b, 2.12c, and 2.14, respectively) more tightly than
various simple dicarboxylate anions (e.g., succinate, malonate, malate, maleate, and
fumarate). This result was taken as evidence that electrostatic interactions play a major
role in the complexation process. Nonetheless, it was found that the 15-membered cyclic
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receptor 2.12a displays a rather low affinity, at least in relative terms, reflecting the fact
that unfavourable steric and conformation effects can modulate the anion affinities.

One year later, Kimura and co-workers24 discovered that protonated tetra- and
pentaamine receptors can also form strong ion-pairing complexes with phosphate
anions in an aqueous solution. Table 2.1 summarizes the results of a phosphate-
anion-binding study effected using polarographic means. As can be seen from an
inspection of this table, the binding affinities were found to correlate well with net
anion charge (i.e., ATP � ADP � AMP). The complexation process was also mon-
itored using 1H NMR spectroscopy. In particular, downfield shifts of the adenine CH
protons were observed upon the addition of polyamine receptors to solutions of
AMP or ATP in D2O. In an independent work, Bianchi and co-workers25 reported
that the association constants (log Ka) of 2.11e are 3.81 (H42.11e4� � ATP4�) and
3.04 (H42.11e4� � HATP3�), as derived from potentiometric titration studies.

In 1982, Suet and Handel26 demonstrated the interaction between fluoride anion and
the tetramines 2.11c, 2.11d, and 2.11e. Fluoride anion was found to bind more strongly
to the tetraprotonated species 2.11e (log Ka � 2.8) than to its tetraprotonated analogues
2.11b (log Ka � 2.0) or 2.11c (log Ka � 1.9) in an aqueous solution (pH 1). Based on
an analysis of CPK models, it was proposed that the cavity of 2.11e (radius 1.4 Å) pro-
vides a good match for the fluoride anion (ionic radius taken as 1.36 Å), whereas 2.11c
and 2.11d have cavities that are too small (radius � ca. 0.7 and 1.0 Å, respectively). 

Subsequent to Kimura’s studies on the anion binding ability of 2.14, the first sin-
gle X-ray crystal structure of a chloride anion complex involving the tetraprotonated
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Figure 2.4 Proposed model for the 1:1 complex formed between protonated macrocycle 2.14
and citrate anion

RSC_ARC_Ch002.qxd  2/8/2006  9:43 AM  Page 34



form of 2.14 was reported by Gelb and co-workers.27 As can be inferred from this
structure, reproduced in Figure 2.5a, direct, and presumably strong, �NH···Cl�

hydrogen-bonding interactions help stabilize this complex. Independent pH-poten-
tiometric and conductometric titration experiments confirmed that receptor 2.14
exists in its tetraprotonated form at 2 � pH � 3 and displays a relatively weak affin-
ity for nitrate and chloride anions (Ka � 102 M�1 in both cases). Subsequently,
Spiccia and co-workers28 also reported structures of the chloride-, bromide-, and
iodide-anion complexes of this receptor. These structures are quite similar to that
shown in Figure 2.5a.

Classic Charged Non-Metallic Systems 35

Table 2.1 Association constants (Ka) for the formation of nucleotide phosphate
complexes with various protonated polyamines in 0.2 M aqueous
NaClO4 at 25 °C

H42.11d4� H32.12a3� H32.12b3� H32.12c3� H2.131� H32.143�

AMP2� 6.9 � 103 1.56 � 103 1.30 � 103 6.86 � 102 5.03 � 102 1.77 � 103

ADP3� 3.2 � 104 8.72 � 103 1.47 � 103 1.00 � 103 1.21 � 102 4.47 � 105

ATP4� 4.5 � 106 1.03 � 104 4.23 � 103 5.12 � 103 4.77 � 102 2.50 � 106

Figure 2.5 Single crystal X-ray structures of (a) the bis-chloride anion complex of tetrapro-
tonated 2.14, (b) the 2:1 complex formed between H2P2O7

2� and the tetraproto-
nated form of 2.14 in the solid state, and (c) the 2:1 complex formed between
H2P2O7

2� and the tetraprotonated form of 2.15. In all cases, further counter
anions not proximate to the receptor were found in the crystal lattice. These
anions are not shown for the sake of clarity
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Table 2.2 summarizes many of the anion-binding constants that Bianchi and co-
workers29–32 derived for the cyclic hexaamines, 2.14, 2.15, and 2.16, as the result of
work that first commenced in 1992. Generally, the association constants for these
systems were found to correlate with the degree of protonation. Also, stronger com-
plexes were observed to form with highly negatively charged anion such as ATP and
P2O7

4�. At a given protonation level, 2.14 and the methylated systems 2.15 and 2.16
were found to display similar affinities for phosphate-type anions. However, the
tetraprotonated forms of receptors 2.15 and 2.16 were seen to bind ATP with lower
affinity than the non-methylated analogue, 2.14.

In addition to the binding studies, kinetic experiments designed to test receptor-
promoted ATP cleavage using macrocycles 2.14–2.16 were also carried out. These
were effected by monitoring the rate of ATP loss using 31P NMR.29,33 While tetram-
ethylated hexamine 2.16 was found to produce a large rate enhancement (e.g., k � 43
� 103 min−1 pH 3, 80 °C), the analogous dimethylated receptor 2.15 (e.g., k � 5.6
� 103 min−1 pH 3, 80 °C) proved to be much less effective, showing a rate that was
slower even than that displayed by 2.14 (e.g., k � 13 � 103 min�1 pH 3, 80 °C).

In 1999 two more crystal structures, namely of (H42.14)⋅(H2P2O7)2 and
(H42.15)⋅(H2P2O7)2, were eludicated in conjunction with these studies.29,31 As can be
seen from Figure 2.5b, in the first of these structures, the two H2P2O7

2� anions are
bound above and below the pseudo-plane defined by the protonated macrocycle;
they are held in place by a combination of ion-pairing interactions and eight hydro-
gen bonds. The crystal structure of (H42.15)⋅(H2P2O7)2, shown in Figure 2.5c, reveals
a very similar binding geometry, with the major exception that fewer hydrogen-
bonding interactions serve to stabilize the complex. These solid-state findings
notwithstanding, in solution the binding stoichiometry was found to be 1:1, as
determined from an analysis of electromotive force data. Quantitative analyses
revealed, as was perhaps to be expected, that pyrophosphate is bound more strongly
than phosphate to the charged forms of this hexamine receptor (cf. entries for 2.14
in Table 2.2). Additionally, Spiccia and co-workers34 have reported the X-ray crystal
structures of 2.14 with di- and monohydrogen phosphate in the solid state. 
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Table 2.2 Association constants (log Ka) corresponding to the interaction between
cyclic hexaamines and various anions, as determined from potentiomet-
ric measurements carried out in aqueous 0.15 M NaClO4 at 298 K

ATP4� HPO4
2� H2PO4

� P2O7
4� HP2O7

3� H2P2O7
2� SO4

2�

H32.143� 2.47 2.69 3.71 2.94a 3.27 4.04
H42.144� 5.91 5.02 7.22 5.69 4.37 3.84
H52.145� 8.92 5.53 11.60 4.44
H22.152� 3.00 3.16 2.45 2.82
H32.153� 3.82 3.70 4.21 3.47 3.79 4.29 3.34
H42.154� 7.39 5.20 6.33 4.53 4.89
H22.162� 2.74 2.93
H32.163� 3.30 3.24 3.40 3.49a 2.52 3.38
H42.164� 7.48 3.83 7.48 4.48

aIn reference 31 these values are reported as 3.27 and 3.88 instead of 2.94 and 3.49, respectively.
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Sulfate represents the last anion whose binding interactions with 2.14–2.16 were
studied in detail. As above, these analyses were carried out in an aqueous solution
by means of potentiometric techniques.32 It was found that the affinity for sulfate
increases with increasing positive charge on the receptors. However, little differen-
tiation among the three receptors was observed. In other words, the various proto-
nated forms of 2.14, 2.15, and 2.16 that were studied were found to display similar
binding behaviour, even though two of the receptors, namely 2.15 and 2.16, bear 
N-methyl substituents.

In an independent work carried out in the same year, but reported slightly after
Kimura’s original study, Lehn and co-workers35 were able to demonstrate that various
anions were bound to the protonated form of a slightly different hexamine receptor,
namely 2.17. In this case, computer analyses of the pH-metric titration data revealed
that the fully protonated form of 2.17 (i.e., H62.176�⋅6Cl�) forms strong complexes
with both organic and inorganic di- and polyanions (e.g., log Ka � 4.0, 3.8, 3.3, 2.4,
4.7, 3.9, 3.4, 6.5, and 8.9 for sulfate2�, oxalate2�, malonate2�, succinate2�, citrate3�,
Co(CN)6

3�, AMP2�, ADP3�, and ATP4�, respectively, in aqueous 0.1 M tetramethyl-
ammonium chloride (TMACl)). However, no evidence of appreciable binding was
seen in the case of various monoanions, including acetate, nitrate, and tetrafluorobo-
rate anions, presumably reflecting competition from chloride anion. The fact that the
strongest complexes were formed with small and highly charged anions led to the
conclusion that electrostatic interactions play a major role in defining the anion recog-
nition event in receptors of this type. Such a conclusion was supported by data from
follow-up studies in which anion binding was analyzed as a function of pH.36,37

In order to improve the selectivity towards dicarboxylates, Lehn and Hosseini36

designed and prepared several isomeric hexamine receptors, namely 2.18a, 2.18b,
and 2.19c, wherein bridges of different length are used to link the tripod-like sub-
units. While receptor 2.17 displays a preference towards oxalate dianion (log Ka �
3.8, 3.2, and 2.6 for H62.176�, H52.175�, and H42.174�, respectively, in aqueous 0.01 M
TMACl) over anionic malonate, succinate, glutarate, adipate, and pimelate, the cor-
responding hexamine receptor 2.18a shows a selectivity towards succinate dianion
(log Ka � 3.4, 2.85, and 2.45 for H62.18a6�, H52.18a5�, and H42.18a4�, respec-
tively, in aqueous 0.01 M TMACl) and glutarate dianion (log Ka � 3.4, 2.9, and 2.5
for H62.18a6�, H52.18a5�, and H42.18a4�, respectively, in aqueous 0.01 M TMACl)
over anionic oxalate, malonate, adipate, and pimelate.
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Receptor 2.18b is of special interest. Not only does this system display the high-
est affinity for oxalate (log Ka � 6.3, 4.7, and 2.85 for H62.18b6�, H52.18b5�, and
H42.18b4�, respectively, in aqueous 0.01 M TMA-Cl), it also shows appreciable
selectivity towards pimelate (log Ka � 3.4, 2.85, and 2.70 for H62.18b6�,
H52.18b5�, and H42.18b4�, respectively, in aqueous 0.01 M TMA-Cl) and suberate
(log Ka � 3.45, 3.0, and 2.65 for H62.18b6�, H52.18b5�, and H42.18b4�, respec-
tively, in aqueous 0.01 M TMA-Cl). The authors did not provide a detailed ration-
ale for the high oxalate-binding affinity. Nonetheless, these results do serve to
underscore the fact that the complexation selectivity can be controlled in receptors
of this type via suitable structural modifications. Consistent with this generalized
conclusion is the finding that receptor 2.19c displays selectivity for glutarate, bind-
ing to this latter species with rather high affinity (log Ka � 6.1, 5.5, and 2.95 for
H62.19c6�, H52.19c5�, and H42.19c4�, respectively, in aqueous 0.01 M TMA-Cl).

Later, the crystal structure of 2.19a, characterized in the form of its hydrochloride
salt, was elucidated by Lehn and co-workers.38 It was found that, in the solid 
state, H62.19a6� is rectangular shaped and that half of the hydrogen atoms present
on the protonated amines point towards the centre of the ring and are involved in
hydrogen-bond interactions with the two bound chloride anions (Figure 2.6).

Recently, Bowman-James and co-workers39 reported the crystal structure of the
phosphoric acid/dihydrogen phosphate complex of hexaprotonated 2.19b. This
crystal structure is noteworthy because it provides evidence that phosphate can
exist in the form of H2PO4

� (as well as H3PO4) in complexes isolated at low pH.
Solution-phase potentiometric titrations revealed that the pentaprotonated and
hexaprotonated forms of 2.19b bind two H2PO4

� anions at pH values between 2 and
4 (log Ka � 6.16 and 6.44 for (H52.19b)⋅(H2PO4)2 and (H62.19b)⋅(H2PO4)2,
respectively).

38 Chapter 2

Figure 2.6 Single crystal X-ray structures of (a) the bis-chloride anion complex of hexapro-
tonated 2.19a and (b) tetrakis-dihydrogen phosphate complex of hexaprotonated
2.19b. In both cases, further counter anions not proximate to the receptor were
found in the crystal lattice. These anions are not shown for the sake of clarity
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The first optically active cyclic polyamine 2.20 was synthesized by Burrows and
Marecek40 in 1986. In this case, a solution-phase binding study, carried out using 31P
NMR spectroscopy, provided evidence that the protonated form of 2.20 binds ATP
with a 1:1 binding stoichiometry. Unfortunately, no further analyses of this system
have apparently been carried out.

Recently, Lehn and co-workers41 generated the two optically active receptors 2.21
and 2.21 using a chemoenzymatic approach. The enantioselectivity of these two sys-
tems was found to depend strongly on the structure of the anion being targeted for
binding and the degree of protonation. Hexamine 2.21 was found to display a mod-
erate preference for D-tartarate (log Ka � 4.10 (3.49) and 3.34 (2.71) for H62.216�

and H52.215�, respectively, with D-tartarate (L-tartarate) in aqueous 0.1 M TMA-
Cl). However, the hexaprotonated receptor 2.22 containing a second chiral moiety
was found to display a rather respectable enantiomeric preference for N-Ac-D-
asparate (log Ka � 5.34) over its enantiomer (log Ka � 4.57). Interestingly, the
binding behaviour of receptor 2.21 towards N-Ac-asparate was found to change as a
function of protonation. For example, the hexaprotonated form 2.21 is selective for
the D-antipode (log Ka � 4.52 and 4.14 for D- and L-N-Ac-asparate), whereas the
converse is true for the corresponding tetraprotonated form (log Ka � 1.76 and 1.99
for D- and L-N-Ac-asparate).

Table 2.3 summarizes the anion-binding affinities of the cyclic hepta- and
octaamine-based receptors, 2.23a, 2.23b, 2.24, and 2.25.30–33,35,42,43 From a quick
inspection of this table, it is clear that the anion-binding affinities of these receptors
increase as (1) the degree of protonation increases and (2) the size of the ring is
decreased at any given level of protonation (e.g., log Ka � 8.92, 7.28, and 6.93 for
the binding of ATP4� by H52.145�, H52.23a5�, and H52.245�, respectively). Also
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noteworthy is the finding that binding affinities for nucleotide phosphates decrease
according to the order ATP � ADP � AMP.29,30,42

Recently, the interactions of 2.23a and dinucleotides NAD and NADP in aqueous
0.15 M NaClO4 were studied using potentiometric titration, cyclic voltametry, and
31P NMR spectroscopic methods.44 It was found that NADP forms complexes with
the charged forms of 2.23a that are stronger than those formed with NAD.
Presumably, this reflects the presence of its “extra” phosphate unit that helps stabi-
lize the complex (log Ka � 4.27 and 5.02 for H42.23a4� and H52.23a5�, respec-
tively, with NAD; log Ka � 4.74 and 7.19 for H42.23a4� and H52.23a5�,
respectively, with NADP). 

In 1994, Bianchi and co-workers43 studied the selectivity of receptor 2.23a towards
Y-shape-carboxylate anions using potentiometric and electrochemical techniques.
This receptor was found to bind tricarboxylate anions in preference to dicarboxylate
anions. In the case of the 1,3,5-cyclohexane tricarboxylate anions, better binding was
seen for 2.26 (log Ka � 5.2, 8.6, 12.9, and 15.7 for H42.23a4�, H52.23a5�, H62.23a6�,
and H72.23a7�, respectively, in aqueous 0.15 M NaClO4) than for 2.27 (log Ka �
4.0, 6.6, 9.7, and 11.7 for H42.23a4�, H52.23a5�, H62.23a6�, and H72.23a7�, respec-
tively, in aqueous 0.15 M NaClO4). Such a finding can be explained by appreciating
that in 2.26 all three carboxylate groups are oriented in the same “downward” (axial
orientation) direction, whereas, one of the three carboxylate groups faces “outwards”
(equatorial orientation) in the case of 2.27 (cf. Figure 2.7 for a representation derived
originally from molecular modelling studies). The selectivity resulting from the con-
figurational difference associated with these two epimers is consistent with the sug-
gestion that receptor 2.23a provides a flat, positively charged surface that is well
matched to the negative surface present in 2.26.

Additional evidence that protonated polyamine receptors can bind Y-shape anions,
comes from a structural analysis of the nitrate complex of protonated 2.24 reported
by Bowman-James and co-workers.45 In the solid state, 2.24 is fully protonated and
adopts an almost flat conformation. It interacts with eight nitrate counter anions via
a combination of hydrogen-bond interactions and ion-pairing (cf. Figure 2.8). Two
of the nitrate anions are encapsulated inside the cavity in almost perfect fashion,
while six nitrate anions are bound outside the macrocyclic ring.

40 Chapter 2

Table 2.3 Association constants (log Ka) corresponding to the interaction between
the protonated forms of cyclic polyamines and various anions, as deter-
mined from potentiometric measurements carried out in aqueous 0.15 M
NaClO4 at 298 K

H52.23a5� H62.23a6� H72.23a7� H42.23b4� H52.23b5� H62.23b6� H82.258�a

ATP4� 7.28 10.52 12.93 4.69 7.54 10.04 8.5
ADP3� 5.31 7.96 10.04 5.33 8.23 11.09 7.5
AMP2� 4.99 7.00 8.87 4.91 7.59 10.18 4.1
H2P2O7

2� 6.53 8.29
SO4

2� 4.05 5.42 4.09 5.12 6.94 4.0

a0.1 M TMA-Cl aqueous solution; for APT4�, log Ka � 9.79, 11.89, and 13.81 for H62.246�, H72.247�,
and H82.248�, respectively.
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In one of the historically most important studies involving polyammonium recep-
tors, it was found that macrocycle 2.28 not only interacts strongly with nucleotide
phosphates, but also acts as a catalyst for such biomimetic reactions as phosphoryl
group transfer and hydrolysis.46–48 In important predicative work, dating to 1983, the
association constants corresponding to the interaction between the protonated forms
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Figure 2.7 Proposed molecular model for the 1:1 complexes formed between tetraprotonated
2.23a and trianions 2.26 and 2.27, respectively

Figure 2.8 Single crystal X-ray structure of the complex formed between fully (i.e., eight-
fold) protonated 2.24 and its eight nitrate counter anions. Shown are front (a) and
side (b) views
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of 2.28 and various nucleotide phosphates were determined by pH-metric titrations;
values of log Ka � 4.80 (8.15, 11.0), 3.40 (6.20, 8.30), and 2.85 (5.00, 6.95) were
found for ATP4�, ADP3�, and AMP2�, respectively, with H42.284� (H52.285�,
H62.286�) in aqueous TsOH (0.01 M)/TsONa (0.1 M) solution.47 This study thus
served to extend and refine the one completed 2 years earlier by Lehn and co-work-
ers,35 wherein the association constants (log Ka) for the interaction of H62.316� with
ATP4�, ADP3�, and AMP2� in aqueous 0.1 M TMA-Cl were reported to be 9.1, 7.7,
and 4.7, respectively.

Noting that the pentaethylenehexamine49 produced a significant enhancement of
the ATP-hydrolysis rate, the first-order hydrolysis rate constants of polyammonium
2.28 and 2.31 were determined quantitatively from plots of log[ATP] vs. time using
31P NMR spectroscopy.47 At pH 3.5, receptor 2.28 (k � 70 � 103 min�1) displays
the fastest hydrolysis rate with 2.31 (k � 22 � 103 min�1) and 2.14 (k � 22 � 103

min�1) being more effective than 2.17 (k � 6.2 � 103 min�1; all rates in D2O/H2O
(1:9) at 60 °C). The fact that receptor 2.28 binds ATP more strongly than the other
receptors and displays the largest rate constant, was taken as a clear indication that
ATP hydrolysis proceeds via formation of a receptor–anion complex, followed by
hydrolysis of the bound ATP (Scheme 2.2).

Later, Martell and co-workers50 studied the anion-binding behaviour of the proto-
nated forms of 2.28, determining the affinities for dicarboxylate anions (log Ka � 4.68
(4.2), 3.59 (3.70), and 2.06 (2.38) for H62.286�, H52.285�, and H42.284�, respectively,
for oxalate (malonate)), as well as for hydrogen phosphate (log Ka � 6.97, 5.29, and
2.64 for H62.286�, H52.285�, H42.284�, respectively) in aqueous 0.1 M KCl.
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In an effort to improve the binding affinities towards nucleotide phosphates, one or
two pendant acridine units were attached to the macrocycle.48,51 In aqueous solution
at neutral pH, the order of nucleotide-anion binding was found to decrease in the
order 2.30 � 2.29 � 2.28, presumably reflecting the importance of π-stacking inter-
actions between the appended acridine and the bound nucleotide. Specifically, system
2.30 was found to form a stronger complex with NADPH (Ka � 3 � 108 M�1) than
with NADP (Ka � 5 � 105 M-1), ATP (Ka � 7 � 107 M�1), or triphosphate (Ka �
7 � 107 M�1).

In 1991, Lehn and co-workers38 reported the X-ray crystal structure of the chloride-
anion complex of the hexaprotonated receptor 2.28 (Figure 2.9a). Five years later,
Bowman-James and co-workers52 elucidated the crystal structure of the nitrate com-
plex generated from the tetraprotonated form of 2.28 (Figure 2.9b). In both cases, the
receptor 2.28 (charged forms) adopts a conformation that serves to define a “pocket-
like” binding site. In the case of the nitrate complex, molecular-dynamic simulations
provided support for the notion that solvation effects in solution are important in
terms of defining what is presumed to be a folded, flexible structure.38,45,52

In what represents an alternative multifunctional approach to molecular recognition,
Lehn and co-workers53 designed and prepared the bis-intercaland-type receptor 2.32.
The protonated form of 2.32 contains two flat naphthalene subunits that are designed
to provide a π-stacking unit along with two charged diethylenetriamine subunits,
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Figure 2.9 Single crystal X-ray structure of (a) the chloride-anion complex stabilized by the
hexaprotonated form of receptor 2.28 and (b) the nitrate complex formed from the
tetraprotonated form of receptor 2.28. In both cases, further counter anions not
proximate to the receptor were found in the crystal lattice. These anions are not
shown for the sake of clarity
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which were expected to act as the primary anion binding sites. In an aqueous solution,
a complex with a dianion could thus be formed via a combination of hydrophobic 
(π-stacking), electrostatic, and hydrogen bonding interactions (Scheme 2.3).

Quantitative analyses of the anion binding behaviour of 2.32 were made using
standard 1H NMR spectroscopic titration methods. In some cases, corroborating
studies were carried out using fluorescence titrations and were found to be fully con-
sistent with the results from the NMR spectroscopic analyses. According to the
NMR spectroscopic titration results, tetraprotonated 2.32 displays a preference for
ATP (log Ka � 5.2), ADP (log Ka � 5.1), isophthalate (log Ka � 5), and tereph-
thalate (log Ka � 5.2) over other anions, such as maleate (log Ka � 3.5), fumarate
(log Ka � 4.4), AMP (log Ka � 4.3), cytidine-5	-phosphate (CMP) 
(log Ka � 3.7), and uridine monophosphate (UMP) (log Ka � 4.1) in aqueous solu-
tion at pH 6. The strong binding of benzene dicarboxylate anions over simple alkane
dicarboxylate anions was taken as an indication that the extra stabilization provided
by the π-stacking interactions between the receptor naphthalene subunits and the
benzene rings of the bound guests are energetically significant. 

In 1996, Martell and co-workers54 reported the crystal structures of the bromide
and pyrophosphate complexes of protonated 2.33 and studied binding behaviour of
this receptor in aqueous solution. Figure 2.10a shows how the hexaprotonated form
of 2.33 interacts with six bromide anions in the solid state. Two of the six bromide
anions are found inside the ring, encapsulated by a combination of hydrogen-bond-
ing and electrostatic interactions. In contrast, the linear oxyanion pyrophosphate
appears to thread through the cavity of the tetraprotonated form of 2.33 in the solid
state, as shown in Figure 2.10b. The average distance between the pyrophosphate
oxygen and the receptor nitrogen atoms is 2.67 Å, leading to the inference that
hydrogen-bond interactions help stabilize this host–guest complex. Anion binding
studies, carried out in an aqueous solution using potentiometric methods, revealed
that hydrogen phosphate is bound more strongly as the degree of protonation on
2.33 increases. Presumably, this reflects the larger number of hydrogen bonds and
greater Coulombic attraction such protonation provides (Table 2.4). Receptor 2.33
was also found to be a slightly better receptor than its aryl-free analogue 2.28. A
similar binding trend was also found in the case of pyrophosphate and triphosphate.
However, the charged receptor 2.33 was found to bind to simple triphosphate anion
more strongly than either pyrophosphate or hydrogen phosphate at a given level of
protonation. One year after the initial report, a binding study involving nucleotide
phosphates was completed; it revealed a strong selectivity for ATP relative to ADP
or AMP, as can be seen from an inspection of the data in Table 2.4.55 In the presence
of ATP, all CH signals ascribed to the xylene unit are shifted to higher field except
one proton, which is shifted downfield. Such a finding was considered consistent
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Scheme 2.3 Schematic representation of the proposed intercalation process involved in the
binding of dianionic aromatic substrates by 2.32
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with a stacking interaction involving the nucleotide and benzene subunits. Based on
this and other observations, a non-planar conformation was inferred wherein the
system folds over to generate a well-defined sandwich-like binding pocket (cf.
Scheme 2.3).

Recently, Bowman-James and co-workers56,57 reported X-ray crystal structures of
the nitrate- and sulfate-anion complexes of the hexaprotonated form of 2.33. As
shown in Figures 2.11a and b, both structures are relatively planar with similar
hydrogen-bonding patterns being observed in the two cases.

Solution-phase sulfate anion binding studies, carried out in aqueous 0.1 M
sodium toslyate (NaOTs), were performed using two different techniques, namely
potentiometry and NMR spectroscopic titrations. The results from these independ-
ent studies gave rise to concordant results, namely log Ka � 3.53 (3.04) and 4.36
(4.07) for H52.335� and H62.336�, as determined from the potentiometric measure-
ment (NMR titration). Recently, the fluoride anion affinities were also measured and
found to be considerably weaker (log Ka ~ 2) than those for sulfate.57
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Figure 2.10 Single crystal X-ray structures of the (a) hexakis-bromide complex of hexapro-
tonated 2.33 and (b) pyrophosphate complex of tetraprotonated 2.33. In all
cases, further counter anions not proximate to the receptor were found in the
crystal lattice. These anions are not shown for the sake of clarity

Table 2.4 Association constants (log Ka) for the interaction between cyclic
polyamines 2.33 and various phosphorylated substrates as determined
from potentiometric titrations carried out in aqueous 0.1 M KCl at 298 K

HPO4
2� P2O7

4� P3O10
5� ATP4� ADP3� AMP2�

H62.336� 7.36 13.07 14.19 11.16 9.47 7.12
H52.335� 5.47 9.94 10.85 8.69 7.42 5.6
H42.334� 2.87 5.73 6.47 5.27 4.37 3.33
H32.333� 4.71 3.35 3.07 2.7
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In 2004, receptor 2.34, containing two pendant hydroxylpropyl groups, was pre-
pared by Sun and co-workers.58 Its ability to bind to amino acids (e.g., glycine,
aspartic acid, and lysine) when protonated was reported, along with the single crys-
tal X-ray structure of its bromide complex. This latter structure, involving the
tetraprotonated form, revealed that, in the solid state, two bromide anions are encap-
sulated within the central cavity, as depicted in Figure 2.11c. In solution, much of
the driving force for the formation of the proposed amino acid complexes is thought
to involve interactions between the negative carboxylic oxygen of the substrate and
the charged nitrogen atoms of the receptor.

A quantitative analysis of the binding properties of 2.34 revealed a strong selectiv-
ity for aspartate (log Ka � 8.53, 7.95, and 7.06 for H62.346�, H52.345�, and H42.344�,
respectively) over glycinate (log Ka � 7.60, 6.91, and 6.33 for H62.346�, H52.345�,
and H42.344�, respectively) and monohydrogen lysinate (log Ka � 5.25, 5.03, and
4.52 for H52.345�, H42.344�, and H32.343�, respectively) in aqueous 0.1 M NaNO3.
Presumably, this selectivity reflects the increased negative charge present on aspartate
due to the additional carboxyl group.

In 1995, Martell and co-workers59 reported furan-bridged receptor 2.35 along with
the crystal structures of two of its anion complexes. This receptor has a structure
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Figure 2.11 Single crystal X-ray structures of (a) of the nitrate complex of hexaprotonated
2.33, (b) sulfate complex of hexaprotonated 2.33, and (c) bis-bromide complex
of tetraprotonated 2.34. In all cases, further counter anions not proximate to the
receptor were found in the crystal lattice. These anions are not shown for the
sake of clarity
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similar to that of receptor 2.28. However, it is characterized by a greater degree of
rigidity due to the two aromatic furan rings. In the case of the oxalate anion complex
of the hexaprotonated form (cf. Figure 2.12a), receptor 2.35 adopts a chair-like con-
formation wherein three nitrogen atoms lie in a plane and the two furan rings point
“up” and “down” in opposite directions. The oxalate counter anion is located out of
the ring (above or below depending on perspective) instead of being encapsulated
inside the macrocyclic cavity. However, as normal in complexes of this type, this
anionic guest is held in place by a combination of hydrogen-bonding and electro-
static interactions.

In contrast to the above, the pyrophosphate anion complex of hexaprotonated 2.35
(cf. Figure 2.12b) is characterized by a binding mode in which the anionic substrate
is encapsulated within the receptor cavity, again via a combination of multiple ion-
pairing and hydrogen-bonding interactions. Consistent with this presumed more
favourable binding seen in the solid state, titration studies carried out in an aqueous
solution revealed that pyrophosphate is bound more strongly than oxalate by recep-
tor 2.35. This is true at all levels of protonation (cf. Table 2.5). The solution-phase
studies were extended to include a range of other anionic substrates and the trends
observed were seen to match those seen for other analogous receptors.60,61 In fact,
receptor 2.35 exhibits a slightly higher affinity for nucleotide phosphates than does
its structural analogue 2.28. For instance, log Ka values of 11.4 and 11.0 were
recorded for the binding of ATP to the hexaprotonated forms of 2.35 and 2.28,
respectively, under essentially analogous conditions (cf. Table 2.5 and discussion
above).
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Figure 2.12 Single crystal X-ray structures of (a) oxalate complex of tetraprotonated 2.35
(four chloride and four water molecules per macrocycle have been removed for
clarity) and (b) pyrophosphate complex of tetraprotonated 2.35

Table 2.5 Association constants (log Ka) corresponding to the interaction between
cyclic polyamines 2.35 and various anionic substrates, as determined via
potentiometric measurements carried out in aqueous 0.1 M KCl at 298 K

Oxalate2� HPO4
2� P2O7

4� P3O10
5� ATP4� ADP3� AMP2�

H62.356� 4.97 7.29 12.55 13.05 11.43 9.21 6.48
H52.355� 4.12 5.83 9.53 9.79 8.83 6.82 4.69
H42.354� 2.97 3.51 5.70 5.78 5.49 4.00 2.66
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In spite of displaying nucleotide-binding affinities that were as good or better than
those of macrocycle 2.28, receptor 2.35 was found to be less effective at promoting
ATP hydrolysis (k � 7.24 � 103 and 0.34 � 103 min�1 at pH 4.4 and 7.4, respec-
tively, for 2.35 vs. k � 20.91 � 103 and 6.05 � 103 min�1 at pH 4.4 and 7.4, respec-
tively, for 2.28; all measurements in 0.1 M KCl aqueous solution).61

Recently, Navarro, García-España and co-workers62 designed and prepared macro-
cycles 2.36a and 2.36b containing two pyrazole units as a receptor for L-glutamate.
The pyrazole ring can behave as a hydrogen bond donor or acceptor.63 In contrast to
what one might predict a priori, the stability of the complex formed between 2.36a
and L-glutamate (HGlu�) was found to increase with increasing pH (log
Ka � 3.49, 3.44, 3.33, 3.02, and 3.11 for H2.36a�, H22.36a2�, H32.36a3�, H42.36a4�,
and H52.36a5�, respectively). On the other hand, the tetramine receptor 2.36b displays
affinities for L-glutamate that show the expected inverse correlation with pH (i.e., log
Ka � 3.71, 4.14, 4.65, 4.77, and 6.76 for H2.36b�, H22.36b2�, H32.36b3�, H42.36b4�,
H52.36b5�, and H62.36b6�). These results were rationalized in terms of the appended
benzyl groups playing a role in modulating the binding behaviour of receptor 2.36b.
Further examples of monocyclic systems are listed in the bibliography.64

2.1.3 Bicyclic Systems

Subsequent to Park and Simmons’ report of the first bicyclic ammonium-anion
receptor (cf. Chapter 1 for a discussion of this early, seminal work), Lehn and co-
workers prepared receptor 2.37. This system was specifically designed to provide
more anion-binding sites within the cavity. After initial studies involving the use of
NMR spectroscopy, more detailed binding experiments were performed using pH-
metric titrations carried out in aqueous 0.1 M perchlorate. From these latter analy-
ses, the association constants (log Ka) for the binding of nitrate and chloride anions
to H62.376� were found to be 2.93 and 2.26, respectively.65

In 1984, the crystal structures of several anion complexes of protonated 2.37 were
reported, along with the results of anion binding studies. Attempts to crystallize a
complex of the linear F–H–F anion yielded a structure wherein a single fluoride
anion is held somewhat along one edge of the cavity (Figure 2.13a). However, the
corresponding bromide anion complex, shown in Figure 2.13b, reveals the anion
interacting with each of the potential binding sites; it is thus fully coordinated in an
octahedral fashion by six hydrogen-bonding interactions.66
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Solution-phase potentiometric studies, carried out in aqueous 0.1 M NaOTs solu-
tion, revealed that the most stable complexes were obtained with charge dense anions
such as F� (log Ka � 4.10), P2O7

4� (log Ka � 10.30), ATP4� (log Ka � 8.00), ADP3�

(log Ka � 5.85), AMP2�(log Ka � 3.85), and SO4
2� (log Ka � 4.90).66 This is con-

sistent with binding interactions that are largely electrostatic in nature. However, the
fact that the association constants of hexaprotonated 2.37 towards nucleotide phos-
phates are lower than those of the simple macrocycle 2.28, at the same level of pro-
tonation, provides support for the notion that larger anions are only partially bound
within the cavity defined by receptor 2.37. Consistent with this conclusion is the find-
ing that 2.37 is less effective than 2.28 in terms of promoting ATP hydrolysis (i.e.,
k � 85 � 103 and 1.4 � 103 min�1 for 2.28 and 2.37, respectively, at pH 5.5).47 In
the case of mononegative-charged anions, the binding selectivity of the hexaproto-
nated form of 2.37 was found to follow the order I� � Br�, Cl�, NO3

� �� N3
�.

In contrast to what was seen for 2.37, a related receptor, 2.38, was found to form
a rather stable complex with I� and, indeed, within the halide series contrasting
anion-binding behaviour was seen (log Ka � 2.40 (2.10), 2.95 (2.65), and 3.40
(3.00) for H82.388� (H72.387�) with Cl�, Br�, and I�, respectively, in aqueous 0.1
M NaOTs at 25 °C).37 Presumably, these findings reflect the fact that in the case of
receptor 2.38, the two N(CH2CH2CH2NH2)3 tripod subunits linked by the
CH2CH2CH2 chains provide a larger and more spherical cavity than does 2.37. It was
also found that the hexaprotonated form of 2.38 binds oxalate more effectively than
does the corresponding hexaprotonated species 2.17. By contrast, receptor H62.176�

forms a more stable malonate complex than the analogous receptor H62.386�. The
selectivity of 2.38 towards oxalate can be explained by the size of the inside cavity,
which is a near-perfect match for oxalate. Thus, taken in concert, these results
clearly demonstrate the importance of the bicyclic effect, at least in the case of
appropriately matched receptor–substrate pairs.

Another analogous receptor, 2.39, was also prepared; this system displays a pref-
erence for fluoride and chloride over bromide and iodide anions in aqueous solution
(log Ka � 6.10, 5.75, 4.40, and 2.25 for H62.396� with F�, Cl�, Br�, and I�, respec-
tively).67 The single crystal X-ray structure of the chloride anion complex was solved
(cf. Figure 2.13c). It revealed that the bound chloride anion is completely encapsu-
lated within the hexaprotonated receptor 2.39.
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Figure 2.13 Single crystal X-ray structures of (a) fluoride and (b) bromide complexes of
hexaprotonated 2.37. (c) X-ray structure of the chloride-anion complex of hexa-
protonated 2.39
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Among the series of azacryptand receptors produced by the Lehn laboratory, the
bicyclic ligand 2.40 is noteworthy. It has the smallest cavity and was considered
well-tailored for the binding of fluoride anion. The crystal structure of the fluoride-
anion complex of hexaprotonated 2.40 was reported in 1989 (Figure 2.14a). It
served to confirm the proposed anion recognition, at least in the solid state, reveal-
ing, in particular, the presence of a single fluoride anion located in the middle of
the cavity. The N–H⋅⋅⋅F distances were found to be in the range of 2.76 and 2.86
Å.68 Eleven years later, Bowman-James and co-workers69 reported the structure of
the corresponding chloride-anion complex, wherein the anion is once again encap-
sulated within the three-dimensional binding cavity (cf. Figure 2.14b). While simi-
lar hydrogen-bonding interactions are seen in both the fluoride and chloride
complexes, longer average hydrogen bond distances of 2.99–3.18 Å are seen in the
case of the latter anion.

In aqueous solution, a remarkable selectivity for fluoride over chloride was
observed. For instance, the association constants (log Ka) for fluoride and chloride
(0.1 M KNO3 for fluoride and 0.1 M KCl for chloride) were found to be � 8.8 and
� 1.2 for H52.40·F and H52.40·Cl, respectively, as determined by Smith and co-
workers.70 Later, Lehn and co-workers67 also obtained similar results in a slightly
different aqueous environment (log Ka � 10.55 and � 2 respectively, for the bind-
ing of fluoride and chloride to H62.406� in the presence of 0.1 M TMA-TsO).

As an extension of this work, proton NMR spectroscopic methods were used to
investigate the anion-binding behaviour of 2.40 at low pH. While a significant down-
field shift in the peak corresponding to the CH proton adjacent to the amines was seen
in the presence of fluoride anion over a pD range from 5.5 to 2.5, the corresponding
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Figure 2.14 Single crystal X-ray structures of (a) fluoride and (b) chloride complexes of
hexaprotonated 2.40

RSC_ARC_Ch002.qxd  2/8/2006  9:43 AM  Page 50



chemical shifts recorded in the presence of chloride, bromide, nitrate, and iodide were
not found to be substantially displaced from their original position in anion-free 2.40
as determined at the same pD.69,71

At a pD of 2.0, the presence of both fluoride and chloride produced a similar down-
field shift in this key CH signal. By contrast, NMR spectra recorded in the presence
of other test anions, such as nitrate, bromide, and iodide, revealed little change. These
observations were considered indicative of chloride anion encapsulation at low pD, in
analogy to what is seen in the solid state (cf. Figure 2.12b). Concurrent with this
experimental work, Wipff and co-workers72 carried out molecular dynamics simula-
tions, considering the question of fluoride and chloride-anion selectivity.

The more rigid cyclophane-type macrobicyclic anion receptors, 2.41a, 2.41b, and
2.42b, were prepared by Lehn and Heyer73 using a tripod–tripod coupling strategy.
Again, proton NMR spectroscopy was used to obtain qualitative insights into the
anion-binding properties of the hexaprotonated forms of these receptors. In the pres-
ence of nitrate, sulfate, and chloride anions, large shifts were seen for the CH signals
in H62.41a6�. Conversely, only small peak shifts were observed with H62.41b6� and
H62.42b6�. Quantitative pH-metric studies revealed that the log Ka values lie in the
range of 2.5–4.0 for monovalent anions, such as Cl�, NO3

�, and N3
�, binding to

H62.41a6�, H62.41b6�, and H62.42b6�; by contrast log Ka values of 5.0–6.5 were
recorded for dianions such as SO4

2�, S2O6
2�, and �O2CCO2

�.
Quite recently, Steed and co-workers74 reported the synthesis and halide anion-

binding properties of a similar pre-organized macrobicyclic receptor, namely 2.42a,
along with crystal structures of their halide anion complexes. The resulting struc-
tures, shown in Figures 2.15a–d, reveal that the hexaprotonated receptor 2.42a binds
to most halide anions in a way that involves near-complete encapsulation.
Interestingly, the bromide anion was observed to be bound by the heptaprotonated
form of 2.42a in the solid state. The average N···X distances are 2.65, 3.18, 3.31, and
3.45 Å for the fluoride, chloride, bromide, and iodide complexes, respectively.
Surprisingly, the fluoride complex, shown in Figure 2.15a, displays the longest dis-
tance from the centre of the benzene core to the anion (4.506 Å), while the other
three complexes were characterized by shorter distances (ca. 3.6 Å). Presumably,
the longer distance seen in the fluoride complex reflects repulsion between the elec-
tron-rich π-surface of the benzene ring and the highly charge π dense anion. 

Potentiometric titrations carried out in aqueous 0.1 M NaOTs revealed a high
selectivity for fluoride over chloride (log KF/log KCl � 5; log Ka � 9.54, 7.84,
5.65, and 4.86, respectively, for H62.42a6�, H52.42a5�, H42.42a4�, and H32.42a3�

and fluoride anion; log Ka � 4.19, 3.88, and 2.06, respectively, for H62.42a6�,
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H52.42a5�, and H42.42a4� and chloride anion). However, no appreciable binding of
bromide or iodide was observed.
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Figure 2.15 Single crystal X-ray structures of the (a) fluoride, (b) chloride, (c) bromide, and
(d) iodide complexes of protonated 2.42a
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In 1991, Lehn and co-workers75 reported the synthesis of a more extended mac-
robicyclic receptor, 2.43, that was designed to bind to dicarboxylate anions in aque-
ous solution. Solid-state structural analyses of the terephthalate complex of the
hexaprotonated form of 2.43 (cf. Figure 2.16) confirmed that this dianionic guest is
indeed bound within the cylindrical cavity, being held in place, at least in part, via
four well-oriented �N–H···O� hydrogen bonds (N–O bond lengths ranging between
2.77 and 2.96 Å). As determined from NMR spectral titrations carried out in aque-
ous solution, adipate anion is bound more strongly than other shorter or longer α,ω-
dicarboxylate anions, �O2C–(CH2)n–CO2

� (Ka � 2600 M�1 for adipate).
Presumably, this reflects the fact that adipate anion provides the best fit within this
series of putative substrates. The strongest binding was, however, actually observed
in the case of the more rigid terephthalate anion (Ka � 25,000 M�1), a finding that
was also interpreted in terms of structural complementarity.

Essentially concurrent with this work, Martell and co-workers76 reported a two-
step synthesis of receptor 2.44, along with an X-ray structure of its bromide anion
complex. This complex, involving the “Y”-shaped octaprotonated form of 2.44, is
characterized by the presence of three bromide anions held in place by hydrogen-
bonding interactions (Figure 2.17a).
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Figure 2.16 Single crystal X-ray structure of the complex formed between the hexaproton-
ated form of 2.43 and terephthalate anion. Two terephthalate anions are not
shown for the sake of clarity
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Later, Bowman-James and co-workers77 reported the formation and characterization
of the corresponding nitrate and fluoride anion complexes. In the case of nitrate, the
complex was obtained from an anion-exchange reaction involving the addition of
AgNO3 to the hydrochloride salt. X-ray diffraction analysis revealed the presence of two
nitrate anions nestled within the cavity, being held there in an eclipse-like arrangement
(Figure 2.17b). The association constants (log Ka) for the formation of the first nitrate
and second nitrate complex were found to be 3.02 
 0.03 and 2.38 
 0.08, respectively. 

In the case of the fluoride anion complex, one fluoride anion and one water mol-
ecule are bound within the cavity in the solid state (cf. Figure 2.17c).57,78 Solution-
phase 19F NMR studies confirmed an NH–F peak shift over a broad pH range for the
putative fluoride anion complex of macrobicycle 2.44. More detailed studies of flu-
oride anion binding came from potentiometric measurements carried out in aqueous
0.1 M NaOTs. A maximal value of log Ka, 4.29, was obtained for H72.447�,57 with
the affinity dropping off as the degree of protonation was reduced.

Nelson and co-workers have continued to study the anion complexation properties
of receptor 2.44. For example, these workers have recently demonstrated that in the
solid state the hexaprotonated form of 2.44 acts as a good receptor for organic tetra-
hedral oxo-anions, such as perchlorate and thiosulfate, as shown in Figures 2.17d
and e, as well as for inorganic oxyanions, such as chromate, selenate, and perrhen-
ate, as shown in Figure 2.18.79,80 While the simple macrocyclic analogue of
H62.446�, namely H62.336�, binds to perchlorate with a log Ka � 1, the association
constants (log Ka) for H62.446� in aqueous solution are relatively high, e.g., 3.53
and 3.25, as inferred from two different methods, namely NMR spectroscopic and
potentiometric titrations, respectively. Presumably, the geometric match (size and

54 Chapter 2

Figure 2.17 Single crystal X-ray structures of the (a) tris-bromide, (b) bis-nitrate, (c) fluoride-
aquo, (d) perchlorate-trisaquo, (e) thiosulfate, and (f) oxalate complexes of proto-
nated 2.44. In all cases, further counter anions not proximate to the receptor were
found in the crystal lattice. These anions are not shown for the sake of clarity
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shape complementarity) between the trigonal host and the bound tetrahedral anion
accounts for this relative enhancement in binding affinity.

Doubly negativly charged oxyanions are potentially capable of forming a larger
number of hydrogen bonds with protonated receptor 2.44 than can the singly charged
species, perchlorate. Such anionic guests were thus expected to be bound well in
solution and in the solid state. As can be seen from an inspection of Figure 2.17e, an
X-ray structural analysis revealed that thiosulfate is held within receptor 2.44 (hexa-
protonated form) as the result of hydrogen-bonding interactions involving all three
oxygen atoms of the substrate and all six NH protons of the macrobicycle. NMR
spectroscopic titration studies of hexaprotonated 2.44 confirmed the expected higher
binding affinities (e.g., log Ka � 4.0 for both SeO4

2� and S2O3
2�). More detailed stud-

ies of the solution-phase anion-binding properties came from potentiometry studies
(Table 2.6). These latter analyses revealed that, as a general rule, double negative
anions, such as thiosulfate, are held more strongly than mononegative anions, such
as nitrate and perchlorate, at least at a comparable level of receptor protonation.81

Recently, Nelson and co-workers found that protonated receptor 2.44 also binds
dicarboxylate anions with stability constants in selected cases that are quite high. In the
context of these studies, the crystal structure of the oxalate anion complex was solved
(Figure 2.17f). As can be seen from an inspection of this figure, the oxalate anion exists
in a twisted conformation and is completely encapsulated within the receptor, being
held in place by a combination of electrostatic, hydrogen bonding (e.g., NH···O), and

Classic Charged Non-Metallic Systems 55

Figure 2.18 Single crystal X-ray structures of inorganic anion complexes involving proto-
nated receptor 2.44. (a) Selenate, (b) chromate, and (c) perrhenate complexes.
In all cases, further counter anions not proximate to the receptor were found in
the crystal lattice. These anions are not shown for the sake of clarity

Table 2.6 Association constants (log Ka) corresponding to the interaction between
cyclic polyamine 2.44 (various protonation forms) and representative
oxo-anions, as determined from potentiometry measurements carried out
in aqueous 0.1 M NaOTs at 298 K

ReO4
� SO4

2� SeO4
2� S2O3

2� Oxalate2� Malonate2� Acetate� Lactate�

H62.446� 3.71 6.57 7.24 8.51 10.71 7.22 4.00 3.86
H52.445� 3.45 4.72 5.39 6.40 8.64 6.20 4.21 4.06
H42.444� 3.06 3.70 4.77 5.49 7.15 5.79 4.27 3.61
H32.443� 2.81 3.47 4.18 4.74 5.49 4.87 4.05 3.45
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π-stacking (i.e., C�O···aromatic benzene) interactions.82 As revealed by the values
included in Table 2.6, receptor 2.44 (charged forms) displays an exceptionally high
affinity for oxalate relative to other carboxylate anions, a finding that is easily ration-
alized in terms of good size and shape complementarity.83

The tris-pyridine analogue of cryptand 2.44, macrobicycle 2.45, has been
extensively studied by McKee and co-workers.84 In the course of trying to grow
diffraction-grade crystals of the complex presumed to be formed from the reaction of
2.45 with HBF4 these workers isolated crystals of the SiF6

2� complex, whose structure
was elucidated via single crystal X-ray diffraction analysis (cf. Figure 2.19a). This
unexpected result was rationalized in terms of SiF6

2� being produced as the result of
HBF4 acting on the glass of the reaction vessel.

Recently, the X-ray structures of the perchlorate and perrhenate complexes of 2.45
were also solved (cf. Figures 2.19b and c). In contrast to what is seen in the case of
the SiF6

2� complex, three perchlorate or perrhenate anions are bound to the proto-
nated cryptand; they are held within the “clefts” between the “arms” of the cryptand,
with additional hydrogen-bond interactions involving two protonated pyridine NHs
being observed in the case of the perchlorate complex.80,85 Proton NMR spectro-
scopic titrations, carried out at pH 3, established that the perrhenate anion forms a
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Figure 2.19 Single crystal X-ray structures of the (a) SiF6
2�, (b) ClO4

�, and (c) ReO4
� com-

plexes of protonated receptor 2.45. In all cases, further counter anions not prox-
imate to the receptor were found in the crystal lattice. These anions are not
shown for the sake of clarity
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stronger complex than does perchlorate (e.g., for H62.456�, log Ka � 3.20 and 2.56
for ReO4

� and ClO4
�, respectively).80

In 1995, the structure of the perchlorate complex of 2.46 was reported. As can be
seen from an inspection of Figure 2.20a, this structure, apparently the first involving
an oxyanion and this receptor, provided unambiguous proof for the encapsulation of
the perchlorate anion within the cavity.84 Single crystal X-ray structures of the
oxalate, thiosulfate, sulfate, and chromate complexes were also solved (shown in
Figures 2.20b, 2.20c, 2.20d, and 2.20e, respectively).81,82 Across the board, the struc-
tures obtained were found to resemble the corresponding complexes derived from
receptor 2.44. As can be seen from the data collected in Table 2.7, the solution-phase
binding behaviour of 2.46 is also highly analogous to that of 2.44.

Replacing the m-xylene spacer present in 2.44 with a p-xylene spacer generated
a slightly larger cavity in the form of receptor 2.47. This “expansion” allowed for
the in-cavity binding of two discrete fluoride anions and one bridging water mol-
ecule as determined from a single crystal X-ray-diffraction analysis. As can be
seen from an inspection of Figure 2.21, the two fluoride anions reside almost in
the centre of the cavity.86 However, the separation between these fluoride anions
and the surrounding amine nitrogen atoms is slightly longer than what one would
expect for strong hydrogen bonds (i.e., these distances range from 2.6 to 2.7 Å).
Nonetheless, strong binding is seen in solution, as inferred from potentiometric
measurements carried out in aqueous solution (i.e., for fluoride anion log Ka �
3.16, 3.24, 3.96, and 6.54 for H32.473�, H42.474�, H52.475�, and H62.476�,
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Figure 2.20 Single crystal X-ray structures of (a) perchlorate, (b) oxalate, (c) thiosulfate,
(d) sulfate, (e) and chromate complexes of protonated receptor 2.46. In all cases,
further counter anions not proximate to the receptor were found in the crystal
lattice. These anions are not shown for the sake of clarity

Table 2.7 Association constants (log Ka) corresponding to the interaction between
cyclic polyamines 2.46 and various oxyanions as determined via poten-
tiometry in aqueous 0.1 M NaOTs at 298 K

Oxalate2� Malonate2� Acetate� Lactate� SO4
2� SeO4

2� S2O3
2�

H62.466� 8.30 6.62 3.73 3.50 7.21 7.27 7.65
H52.465� 7.12 5.55 3.99 3.75 5.21 5.38 5.11
H42.464� 5.53 5.00 4.01 3.30 4.32 4.53 5.09
H32.463� 4.82 4.42 3.93 3.13 4.02 4.15 4.56
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respectively). Recently, further X-ray crystal structures of halide (i.e., chloride and
bromide) complexes of protonated 2.47 were reported by Bowman-James and co-
workers.87

2.1.4 Polycyclic Systems

Lehn and Fujita prepared the dome-shaped cyclophane-type macrotricyclic receptors
2.48a and 2.48b via a three-step synthesis. The advantage of this procedure lies not
only in its simplicity, but also in the fact that the size of the cavity can be tuned by
varying the lengths of the methylene bridges. Preliminary results indicate that 2.48,
when hexaprotonated, possesses three-fold symmetry and forms a stable complex
with nitrate anion.88

An even more complicated and extended system, the so-called “kyuphane”
(Kyushu � cyclophane) 2.49, was prepared by Murakami and Snyder in 1991. This
cubical system has six faces and was expected to act as a rather rigid cage-type recep-
tor. Kyuphane 2.49 was found to bind to both non-ionic and anionic guest through
hydrophobic and electrostatic interactions. At pH 4.0, it exhibits a high affinity for
magnesium bis(8-anilinonaphthalene-1-sulfonate) [Mg(ANS)2], Orange G (disodi-
sodium 7-hydroxy-8-phenylzaonaphthalene-1,3-disulfonate) [Na2(OG)], and potas-
sium 6-p-toluidinonaphthalene-2-sulfonate [K(TNS)] (i.e., association constants, Ka,
of over 105 M�1), with selectivity over disodium naphthalene disulfonate (i.e., dis-
odium naphthalene-1,5-disulfonate and disodium naphthalene-2,7-disulfonate) and
monosulfonate (i.e., sodium naphthalene-1-sulfonate and sodium naphthalene-2-
sulfonate).89,90
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Figure 2.21 Single crystal X-ray structure of the bis-fluoride aquo complex of protonated
2.47 pictured in front (left) and side (right) views
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2.2 Quaternary Ammoniums
Quaternary ammonium-based anion receptors have unique advantages when com-
pared with other ammonium-containing systems. While, the extent of protonation,
net charge, and overall anion-binding affinities of ammonium-based receptors are
generally a significant function of pH, receptors based on quaternary ammonium
groups usually display binding behaviour that is pH independent as a consequence
of their intrinsic positive charge. On the other hand, these systems do suffer from the
disadvantage that they are unable to interact with bound substrates via hydrogen
bonds; they simply lack the NH donor sites.

2.2.1 Linear Systems

In 1981, Breslow and co-workers91 demonstrated the selective functionalization of
flexible biscarboxylate chains ion-paired to the doubly functionalized quaternary
ammonium salt (producing the pre-organized ensemble 2.50). In this case, photoly-
sis led to the production of 2.51 with good selectivity, a result that was thought to
reflect the favourable geometrical matching of the two reactants via complementary
electrostatic interactions (Scheme 2.4).
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Scheme 2.4 Photolysis of compound 2.50
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Almost at the same time, Tabushi and co-workers reported that the lipophilic
diammonium cation 2.52 acted as an efficient and selective phase-transfer agent, as
well as an extractant for nucleotides. In both cases, the anions were thought to form
complexes with the two cationic sites present in 2.52 producing an overall neutral
salt that was then able to move from the aqueous layer to the organic phase. In the
case of the adenosine phosphates, it was found that the extent of extraction generally
increased in the order of AMP � ADP � ATP.92 With chloroform as the organic
phase, maximal selectivity for ATP/AMP and ADP/AMP was seen at pH 3 (extrac-
tion ratios of 7500 and 45, respectively). Furthermore, transport experiments, involv-
ing a so-called Pressman cell (a system described in greater detail in Chapter 3),
revealed that the rate of transport was correlated with the number of phosphate units
present on the adenosine core. For instance, under typical conditions, selectivity
ratios of 60 for ATP/AMP and 51 for ADP/AMP were observed.

In an effort to improve the transport efficiency and to increase its selectivity, the di-
and tricationic systems 2.53 and 2.54 were prepared by Diederich and Li93 in 1992.
Their ability to effect the transport of ATP, cytidine 5	-triphosphate (CTP), 2	,3	-
dideoxythymidine 5	-triphosphate (ddTTP), and 3	-azido-2	-deoxythymidine 5	-
triphosphate (AZTTP) was studied using a U-tube-type Pressman cell with a chloroform
“membrane”. Based on these studies, compound 2.53 was found to be the more efficient
carrier for all anionic substrates tested (k � 7.1 � 10�9, 8.3 � 10�9, 10.0 � 10�9, and
3.7 � 10�9 mol cm�2 h�1 for ATP, CTP, ddTTP, and AZTTP, respectively).
Concentration-dependent extraction studies provided support for the notion that 2.53
permits the formation of a 2:1 carrier-ATP complex in chloroform. While generally infe-
rior to 2.53 as a carrier, system 2.54 did allow for the rather selective transport of ddTTP
(k � 11.8 � 10�9 mol cm�2 h�1) under these same model conditions.

The tetracationic compound 2.55, containing two diquaternary 1,4-diaza[2.2.2]-bicy-
cloocatane (DABCO) subunits, was also studied. This system forms a 1:1 complex with
most nucleotide phosphates in dichloromethane. However, it proved rather ineffective
as a carrier (the transport rates for 2.55 were approximately 1 magnitude slower than
those for carrier 2.53 under identical U-tube model membrane test conditions).94

Interestingly, studies involving liposomes, rather than a Pressman-type cell, revealed
that both 2.53 and 2.55 induced through-membrane leakage of [2,8-3H]ATP not by act-
ing as specific nucleotide triphosphate carriers, but rather by acting as detergents and
breaking up the actual liposomal structure. Both 2.53 and 2.55 proved much more effec-
tive for this latter, undesirable purpose than the well-known detergent Triton X-100.
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With the stated goal of quantifying the energetic determinants of non-covalent
interactions, including both Coulombic and van der Waals terms, Schneider and co-
workers95,96 prepared the quaternary ammonium receptors 2.56–2.60 as their chlo-
ride salts and studied their interactions with several anionic guests, namely A–I as
their sodium salts. The association constants corresponding to the formation of ion-
pairs in water were determined by 1H NMR spectroscopic methods and via conduc-
tivity experiments. It was found that the dicationic receptors 2.57, 2.59a, and 2.59b
interacted well with dianionic guest F (�∆G values on the order of 12.4–14.3 kJ
mol�1). The pyridinium-based dicationic compound 2.58 was also found to form rel-
atively strong ion-pairs with guests D, F, and G, but with little selectivity (�∆G val-
ues on the order of 15.3–16.3 kJ mol�1). In the case of the tricationic receptor 2.60,
strong ion-pairs were formed with H and I that are stabilized mostly due to electro-
static effects (�∆G � 17.1 and 22.1 kJ mol�1 for H and I, respectively). From
these and other systematic analyses, it was concluded that each additional ion-pair-
ing site increases the Coulomb effect by roughly 5 
 1 kJ mol�1 (i.e., per individ-
ual salt bridge) in aqueous media.

Recently, Hossain and Schneider97 studied the effect of flexibility in organic ion-
pairs by carrying out NMR spectroscopic titrations in D2O. It was found that com-
plexes derived from the rigid hosts 2.56 and 2.57 and rigid guests B and A were
slightly more stable than those produced from 2.57 and the flexible guest C. Further,
in the case of guest E, complexes formed from 2.59c bearing a longer alkyl bridge
were found to be less stable than those of 2.59b with a shorter alkyl bridge; this was
taken as support for the notion that good geometrical matching is important in opti-
mizing these kinds of electrostatic interactions. From quantitative studies (i.e., the
full set of titration results), it was concluded that a reasonably linear correlation
exists between ∆G and the number of flexible single bonds, with the addition of the
latter providing an energetic disadvantage of approximately ∆∆G � 0.5 kJ mol�1

per single bond. Ionic strength effects were also tested but not found to be of signif-
icance under the aqueous conditions of these experiments.
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The new acyclic quaternary polypyridinium receptors 2.61–2.63 were prepared by
Beer and co-workers98 in 1992. A preliminary assessment of their anion-binding
behaviour was made via 1H NMR and 13C NMR spectroscopy. The addition of tetra-
butylammonium chloride, TBA-Cl, to these three receptors in DMSO-d6 induced a
large downfield shift in the CH proton resonance due to a change in the electrostatic
environment of the receptors, as well as induced changes in the conformation.
Significant shifts in the carbon resonances, up to 1.11 ppm, were also observed,
which were put forward as additional evidence in support of anion binding.

Four years later, the results of quantitative anion-binding analyses involving
2.61–2.63 and the new receptors 2.64 and 2.65 were reported.99 Here, both NMR
spectroscopic and electrochemical methods were used. From the NMR spectro-
scopic studies, the pyridinium-based receptors, 2.62, 2.63, and 2.65, were found to
display low chloride-anion affinities (association constants, Ka, in DMSO-d6 of
30–40 M�1 for a 1:1 binding process). In contrast, receptor 2.64, which includes
three extra three amide subunits, was found to bind to chloride anion reasonably well
(Ka � 110 M�1 in DMSO-d6), being the best in this series of receptors. From the
electrochemical analyses, carried out in acetonitrile using cyclovoltammetry (tetra-
butylammonium hexafluorophosphate, TBAPF6, as the supporting electrode), it was
found that receptors 2.62 and 2.65 undergo a reversible two-wave reduction process,
whereas receptor 2.63 exhibits two irreversible reduction waves. In the presence of
10 equiv. chloride anion, the first reduction wave undergoes a significant cathodic
shift (up to ∆E � 50, 50, and 130 mV in the case of 2.62, 2.65, and 2.63, respec-
tively), as would be expected for a system engaged in anion binding.

N

N

N

N

N

N

Me

MeMe

Me

N

N

N

N

N

N

Me

Me
Me

Me

2.61

2.62

2.63

N N

N N

N N

Me Me
Me Me

Me Me

Me Me

MeMe

6PF6
-

6PF6
-

6PF6
-

R

R

F R = SO3
-

G R = CO2
-

RR

D R = SO3
-

E R = CO2
-

-O3S SO3
-

SO3
-

I

CO2
-

-O2C CO2
-

H

-O2C CO2
-

-O2C CO2
- CO2

--O2C
n

C n = 2A B

Classic Charged Non-Metallic Systems 63

RSC_ARC_Ch002.qxd  2/8/2006  9:44 AM  Page 63



More systematic anion-binding studies involving pyridinium-based receptors
2.66–2.68 were reported by Jeong and Cho100 in 1997. From 1H NMR spectroscopic
titrations carried out in DMSO-d6, it was concluded that the association constant (Ka)
for the binding of benzoate anion by 2.66 is ca. 300 M�1. This value is much higher
than that recorded in the case of the corresponding neutral 3-(acetylamino)pyridine
control compound (i.e., Ka � 16 M�1). Presumably, this increased affinity reflects
the presence of electrostatic interactions between the pyridinium receptor and the
anionic carboxylate substrate, as well as the increased hydrogen donor ability of the
amide NH proton that arises as the result of pyridine N-methylation. Not surpris-
ingly, the bispyridinium receptors, 2.67a, 2.67b, and 2.68, were found to form strong
complexes (Ka � 103 M�1) with dicarboxylate anions, such as adipate, in 10%
D2O/DMSO-d6. Under these conditions, the monomeric receptor 2.66 was found to
bind to butyrate, the monoanionic “analogue” of adipate, much less well (Ka �
30 M�1). Based on these results, it was suggested that the two pyridinium subunits
interact cooperatively in binding adipate. Further examples of pyridinium-based
anion receptors are listed in the References.101

In separate work by Costa and co-workers,102 the two squaramido-based receptors
2.69a and 2.70 were prepared. These systems, reported in 1998, were designed to
have a rigid square-shaped framework. As determined from NMR spectroscopic
titrations and FAB mass spectrometric analyses, these two receptors were found to
interact strongly with mono- and dicarboxylate anions such as acetate and glutarate.
In the gas phase, the negative FAB spectrum of a 1:1 mixture of tetramethylammo-
nium acetate with 2.69a showed a peak at m/z 346, which was assigned to the com-
plex 2.69a·OAc. Quantitative NMR spectroscopic studies confirmed that 2.69a
forms a strong 1:1 complex with tetramethylammonium acetate, with the association
constants, Ka, being 14,200, 311, and 396 M�1 in DMSO-d6, 10% D2O/DMSO-d6,
and 10% D2O/CD3CN, respectively. In the case of 2.70 containing two squaramido
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units linked by an m-xylene spacer, selective binding of dicarboxylate anions was
observed. In fact, the association constant corresponding to the interaction between
2.70 and (TBA)2 glutarate proved too large to determine accurately in 10%
D2O/DMSO-d6 (Ka � 3.6 � 105 M�1). Therefore, a more polar mixture consisting
of 30% D2O/CD3CN was used; under these conditions a Ka value of 5.6 � 102 M�1

was recorded.

Four years later, the interactions between the squaramide receptors 2.69b, 2.70,
and 2.71a and representative carboxylate anions were characterized by isothermal
titration calorimetry (ITC).103 In pure DMSO, such analyses indicated that in all
cases anion complexation was both enthalpically and entropically favoured. On the
other hand, a corresponding thermodynamic analysis of 2.70 and 2.71a, carried out
in methanol, revealed a carboxylate-anion-binding process that was enthalpically
unfavoured but entropically favoured, with the later term predominating. This dis-
parate binding behaviour was taken as a clear indication that the solvent is involved
in the equilibrium process. In DMSO, 2.69b was found to bind to tetramethylam-
monium acetate strongly (Ka � 14,000 M�1) but to TBA p-nitrobenzoate weakly 
(Ka � 498 M�1). Under these same conditions, receptor 2.70 shows a preference for
isophthalate over oxalate (Ka � 75,000 and 31,000 M�1 for isophthalate and oxalate,
respectively). In the case of 2.71a, the following stability order (Ka) was found:
squarate (250,000 M�1) � oxalate (19,000 M�1) � isophthalate (15,000 M�1) (TBA
salts) in DMSO. However, in methanol a preference for oxalate (39,000 M�1) over
squarate (26,000 M�1) was observed. Again, these findings serve to highlight the
fact that the effect of solvent can be significant.

Quite recently, Costa and co-workers104 used a colorimetic complexation-
induced displacement approach to evaluate the relative selectivities of 2.71b and
2.72 towards SO4

2� and HPO4
2�. In this study, Cresol Red was chosen as the sig-

nalling agent (i.e., the dye being displaced), with the result that EtOH–H2O (9:1;
v/v) solutions of 2.71b and 2.72 containing Cresol Red, presumably tied up in the
form of a complex with these receptors, changed from purple (λ max = 580 nm) to
yellow (λ max = 428 nm) upon the addition of sulfate and hydrogen phosphate
anions. However, the addition of carbonate, nitrate, nitrite, fluoride, chloride, bro-
mide, and iodide anions failed to produce any detectable spectral change. Based on
competitive colorimetric titration studies, it was concluded that receptor 2.72
exhibits a moderate selectivity for sulfate over hydrogen phosphate
(Krel(SO4

2�/HPO4
2�) � 2.28), while 2.71b is not particularly selective

(Krel(SO4
2�/HPO4

2�) � 1.06).
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One of the better-investigated approaches to producing anion receptors involves
the attachment of one or more anion-binding site(s) to well-known rigid frameworks,
such as calixarene and cyclodextrin. In early work, dating from 1989, Matsui and co-
workers105 used α-cyclodextrin as the backbone to produce the series of pyridinium-
based receptors 2.73. In aqueous solution, the HCO3

� salts of receptors 2.73a–2.73d
were found to form strong 1:1 charge-transfer complexes with bromide, iodide, and
isothiocyanate anions via what was presumed to be a combination of hydrophobic,
van der Waals, and electrostatic interactions. Quantitative UV–Vis titrations were
carried out. Based on such analyses, also carried out in aqueous media, it was con-
cluded that (1) the selectivity order for all receptors was I� � SCN� � Br� and (2)
the anion affinities increase as the number of positively charged pyridinium subunits
is increased (e.g., for KI, Ka � 1.36 � 102, 1.32 � 103, 1.11 � 104, and 9.0 �
105 M�1 for 2.73a, 2.73b, 2.73c, and 2.73d, respectively).

Two years later, Hong and co-workers106 reported a rather unique water-soluble
receptor 2.74 that was found to complex anions in aqueous media. This receptor was
synthesized by reacting bromoresorcin[4]arene with hexamethylenetetramine. The
resulting bowl-shaped cavitand receptor 2.74 was found to exhibit a high affinity for
the aromatic carboxylate J (Ka � 12,600 M�1 in D2O), demonstrating a selectivity
for this species relative to the other anions studied.106 Based on the 
1H NMR spectroscopic analyses, it was concluded that the methoxy group of J is
located within the internal cavity of 2.74, as shown in Scheme 2.5.

2.2.2 Monocyclic Systems

The tetrasulfonium-paracyclophane 2.75 is a classic model systems for ammoninum-
based macrocycles. It was prepared by the late Iwao Tabushi and co-workers via the
methylation of the corresponding neutral tetrasulfur-bridged cyclophane with Me3OBF4.
Space-filling models indicated that receptor 2.75 has a square hydrophobic cavity that
was expected to allow for the inclusion of hydrophobic guests. In fact, the addition of
2.75 to an aqueous solution of 8-anilinonaphthalene-1-sulfonate (1,8-ANS) led to a
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strong enhancement in the fluorescence intensity of the ANS. Benesi-Hildebrand analy-
sis (i.e., a plot of fluorescence intensity vs. concentration of 2.75) produced a straight
line, from which an association constant of Ka � 1.6 � 103 M�1 was derived.107

Schneider and co-workers studied the corresponding quaternary ammonium receptor
2.76 using NMR, fluorescence, and UV–Vis spectroscopic titrations. The use of differ-
ent spectroscopic methods was attributed to their limited sensitivity; NMR spectroscopy
was used for Ka � 104 M�1, UV–Vis spectroscopy for 102 M�1 � Ka � 105 M�1, and
fluorescence spectroscopy for 105 M�1 � Ka � 107 M�1. Increasing the water content
in organic solvents such as ethanol and methanol was found to increase the affinity of
2.76 for both ANS (Ka � 3.54 � 105, 5.5 � 104, and 1.94 � 104 M�1 in H2O, 20%
EtOH, and 60% EtOH, respectively) and 2,4-dinitronaphthalen-1-olate (DNNO) (Ka �
2.11 � 104, 1.52 � 103, and 2.6 � 102 M�1 in H2O, 50% MeOH, and 80% MeOH,
respectively).108 In light of the fact that the effect of electrostatic binding was expected
to decrease as the percentage of water was raised, these findings were considered to sup-
port the assumption that van der Waals forces play an important role in regulating the
binding process, even if the latter is often dominated by electrostatic interactions.

One year later, complexation studies involving 2.76 and aliphatic (e.g., cyclohexane
carboxylate and 2-cyclohexylacetate) and aromatic (e.g., benzoate and 2-phenylacetate)
anions, chosen to be similar in size and shape, were carried out. Taken in concert, these
analyses served to demonstrate that the binding of aromatic anions is favoured by a
factor of up to 60.109 Schneider95,110 also demonstrated that neutral aromatic naphthalene
derivatives are bound with greater affinity than analogous non-aromatic guests. Again,
these results were taken as a further indication that van der Waals interactions are impor-
tant in stabilizing various host–guest complexes derived from 2.76.
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The ability of 2.76 to interact with various nucleotide phosphates was assessed
using NMR spectroscopy by monitoring the peak shifts observed upon complexa-
tion.111 It was found that this receptor displays a strong preference for adenosine
derivatives in D2O, with Ka values of 1900, 13000, and 37,000 M�1, respectively,
being recorded for AMP, ADP, and ATP, respectively, compared to 450, 800, 930,
and 1210 M�1 for GMP, UMP, CMP, and thymidine-5	-phosphate (TMP), respec-
tively. This selectivity was ascribed to a geometry (i.e., hydrophobic-binding pocket)
that favoured binding of the aromatic adenosine core via van der Waals interactions,
thus fine-tuning a recognition process that was otherwise expected to be driven
mostly by electrostatics.

In order to generate a DABCO-based cyclophane with an enhanced propensity to
bind to substrates via electrostatic means, the octacationic cyclophanes 2.77 were pre-
pared by Menger and Catlin112 and reported in 1995. A single crystal X-ray structural
analysis of 2.77a, crystallized in the presence of naphthalene-2,7-disulfonate (NDS),
reveals the presence of three large NDS anions that do not bind inside cavity, but
rather interact with the exterior of the host through a combination of π–π stacking
and/or electrostatic interactions (Figure 2.22). Interestingly, two chloride counterions
are found within the cyclophane core. In aqueous solution, quantitative studies of
2.77a and test substrates benzenesulfonate, naphthalene-2-sulfonate, and NDS (Ka �
61, 447, 3390 M�1, respectively) led to the suggestion that the binding process was

N N (CH2)n

N N (CH2)n

NN

NN

2.77a n = 3
2.77b n = 5
2.77c n = 7

8Br -
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Figure 2.22 Single crystal X-ray diffraction structure of the tris-naphthalene-2,7-disulfonate
complex of 2.77a. Two chloride counterions are present inside the cavity
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dominated by Coulombic effects. Receptors 2.77a–2.77c were also found to bind to
ATP well at pH 8.0–8.5 with little effect of cavity size being seen on the affinities 
(Ka � 13,300, 15,900, and 12,100 M�1 for 2.77a, 2.77b, and 2.77c, respectively).

Slightly after the above study appeared, a new cyclophane 2.78, a synthetic mimic
of the Vancomycin carboxylate-binding site, was prepared by Diederich and co-
workers.113 This tricationic receptor was found to bind dicarboxylate anions reason-
ably well in aqueous media (Ka � 230 and 1800 M�1 for the disodium salts of
malonic acid and maleic acid, respectively, in D2O) with good selectivity over vari-
ous monocarboxylate anions, for which the corresponding Ka values were all less
than 70 M�1 in D2O.113 In all cases, ion-pairing interactions between the cationic site
of the receptor and the anionic guest were considered to provide the major driving
force for host–guest complex formation.

The semi-synthetic alkaloid-based cyclophane 2.79 was prepared by Eliseev and
co-workers114 via the dibenzylation of the natural-occurring compound (S,S)-(�)-
tetrandrine. Within the series of alkyl α,ω-dicarboxylate anions, this receptor shows
the greatest selectivity for succinate (Ka � 58 M�1 in aqueous 0.05 M NaCl). Higher
across-the-board affinities were seen in the case of aromatic dicarboxylates, pre-
sumably reflecting the presence of additional π-stacking or hydrophobic interac-
tions. Interestingly, in aqueous media, receptor 2.79 was found to bind o-phthalate
(Ka1 � 135 M�1 and Ka2 � 12 M�1) with a 1:2 host:guest ratio but terephthalate (Ka

� 110 M�1) in a 1:1 manner. Both species were bound more strongly than isoph-
thalate (Ka1 � 49 M�1).

In 1998, Shinoda and co-workers115 reported the one-step synthesis and crystal
structure of a new type of quaternary tetrapyridinium macrocyle, 2.80, as well as its
anion-binding properties. In the solid state, two bromide counterions are located
inside the ring and two are found outside the cavity (Figure 2.23). It was found that
the distance between the bromide anions and the pyridine ring were relatively short
(i.e., 2.65–2.79 Å) and that 2.80 exists in a 1,2-alternate conformation. In D2O at pH
7–8, receptor 2.80 was found to bind to rigid tricaboxylate anions (present in their
trianionic forms at this pH) with high affinity. Within the test series defined by struc-
tures 2.81, selectivity towards 2.81b was seen (log Ka � 5.1, 4.5, 4.4, and 4.1 for
2.81b, 2.81c, 2.81a, and 2.81d, respectively).
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In an effort to develop an anion-sensing agent, the fluorescein complex of the
squaramide-based receptor 2.82 was studied. This system, reported by Costa and co-
workers116 in 2001, provides a strong enhancement in the fluorescence intensity
upon the addition of anions such as C2O4

2�, PhOPO3
2�, and SO4

2� in aqueous solu-
tion. The association constant (Ka) for sulfate, estimated by competitive spectropho-
tometry, was found to be 5.2 � 106 M�1 in MeOH–H2O (90:10 v/v). The underlying
host–guest complexation process was also analyzed by ITC in the absence of fluo-
rescein. Such studies revealed that in methanol the host–guest interaction is
endothermic and hence entropically driven. Under these conditions, receptor 2.82
binds tetrahedral anions, such as sulfate (Ka � 4.6 � 106 M�1), in preference over
divalent anions, such as C2O4

2� (Ka � 3.2 � 105 M�1) and PhOPO3
2� (Ka � 1.5 �

104 M�1). Various test monoanions, such as halides, nitrate, and acetate, were found
to be bound with little or no affinity.

In 2003, Bowman-James and co-workers117 reported a new class of amide/quater-
nized amine macrocycle, 2.83a and 2.83b. In this case, the use of a pyridine or
phenyl linkage translates into significantly different anion-binding behaviour and
structural features in the solid state. For instance, a single crystal X-ray structure of
the chloride-anion adduct of 2.83a revealed, as shown in Figure 2.24a, that the two
cationic sites are located far from each other, presumably as the result of electrostatic
repulsion (N⋅⋅⋅N � 12.744 Å). All chloride counterions are outside the cavity. By
contrast, single crystals of 2.83b grown in the presence of iodide-anions (Figure
2.24b) gave rise to a structure wherein interactions between the amide NH protons
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Figure 2.23 X-ray crystal structures of the bromide complex of 2.80. Two additional bromide
anions are found outside the ring; they have been removed for clarity
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and the pyridine nitrogen atoms help stabilize a folded conformation that brings the
two cationic sites closer to one another (N⋅⋅⋅N � 6.527 Å).

The binding properties of 2.83a and 2.83b were analyzed in DMSO-d6 solution
using standard NMR spectroscopic titration methods. It was found that, with the
exception of fluoride, 2.83b is a better anion receptor than its phenyl-linked con-
gener 2.83a for all anions subject to study. Both the receptors proved highly selec-
tive for dihydrogen phosphate (log Ka � 5.32 and 4.06 for 2.83b and 2.83a,
respectively). In addition, receptor 2.83b displays a higher affinity for chloride anion
(log Ka � 4.75) than for bromide (log Ka � 4.38), iodide (log Ka � 2.21), hydro-
gen sulfate (log Ka � 3.90), nitrate (log Ka � 2.32), or perchlorate (log Ka � 2.40).

2.2.3 Polycyclic Systems

The tricyclic receptors 2.84a–2.84d were designed by Lehn and co-workers118 to effect
the recognition of planar anionic, as well as neutural guests, such as aromatic car-
boxylates, nucleosides, and nucleotides through a combination of stacking and/or elec-
trostatic interactions. These rigid receptors were found to form remarkably stable
complexes with the neutral nucleoside adenosine (log Ka � 4.00, 3.87, 3.86, and 3.99
for 2.84a, 2.84b, 2.84c, and 2.84d, respectively) and the corresponding doubly charged
monophosphate, AMP (log Ka � 4.08, 3.79, 3.92, and 4.08 for 2.84a, 2.84b, 2.84c,
and 2.84d, respectively) in an aqueous buffer (pH 7.8; 0.01 M/0.01 M sodium
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Figure 2.24 Single crystal X-ray structures of (a) the tetrakis chloride–diaquo adduct of
2.83a and (b) tetrakis-iodide–diaquo adduct of 2.83b
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cacodylate/sodium sulphate). Both the receptors were also found to bind other large,
flat substrates well, with the highest affinities being seen in the case of the largest sub-
strates (e.g., terephthalate2� (log Ka � 3.54–4.00) � 2,6-naphthalene dicarboxylate2�

(log Ka � 4.25–4.59) � 2,6-anthraquinone disulfonate2� (log Ka � 5.13–5.95)). The
fact that the binding affinities were enhanced for larger substrates of comparable
charge, was taken as an indication that the host–guest recognition process is dominated
by stacking effects involving both van der Waals and hydrophobic interactions.

Slightly later, receptors, 2.85a–2.85c were reported. These three systems contain
two phenanthridinium units, which are well known as being effective DNA intercala-
tors.119 The presence of the highly fluorescent phenanthridinium unit also allowed the
determination of various association constants via fluorimetric titrations. The results of
these binding studies, carried out in an aqueous buffer at pH 6, revealed Ka values on
the order of 105–106 M�1 for various nucleotides (e.g., ATP, ADP, AMP, GMP, CMP,
UMP, TMP, and adenosine). As in the case of 2.84 above, the neutral substrate adeno-
sine (log Ka � 5.62, 5.12, and 5.35 for 2.85a, 2.85b, and 2.85c, respectively) was
found to bind to these three receptors with affinities that are similar to those seen for
their charged nucleotide analogues (e.g., log Ka � 5.80 (5.65), 5.98 (5.68), and 5.95
(5.78), respectively, for the interaction of 2.85a, 2.85b, and 2.85c with ATP (ADP)).
However, across the board higher association constants were seen for series 2.85 than
for 2.84, a finding that was considered to reflect the superiority of phenanthridinium
as a subunit for the construction of water-soluble receptors of this generalized type.

One of the early pioneers in the area of ammonium-based receptors, Schmidtchen120

first reported the synthesis and anion-binding properties of a series of macrotricyclic
quaternary ammonium-based receptors, namely 2.86a–2.86c, in 1977. Based on CPK
modelling studies, it was proposed that receptor 2.86a, containing the smallest cavity
(diameter � ca. 3.9 Å), would be able to accommodate only smaller anions such as
chloride (ionic diameter � 3.62 Å) and bromide (ionic diameter � 3.92 Å). By con-
trast, receptors 2.86b (diameter � 4.6 Å) and 2.86c (diameter � 7.6 Å) were
expected to have a cavity that was suitable for the uptake of iodide anion (ionic diam-
eter � 4.56 Å). NMR spectroscopic titration studies, carried out in aqueous solution,
revealed that these three receptors exhibit considerable selectivity towards bromide
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anion (log Ka � 1.8, 2.45, and 2.45 for 2.86a, 2.86b, and 2.86c, respectively) and
iodide (log Ka � 2.2 and 2.4 for 2.86b and 2.86c, respectively) over chloride anion
(log Ka � 1.0, 1.3, and � 0.5 for 2.86a, 2.86b, and 2.86c, respectively). Based on 35Cl
and 19F NMR spectroscopic studies, it was proposed that these halide anions are bound
within the central cavity, a conclusion supported by a single crystal X-ray structure of
the iodide complex (cf. Figure 1.11).121,122 Later on, further synthetic details were
reported, along with the results of in-depth anion-binding studies involving halides,
carboxylates, and phosphates.123,124

Inspired by natural enzymes that achieve extraordinary specificity and catalytic
activity by binding substrates within what are often very sophisticated binding pock-
ets, Schmidtchen125 applied two synthetic macrotricyclic receptors, namely 2.86a
and 2.86b, to the anion-mediated reactions shown in Scheme 2.6a. In the presence
of receptor 2.86a, the reaction of fluoro(dinitro)benzene with azide in an aqueous
environment consisting of 25% methanol in water, was found to be slower in the
absence of the receptor. This enhancement effect was even more significant in the
case of compound 2.86b; here, kcat/kun � 48.126 The fact that 2.86b proved superior,
led to the hypothesis that while receptor 2.86a forms a stronger complex with azide
(Ka � 500 M�1), receptor 2.86b (Ka � 83 M�1) is better able to stabilize polariz-
able species such as those presumably involved in the transition state of the reaction.
Follow-up studies involving other similar substrates confirmed that 2.86b is a better
enzyme mimic than 2.86a, at least for these kinds of reactions.126,127 In related work,
it was found that the rate of decarboxylation of 6-nitrobenisoxazole-3-carboxylate
(cf. Scheme 2.6b) was found to be augmented in the presence of macrobicycle 2.86b
(kcat/kun � 110).128

Connecting two macrotricyclic ammonium receptors of different sizes by a
p-xylene bridge produced the ditopic receptor 2.87.129 The ability of this receptor to
bind dianionic guests of structure 2.88a–2.88e was probed through UV spectroscopic
titrations carried out in water. Such studies revealed that the affinities for typical
ditopic anions increased sharply as the size of the guests increased (Ka � 714, 322,
2041, 5265, and 10,000 M�1 for 2.88a, 2.88b, 2.88c, 2.88d, and 2.88e, respectively).
On this basis, it was inferred that guests, 2.88d and 2.88e, provide the best geometri-
cal match for this ditopic receptor (i.e., 2.87) and that both of the binding subunits par-
ticipate in guest recognition. A comparison of the association constants with those for
the analogous monotopic receptor, system 2.86b, revealed that the ditopic receptor
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2.87 is roughly three times more effective. Again, this finding was taken as support for
the notion that both recognition subunits present in 2.87 participate in the binding of
appropriately sized substrates, such as 2.88d and 2.88e.
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Ichikawa and Hossain122 have also studied a range of polyammonium receptors,
including 2.89–2.90. In the case of receptor 2.89a, having the smallest cavity, fluo-
ride was found to bind with a Ka � 1.5 � 104 M�1 in water, while no apparent chlo-
ride anion binding was observed.122 By contrast, the slightly larger system, 2.89b,
yielded X-ray quality crystals of the corresponding chloride anion complex. As seen
in Figure 2.25a, in this case, the chloride anion is held in the middle of cavity, pre-
sumably, as the result of electrostatic interactions involving the four positive ammo-
nium centres (the Cl⋅⋅⋅N bond distances range from 3.84 to 4.45 Å).130

Three years later, the crystal structure of the bromide complex of 2.90b was
solved (Figure 2.25b). It was found that the receptor–halide bond distances were
between 0.01 and 0.20 Å longer than in the case of the chloride complex of
2.89b.131 Quantitative NMR spectroscopic studies, carried out in D2O using ana-
logue 2.90a, revealed a preference for bromide (Ka � 990 M�1) over chloride 
(Ka � 110 M�1), as well as over fluoride and iodide (no evidence of interaction in
the latter two cases). Quantitative NMR spectroscopic titration results, carried out in
acetonitrile-d3 using analogue 2.90c containing a methyl group, revealed a selectiv-
ity for chloride (Ka � 104 M�1) over bromide (Ka � 340 M�1).132
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Figure 2.25 Single crystal X-ray structures of (a) the chloride anion complex of 2.89b and
(b) the bromide anion complex of 2.90b. In both cases, further counter anions
not proximate to the receptor were found in the crystal lattice. These anions are
not shown for the sake of clarity
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An alternative approach to building cage-type receptors was introduced by
Murakami and co-workers.90,133–136 These researchers took advantage of two well-
known, rigid “scaffolds”, namely tetraaza[6.1.6.1]paracyclophane and
tetra[3.3.3.3]paracyclophane, to generate azaparacyclophanes, 2.91a and 2.91b,
which are characterized by the presence of chiral-binding sites. Computer modelling
experiments suggested a cavity size with a maximal inner diameter of ca. 10 Å. In
addition, because it was expected that the four bridges would twist in the same direc-
tion, it was proposed that the receptor as a whole would provide a chiral-binding
environment. This latter expectation was confirmed by circular dichroism (CD) stud-
ies. For instance, in an aqueous carbonate buffer, values of [θ] equal to 1.2 � 105

and �1.3 � 105 deg cm2 dmol�1 were recorded for 2.91a and 2.91b at 237 and
236 nm, respectively.

In 1991, the first anion-binding studies were performed with 2.91a using ANS as
the substrate. Based on the NMR and fluorescence spectroscopic titrations, associa-
tion constants, Ka, of 4.3 � 103 M�1 in D2O–DMSO-d6 (7:3 v/v) and 2.8 � 104

M�1 were determined in an aqueous buffer at pH 4.1.133 It was also found that 2.91a
forms complexes with a number of anionic dyes in a 1:1 host–guest ratio. The asso-
ciation constants, Ka, evaluated on the basis of a Benesi-Hildebrand analysis, were
3.7 � 105, 3.4 � 105, 2.5 � 105, and 1.2 � 105 M�1 for Naphthol Yellow S,
Dimethylsulfonazo III, Bromopyrogallol Red, and Orange G, respectively, in an
aqueous HEPES buffer.134

Later, the ability of the cage-type cyclophanes, 2.91b and 2.91c, to effect chiral-
ity-based molecular discrimination was investigated using (4Z,15Z)-bilirubin IXα
(BR) and 4,4	-methylenebis(3-hydroxy-2-naphthalenecarboxylic acid) (PA) as sub-
strates.136 In the presence of BR and PA, the original CD band of 2.91b was found
to decrease in intensity, while two new bands were seen to appear ([θ ] � �2.3 �
104 and 1.8 � 104 deg cm2 dmol�1 at 464 and 404 nm for BR and [θ ] � �2.4 �
103 and 1.2 � 103 deg cm2 dmol�1 at 379 and 339 nm for PA). Based on an analy-
sis of Cotton effects, only S-BR and S-PA were thought to form complexes with
2.91b. However, inverted bisignate CD bands were observed for BR and PA in the
presence of 2.91c, a result that was interpreted in terms of the enantiomers with 
R-helicity forming complexes with this latter receptor.
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2.3 Guanidiniums
Since the early days of supramolecular chemistry, the guanidinium group has
attracted the attention of those interested in anion receptor design. As the arginyl
residues of proteins, the guanidinium group plays an important role in maintaining
protein tertiary structure through, e.g., interactions with carboxylate-bearing side
chains, as well as in the targeted recognition of many anionic enzymatic substrates. A
key feature of the guanidinium moiety is its high basicity, which has the consequence
that this group remains protonated over a wide pH range (pKa � 13.5).137 The ability
to provide two protons that point in roughly the same direction is also critical; it
allows for the stabilization of two parallel hydrogen bonds, as seen in the X-ray crys-
tal structures of many guanidinium salts (Figure 2.26).138 As a consequence of these
two near-unique features, guanidinium-based receptors often show high affinities and
selectivities for oxyanion substrates (e.g., carboxylates, phosphates, sulfates, and
nitrates), even in polar organic solvents and in aqueous environments.

In work from 1954 that antedates the rise of supramolecular and anion recognition
chemistry as we now know it, Tanford139 used changes in the pKa of acetic acid to
establish the formation of a complex between the anionic conjugate base (i.e., acetate)
and guanidinium. Under these conditions, it was found that the association constant
(log Ka) was low, being less than roughly 0.5. This method was subsequently used by
other researchers to measure the stability constants for guanidinium complexes
formed from a number of carboxylates and from phosphates (e.g., log Ka � 0.37,
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Figure 2.26 Single crystal X-ray structures of (a) nitrate-anion complex of methylguanidinium,
(b) dihydrogen phosphate-anion complex of methylguanidinium, (c) oxalate com-
plex of guanidinium, and (d) trifluoromethylsulfonate complex of guanidinium
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0.32, 0.43, and 1.37 for acetate, formate, chloroacetate, and dihydrogen phosphate,
respectively, in aqueous 1.02 M TMACl).140 Much more recently, Hamilton and
Linton141 used isothermal titration calorimetry to analyze the thermodynamics of the
interaction between guanidinium and acetate anion; they found Ka � 7900 M�1, ∆H
� �14.6 kJ mol�1, and ∆S � 25.1 J mol�1 K�1 in DMSO at 25 °C.

In 1978, Lehn and co-workers142 reported the synthesis and anion-binding properties
of the flexible guanidinium-based macrocycles 2.92. In the context of this work, three
receptors were synthesized. They were prepared via the conversion of the corresponding
thiourea-containing systems into first their S-ethyl-thiouronium derivatives and then,
after reaction with ammonia, into the desired target systems 2.92a–2.92c.

The stability constants of macrocycles 2.92 were determined by analysis of the pH
titration curves recorded in the presence and absence of various putative anionic sub-
strates. Taken in concert, these studies revealed that macrocycles 2.92a, 2.92b, and
2.92c bind to trianionic phosphate (PO4

3�) with a 1:1 ratio and with affinity con-
stants, log Ka � 3.1, 3.4, and 4.3, respectively, in methanol–water (9:1) solution at
20 ºC.142 The fact that receptor 2.92c demonstrated the highest stability constant,
relative to the other receptors, 2.92a and 2.92b, was considered consistent with the
appealing notion that, at least within this series of ostensibly related macrocycles,
the PO4

3� anion-binding affinity is related to the number of positively charged guani-
dinium units available for interaction.

One year later, Lehn and co-workers3 described the synthesis of linear polyguani-
dinium compounds, 2.93–2.96, and their ability to form complexes with carboxylate
and phosphate anions. Table 2.8 provides a summary of the various association con-
stants obtained by pH-metric titration experiments. As can be seen from an inspec-
tion of this table, the most stable host–guest complexes are formed with the most
highly charged anionic species (e.g., the binding order generally follows the trend
P2O7

4� � HP2O7
3� and CH3CO2

� � �O2CCH2CO2
�). Likewise, for a given anionic

substrate, the highest affinities are seen for those receptors bearing the greatest pos-
itive charge. Such trends are consistent with electrostatic effects dominating the
binding process. Nonetheless, the fact that a high selectivity for malonate over
fumarate is seen in the case of 2.95 and 2.96 provides an indication that geometrical
effects could play a role in regulating the anion-binding process.
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Some years after Lehn’s extensive studies, Hamilton and co-workers143–145 pre-
pared the bis-acylguanidinium-based receptors 2.97 and 2.98, open chain bis-guani-
dinium systems linked by iso- and terephthalate spacers, respectively.

An intramolecular hydrogen-bond interaction between the NH and CO moieties,
established by proton NMR studies, is thought to endow receptor 2.97 with consid-
erable rigidity. The higher degree of preorganization provides four hydrogen bond
donors on the central cavity of the receptor, which was designed to favour the bind-
ing of a single phosphate substrate. The association constant for diphenyl phosphate
binding, studied in the form of its TBA salt, was obtained by recording the change
in the UV absorption intensity at 266 nm observed upon diluting a 1:1 mixture of
the host and guest in CH3CN; from an analysis of the resulting binding profile, a Ka

of 4.6 � 104 M�1 was determined.143

In contrast to the above, the relatively flexible receptor 2.98 was found to bind
glutarate strongly (Ka � 8500 and 480 M�1 in 12% and 25% D2O/DMSO-d6,
respectively) as inferred from similar spectroscopic studies.144 Based on more
detailed temperature-dependent NMR spectroscopic titrations, it was concluded that
that the glutarate-binding affinities increase with increasing temperature (Ka � 600,
720, 1010, and 1430 M�1 at 10, 20, 40, and 50 °C, respectively, in 25%
D2O/CD3OD). The thermodynamic parameters derived from these studies (∆H � 15.9
kJ mol�1 and ∆S � 108.8 J mol�1 K�1) were found to match well with those
obtained from independent ITC experiments carried out in pure methanol at 25 °C
(Ka � 2700 M�1, ∆H � 15.5 kJ mol�1, and ∆S � 117 J mol�1 K�1). Based on
this, it was concluded that the complexation process in pure methanol and in various
methanol/water mixtures is endothermic and thus entropy driven.145
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Table 2.8 Association constants (log Ka) corresponding to the formation of phos-
phate and carboxylate anion complexes of receptors 2.93–2.96, as deter-
mined in aqueous 0.1 M tetramethylammonium chloride (TMACl)
(phosphate anions) and methanol/water (9:1) (carboxylate anions) at 
25 °C

Anion 2.93a 2.93b 2.94 2.95 2.96

PO4
3� 2.3 1.8 2.4 3.5 3.1

HPO4
2� — — 1.2 1.9 1.9

P2O7
4� 2.5 2.2 2.7 4.3 4.1

HP2O7
3� 1.3 1.4 2.0 3.0 2.6

CH3CO2
� 2.2 1.8 — 2.4 2.7

–O2CCH2CO2
� 4.2 — 3.9 4.4 5.1

–O2CC2H2CO2
� — 1.4 3.0 2.5 3.5
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Several follow-up studies from other laboratories have served to complement these
initial studies. For instance, in 1994, Göbel and co-workers146 reported that receptor
2.99 is capable of binding to a small cyclic phosphodiester, namely catechol cyclic
phosphate, with a Ka � 95 M�1 in DMSO, as determined by 31P NMR spectroscopy.
Further, Grossel and co-workers147 succeeded in obtaining the X-ray crystal structures
of the sulfate-anion complexes of 2.97 and 2.99. As shown in Figure 2.27, in the case
of receptor 2.97, the sulfate anion is held within the rigid cavity by hydrogen-bond
interactions involving all four oxygen atoms. By contrast, outside binding is seen in
the case of 2.99.

The strong anion-binding affinities seen for receptors 2.97 and 2.99 led three dif-
ferent groups to apply these systems to the problem of phosphodiester cleavage; it
was found that these systems do indeed act as effective “artificial catalysts” or, in
some cases, “anticatalysts” for RNA hydrolysis.146,148

In independent work, Anslyn and Ariga designed receptors 2.100a and 2.100b as
mimics for the active site of staphylococcal nuclease (SNase), an enzyme capable of
effecting a 1016-fold rate enhancement for DNA hydrolysis.149 This particular work
was carried out within the cadre of trying to develop metal-free catalysts capable of
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Figure 2.27 Single crystal X-ray structures of the sulfate-anion complexes of (a) sulfate 2.97
and (b) 2.99
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enhancing the hydrolysis of phosphodiesters.150 These pre-organized receptors con-
tain a V-shape cavity that was designed to bind the targeted phosphodiester substrate
strongly via a combination of electrostatic interactions and four oriented hydrogen
bonds. Two X-ray crystal structures, shown in Figure 2.28, provided evidence of
binding in the solid state. Solution-phase anion-binding studies, carried out using
dibenzylphosphate as a model substrate and 31P NMR spectroscopic titrations as the
analysis method, revealed that receptors 2.100a and 2.100b both exhibit good bind-
ing in DMSO (Ka � 2200 and 1400 M�1 for these two receptors, respectively).
However, the binding affinities for both receptors were seen to drop dramatically in
pure water (i.e., to below 30 M�1).150 In spite of this latter drop off, receptor 2.100b
was found to bind the phosphomonoester, UMP, well in pure water (i.e., Ka � 960
M�1).151 Eventually, it was found that compound 2.100a catalyzes mRNA cleavage
with a rate that is enhanced by over 20-fold relative to the uncatalyzed reaction.152

Another bis-guanidinium system, 2.101, linked through a trans-decalin spacer,
was introduced by Göbel and co-workers153 in 1994 as a potential phosphodiester
hydrolysis catalyst. This receptor was found to bind the anionic form of a small
cyclic phosphodiester (CP), with a Ka � 110 M�1 in DMSO, as determined by 31P
NMR spectroscopy. However, only weak catalytic activity was observed.

In 1995, Hamilton and co-workers154 reported the synthetic bis-guanidinium recep-
tor 2.102. This system was designed to bind two carboxylate side chains in 
α-helical peptides. It thus relies on a rigid scaffold to orient two guanidinium groups
in a parallel fashion and at a well-defined distance. To test the efficacy of the design,
three 16-mer model peptides, containing two aspartate units located at different posi-
tions (i�3, i�4, and i�11) along the peptide chain, were studied. In a solution con-
sisting of 10% D2O/CD3OD, receptor 2.102 was found to form a strong complex with
the peptide containing two aspartic acid moieties three residues apart (Ka � 2200
M�1 for i�3). Moreover, a significant enhancement in the helicity of this peptide and
its i�4 congener (up to 9%) was seen, as inferred from CD measurements. These
results were taken as support for the proposal that the host–guest interactions occur
preferentially in the case of appropriately chosen helical peptides. Several analogues
of 2.102 were also studied; however, these systems displayed lower affinites.155
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Figure 2.28 Single crystal X-ray structures of (a) phenyl phosphate-anion complex of 2.100b
and (b) mixed dibenzyl phosphate, chloride anion, and aquo complex of 2.100b
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As part of a generalized effort to improve the binding characteristics of guani-
dinium receptors, the guanidinium group has been incorporated into a number of
bicyclic systems. The advantage of such structures is that they provide two pre-
organized protons that point in the same direction. This allows receptors of this type
to form complexes easily with various anionic guests. The first bicyclic compounds
containing a guanidinium group, systems with generalized structure 2.103, were
actually reported by McKay and Kreling156 in the late 1950s. However, it was not
until the 1980s, when Schmidtchen123 developed synthetic procedures that allowed
him to access compounds of general structure 2.103 easily and, accordingly, to study
their anion-binding properties in detail,157 that bicyclic guanidinium systems came
to be appreciated as potentially powerful anion receptors. 

A single crystal X-ray diffraction analysis of 2.103c was carried out. It revealed a
structure wherein two acetate anions are bound by the embedded guanidinium motifs
of two separate molecules of 2.103c via a combination of electrostatic interactions
and oriented hydrogen bonds. These latter involve the oxygen atoms of the acetate
anions and the NH protons of the guanidinium groups, as well as the OH moieties
of a neighbouring receptor and the oxygen atoms of the bound acetate anion 
(Figure 2.29a). The solution-phase anion binding properties of 2.103b were deduced
from 1H NMR spectroscopic titrations carried out in two different solvents. The
shape of the titration curves obtained in this way were consistent with the formation
of an anion–receptor complex of 1:1 stoichiometry in the case of p-nitrobenzoate
(studied as the corresponding TBA salt). From fits to the titration curves, affinity
constants (Ka) of � 1.0 � 104 and 1.4 � 105 M�1 were calculated for binding in
CDCN3 and CDCl3, respectively.

Later on, Schmidtchen and co-workers158 reported the synthesis of the chiral bicyclic
guanidinium receptor 2.103d and the solid-state structure of its nitrate-anion complex
(cf. Figure 2.29b). Solution-phase 1H NMR spectroscopic experiments carried out in
CD3CN provided evidence that diastereomeric host–guest complexes with racemic car-
boxylates, such as N-acetyl-D,L-alanine or D,L-2-methylbutyrate, were being formed.
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More recently, the X-ray crystal structure of the trifluoroacetate complex 
of 2.103b was reported by Schmidtchen and co-workers.159 In the solid state 
(cf. Figure 2.29c), this complex is stabilized by two well-oriented hydrogen bonds
involving the two parallel NH subunits, as well as what are presumed to be more
isotropic electrostatic interactions. The interaction between 2.103b and benzoate
was studied in acetonitrile using ITC. It was found to depend strongly on the counter
anion of the host. For example, the use of BF4

� as the counter anion produced the
highest association constant Ka � 414,000 M�1, whereas the corresponding Cl� salt
generated a value that was considerably lower 38,000 M�1. It was confirmed that the
iodide salts of 2.103b and 2.103d bind to benzoate with Ka � 280,000 and
203,000 M�1, respectively.

In work that appeared one year after Schmidtchen’s initial 1987 report involving
the anion-recognition properties of 2.103, Lehn and co-workers160 described the first
chiral bicyclic guanidinium receptor, namely the bis-naphthoate 2.104. It was found
that this receptor is capable of extracting p-nitrobenzoate anion from an aqueous
media into organic solvents, lending credence to the notion that it can bind oxy-
anions. Quantitative analysis of the binding constants, carried out using standard 1H
NMR spectroscopic titration protocols, gave a Ka of 1609 M�1 for the binding of 
p-nitrobenzoate (studied as the corresponding triethylammonium salt) in CDCl3. As
judged from extraction experiments, the asymmetric nature of 2.104-SS allowed for
the enantioselective recognition of chiral carboxylate anions. For instance, in one
study it was shown that receptors 2.104-SS could be used to extract preferentially 
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Figure 2.29 Single crystal X-ray structures of (a) the 2:2 acetate-anion complex formed from
receptor 2.103c, (b) the nitrate-anion complex of 2.103d, and (c) the trifluo-
roacetate-anion complex of 2.103b
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L-N-acetyltryptophan from a racemic mixture of the L- and D-enantiomers. Likewise,
2.104-RR could be used to extract preferentially the D-antipode. Supporting 1H NMR
spectroscopic titration studies, carried out with the triethylammonium salt of 
N-acetyltryptophan in CDCl3, revealed that receptor 2.104-SS binds to the L- and 
D-enantiomers with affinity constants of Ka � 1051 and 534 M�1, respectively.
These values are thus fully consistent with what would be expected on the basis of
the extraction experiments.160

In an extension of this basic strategy, the chiral bicyclic guanidinium-based syn-
thetic receptors, 2.105a and 2.105b, were reported by de Mendoza and co-workers.161

These two systems, prepared as putative receptors for uronic acid salts, were designed
with the expectation that ancillary interactions involving the hydroxyl groups of the
targeted glycopyranosyl guests and the convergent hydroxyl groups of the curved
deoxychlolic acid-derived “arms” of the “tweezer-like” receptors would serve to com-
plement those provided by guanidinium-carboxylate ion-pairing. It was also appreci-
ated that the rigid steroid subunit would provide a lipophilic outer surface, thus
permitting good solubility in organic solvents. As it transpired, receptor 2.105a, the
system with the shorter spacer, was found to display higher carbohydrate affinities than
2.105b (Ka � 7000 and 2800 M�1 for the binding of D-glucuronate by 2.105a and
2.105b, respectively), as determined from 1H NMR titrations carried out in
CD3CN/CDCl3. Also, a slight preference for glucuronate over galacturonate was
observed in the case of receptor 2.105a (Krel � 1.2 for D-glucuronate/D-galacturonate).

Another highly effective strategy that has been used to improve the affinity and
selectivity of guanidinium receptors towards dicarboxylates and tetrahedral oxy-
anions has involved the use of bis-bicyclic guanidinium receptors generated by link-
ing two bicyclic guanidinium groups via various linear and/or rigid spacers.162–164

Quite a number of these have now been described, including systems 2.106–2.109.
The first of these ditopic receptors to be described, namely 2.106a and 2.106b,

consist of two bicyclic guanidinium units attached via a urethane linker.162 Data
from 1H NMR spectroscopic titration experiments carried out in CD3OD and D2O
confirmed that receptor 2.106a is capable of forming 1:1 complexes with biologi-
cally relevant phosphates, such as p-nitrophenyl phosphate, CMP, and TMP,
although the affinities were not particularly high (e.g., Ka � 10.6 M�1 for the bind-
ing of TMP in D2O). Receptor 2.106b was also found to be capable of effecting
the extraction of dicarboxylate anions (e.g., succinate, fumarate, folate, and 
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N-acetylaspartate), but not monocarboxylate anions, from an aqueous layer into a
chloroform phase.

The foldable bis-guanidinium receptor 2.107a, wherein the bicyclic guanidiniums
are linked via ether linkages, was also found to be a good receptor for dicarboxylate
anions. For instance, Ka values of 2540, 16,500, 6060, and 14,500 M�1 were
obtained for oxylate, malonate, isophthalate, and p-nitroisophthalate anions, respec-
tively (1:1 binding), as determined from 1H NMR titration analyses in CD3OD. In
contrast, under identical conditions of study, no evidence of binding was seen in the
case of simpler monoanions, such acetate and iodide. In follow-up studies, it was
found that receptor 2.107a, as well as congener 2.107b, allowed for the recognition
of nucleotide phosphates in polar solvents, as inferred from 1H NMR spectroscopic
analyses.164 For instance, in the case of receptor 2.107a, affinities (Ka) of between
1.8 � 104 and 3.8 � 104 M�1 were recorded in CD3CD for various phosphate anions,
including nucleotide monophosphates. Likewise, receptor 2.107b was found to bind
HPO4

2� with a Ka � 970 M�1 in D2O.

The tetraguanidinium receptor 2.108a is historically important because of its abil-
ity to undergo sulfate templated helical self-assembly as discussed in Chapter 9.165

However, it and its analogue, 2.108b, have also been used by Hamilton and co-work-
ers166–169 to effect the recognition and stabilization of α-helical tetraasparate peptides.
Within the series of test peptides defined by 2.109a–2.109f, the strongest interaction
was seen in the case of 2.108a–2.109a, which contains four aspartate (D) units (Ka �
1.56 � 105 M�1, as determined from CD titrations carried out in 9:1 CH3OH/H2O).166

Based on the ITC experiments performed with 2.108b and peptides containing both
Asp (2.109a) and Glu (2.109d) subunits, it was concluded that the recognition of the
shorter peptide 2.109a is enthalpy driven (∆H � �23.6 kJ mol�1 and T∆S � 5.40 kJ
mol�1), whereas that of the longer target (i.e., 2.109d) is entropy driven (∆H � 15.4
kJ mol�1 and T∆S � 44.9 kJ mol�1).168 The relative location of Asp (D) and Trp (W)
residues within a peptide sequence was also found to play an important role in defin-
ing the molecular recognition process.169 For instance, in trifluoroethanol:water (1:1)
the affinity of 2.108b for peptide 2.109f (Ka � 4.2 � 106 M�1) is around 26-fold
lower than that for 2.109g (Ka � 1.1 � 108 M�1).

O O

HN N

HN

N NH

NH

OR RO

2.107a R = SiPh2tBu
2.107b R = H

HN N

HN

N NH

NH

OR RO

N
H

N
H

O

O

O

O

2.106a R = H
2.106b R = SiPh2tBu

2Cl2ClO4

Classic Charged Non-Metallic Systems 85

RSC_ARC_Ch002.qxd  2/8/2006  9:44 AM  Page 85



In an effort to design synthetic receptors displaying strong and selective anion bind-
ing in aqueous media and which would potentially permit sensing applications using an
indicator-displacement assay (cf. Chapter 8), anslyn and co-workers170 have synthesized
a number of guanidinium-based systems based on the triethylbenzene scaffold. For
instance, the tri- and tetraguanidinium-based receptors 2.110 and 2.111 containing a
Cu2�-binding site were recently reported by the Anslyn group.20,171,172 Both receptors
were found to exist in their pre-organized forms after Cu2� complexation and to display
selectivity in their anion-binding behaviour. It was observed that receptor 2.110 displays
a high affinity and selectivity for phosphate-type anions in aqueous media at neutral pH.
Specific anion-binding affinities, measured by monitoring the change in the UV–Vis
absorbance intensity at 790 nm observed upon the addition of sodium-anion salts in an
aqueous solution (pH 7.4 TRIS buffer), gave Ka values of 1.5 � 104, 1.7 � 104, � 100,
and �100 M�1 for HPO4

2�, HAsO4
2�, CH3CO2

�, and Cl�, respectively.20 The corre-
sponding thermodynamic parameters were determined using ITC methods. In the case
of dihydrogen phosphate anion, for examples, calorimetry studies performed at pH 7.4
(HEPES buffer solution) yielded ∆H � �15.9 kJ mol�1 and ∆G � �22.2 kJ mol�1.171

Later on, receptor 2.110 was used as a chemosensor for determining the concentration
of inorganic phosphate in serum and saliva (cf. Chapter 8). Again, this was done using
the indicator-displacement assay.173 Further binding experiments with phosphoesters
were also performed with 2.110174 and with receptor 2.111.172 This latter cyclophane-
type system contains three bridging tetraguanidinium subunits and displays a high affin-
ity (Ka � 8 � 108 M�1 in water/methanol 1:1 at pH 6.8 solution) and also a good
selectivity for 2,3-bisphosphoglycerate (2,3-BPG) among the various anions tested.172
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The steroidal guanidinium receptors 2.112–2.115 were recently introduced by
A.P. Davis and co-workers.175 These systems, designed to effect the enantioselective
recognition of N-acyl-α-amino acids, showed remarkably consistent selectivity
towards the L-forms of N-acetyl-α-amino acids, as judged from extraction experi-
ments. Support for this finding came from NMR spectroscopic analysis and Monte
Carlo molecular mechanics (MCMM) analyses, which revealed a better
substrate–receptor fit in the case of the L-enantiomers.175

Davis, de Mendoza, and de Vries have employed steroidal guanidinium receptors
to effect the enantioselective transport of N-Ac-phenylalanine through
dichloromethane and dichloroethane bulk liquid membranes in a standard U-tube
apparatus. Transport through octanol/hexane was also achieved using hollow fiber
membrane contactors. In both sets of experiments, good enantioselectivities were
observed.176

Over the last several years, Schmuck’s group has shown how the binding affinities
of guanidinium salts towards carboxylate anions can be enhanced via the incorporation
of additional hydrogen bond motifs.177–180 Early on in the course of this work, the crys-
tal structure of the acetate complex of a simple guanidiniocarbonyl pyrrole receptor
(2.116) was solved. This structure, shown in Figure 2.30a, established that the anionic
acetate guest is bound not only via the expected bidentate guanidinium NH-to-oxygen
hydrogen bonds, but also through an additional intermolecular pyrrole NH–oxygen
interaction. These findings, not withstanding a computer-based molecular dynamics
calculation, led to the suggestion that a tridentate-binding mode is the one favoured in
solution (Figure 2.30b). Analysis of the 1H NMR spectrum recorded in DMSO-d6,
revealed large, complexation-induced downfield shifts for all of the NHs signals, a
finding that was considered consistent with the proposed tridentate-binding mode.177

Modification at the pyrrolic α-positions led to receptors 2.117 and 2.118, which
were found to bind N-Ac-amino acid carboxylate anions in highly polar media.178
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In the case of 2.117, complexes were formed with acetate in 40% D2O–DMSO-d6

(Ka � 2790 M�1) and Ac-L-Phe (Ka � 1700 M�1) that proved more stable than
those generated from the corresponding Ala, Trp, and Lys species (Ka � 900 M�1

in all cases). Likewise, the chiral receptor 2.118 proved capable of discriminating
between enantiomeric carboxylates (e.g., Ka � 1610 (930) and 1145 (1005) M�1 for
Ac-L(D)-Ala and Ac-L(D)-Trp, respectively, in 40% D2O–DMSO-d6). The related
valine-derived receptor, 2.119, was also found to be an efficient receptor for amino
acid carboxylates in aqueous media.179 For instance, in buffer solution at pH 6.1, this
system was found to bind to both alanine and valine strongly, showing a preference
for the latter (Ka � 1000 and 1750 M�1, respectively).

2.4 Amidiniums
Amidinium cation (e.g., 2.121), a member of the generalized guanidinium family,
represents an important motif that has proved extremely useful in the design of

N
H

O

HN
NH2

NH2

O

NH
H2NOC

2.118

NH2

N
H

N
H

N
H

O

NH2

O

Me Me
O

NH

2.119
Me

Me

A      =  picrate

A Cl

N
H

O

NH
H2N

H2N

N
H

O

HN
NH2

NH2

O

NHEt

2.116 2.117

Cl

A      =  picrate or Cl

A

88 Chapter 2

N

O

N
N

N

H

H

H
H

H
H

O

O

Me

In solution phase

b)

In solid state

a)

Figure 2.30 (a) Single crystal X-ray structure of the acetate-anion complex of two guanidin-
iocarbonyl pyrroles 2.116 as observed in the solid state via X-ray diffraction
analysis and (b) schematic representation of the tridentate complex expected to
dominate under most solution-phase conditions
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receptors for oxyanions, such as carboxylates and phosphates. Several X-ray crystal
structures of amidinium–oxyanion complexes have been analyzed and all have served
to confirm a binding mode that includes two linear hydrogen bonds between the oxy-
gen atoms of the anion and the amidinium NH protons (Figure 2.31).181,182 Although
related to guanidinium cations, amidiniums are slightly less basic (pKa � 11).183

Therefore, amidiniums generally act as better hydrogen donors after protonation
(Scheme 2.7).

Amidinium–carboxylate salts are of particular interest as model systems for the
arginine–aspartate salt bridges found in many biological structures including zinc
finger/DNA complexes,184 RNA stem loops,185 and the active site of dihydrofolate
reductase.186 Amidinium and benzamidinium compounds are also important anti-
trypsin agents, as discussed further below.

Trypsin-like serine proteinases play a central role in the regulation of many bio-
logical processes.187 Generally, they cleave the peptide bonds between the car-
boxyterminal side of positively charged arginine and lysine residues that are bound
to an aspartate residue (Asp 189) within a specific binding pocket. Therefore, many
natural and synthetic proteinase inhibitors contain an arginine or lysine residue.188 In
1965, Mares-Guia and Shaw189 reported that amidiniums are good model systems for
the arginine side chain of trypsin substrates. Subsequently, the crystal structure of a
benzamidinium–trypsin complex was determined by X-ray diffraction analysis.190

As can be seen from Figure 2.32, which shows the relevant active site, the
benzamidinium is bound near the so-called catalytic triad thought responsible for
catalytic activity, being held in place through a combination of electrostatic interac-
tions and five hydrogen bonds involving Gly 219, Asp 189, Ser 190, and an internal
water molecule. This binding is thought to shield the active site by preventing inter
alia binding of normal oligopeptide substrates. Recently, the interaction between
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Figure 2.31 Single crystal X-ray structures of (a) carbonate complex of amidinium 2.121
(R � CH3), (b) nitrate complex of amidinium 2.121 (R � CH3), and (c) pyruvate
complex of benzamidinium 2.121 (R � C6H5)
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benzamidinium and trypsin was studied by ITC, yielding a Ka of 4.5 � 104 M�1 in
Tris buffer at pH 8.0.191

Separate from the above, a number of aromatic diamidinium cations have been
found to possess antiprotozoal activity and modest antiviral activity.192 For example,
pentamidinium 2.123 and furamidinium 2.125a have been extensively used for the
treatment of Pneumocystis carinii pneumonia (PCP), which occurs in over 70% of
AIDS-patients.193 This anti-PCP activity is thought to reflect the fact that aromatic bis-
amidiniums can bind to the minor groove of duplex DNA, particularly in AT-rich
regions.194 This binding is clearly seen in a number of crystal structures obtained to
date, including that between the antitrypanosomal drug berenil 2.122 and d(CGC-
GAATTCGCG)2,

195 as well those between this model duplex DNA sequence and sev-
eral other bis-amidinium agents (e.g., 2.123–2.125), as shown in Figure 2.33.196 This
structural work has been complemented by solution-phase binding studies, from
which Ka values of 6.6 � 105 and 6.7 � 106 M�1 were derived for the binding of bere-
nil (2.122) and furamidinium (2.125a), respectively, to d(CGCGAATTCGCG)2 in
MES20 buffer.197 Given these interactions, it is perhaps not surprising that amidinium
groups are among the more important pharmacophores currently being explored in the
context of rational drug design.198
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Figure 2.32 Partial view showing the active site portion of the complex formed between ben-
zamidinium and trypsin, as determined by X-ray structural analysis (left). The
corresponding structural formula is shown on the right
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Eschenmoser and co-workers199 were the first to provide evidence that the ami-
dinium group could be used to effect anion recognition; these researchers showed
that compound 2.126 was capable of extracting hydrogen sulfate from an aqueous
media into an organic phase. Subsequently, A.P. Davis and co-workers200 reported
the X-ray crystal structure of the complex formed between the bicyclic amidinium
form of 2.126 and nitronate 2.129b as shown in Figure 2.34a. Based on supporting
NMR spectroscopic analyses involving 2.129a, the formation of this complex was
thought to reflect proton transfer from the nitroalkane to the neutral form of amidine
2.126. Two years later, the X-ray crystal structure of the complex formed between
the protonated form of 2.127 and S-naproxenate was obtained (cf. Figure 2.34b).201

It confirmed the ability of amidinium units to interact with oxyanions via a combi-
nation of electrostatic and hydrogen-bond interactions, as reflected in the NH···O
distance of 1.76 Å seen in this particular structure. 
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Figure 2.33 Single crystal X-ray structures of the complexes formed between d(CGC-
GAATTCGCG)2 and (a) berenil (2.122), (b) pentaamidinium (2.123), (c)
propamidinium (2.124), and (d) the furan derivative (2.125b)

RSC_ARC_Ch002.qxd  2/8/2006  9:44 AM  Page 91



Davis also prepared the chiral, non-racemic bicyclic amidinium 2.128. However,
little evidence of enantioselectivity was seen in extraction experiments involving 
L- or D,L-N-(BOC)-phenylalaninate. 

In an effort to develop synthetic phosphodiesterases, Göbel and co-workers syn-
thesized the elaborated amidinium receptors 2.130 and 2.131. These systems were
expected to enhance the rate of hydrolysis as the result of amidinium–phosphate
complexation and activation as shown in Scheme 2.8. Concentration-dependent 
1H NMR spectroscopic studies confirmed the interaction between 2.130 and
dimethylphosphate sodium salt and acetate anion (Ka � 190 and 1300 M�1 in
DMSO-d6, respectively), as well as the formation of various control complexes
such as 2.133 in this and other solvents.202 In addition, evidence for the formation
of a complex between 2.130 and dimethyl phosphate in the solid state was obtained
from X-ray structural analyses (cf. Figure 2.35a). X-ray diffraction analysis (cf.
Figure 2.35b) was also used to provide an unambiguous identification of the puta-
tive reaction product, allowing NMR spectroscopic methods to be used to follow
the course of the reaction. Once the above predicative studies were complete, the
authors analyzed the ability of 2.130 and 2.131 to enhance the hydrolysis of
dimethylphosphate. Rate enhancements of ca. 3000 and 9000 were observed rela-
tive to 2.134.

As a part of these studies, the chiral amidinium receptor 2.132 was tested. This
species offers the advantage that it allows the host–guest interaction to be monitored
by following the substrate-derived changes (if any) observed in the CD spectrum.
For instance, the negative peak around 420 nm seen in the CD spectrum of 2.132
disappears in the presence of 2.133. Complementary 1H NMR spectroscopic titra-
tions, carried out in DMSO-d6, confirmed that 2.132 binds dimethyl phosphate
sodium salt with an association constant (Ka) of 250 M�1.
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Figure 2.34 Single crystal X-ray structures of (a) the complex formed between nitronate
2.129b and 2.126 and (b) the S-naproxenate complex of 2.127
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In work of a very different nature, an artificial self-replicating system that relied on
the use of an amidinium–carboxylate salt bridge was put forward by von Kiedrowski
and Terfort203 (Scheme 2.9). Based on the 1H NMR spectroscopic titration studies,
using benzamidinium tetrafluoroborate and cesium acetate, it was proposed that the
amidinium–carboxylate complexation would be sufficiently strong so as to allow the
self-replication process to be viable (Ka � 350 M�1 in DMSO-d6 at 35 °C). The
reaction between 2.135 and 2.136 yielded 2.137, a “template” that is capable of acting
as an autocatalyst for the further formation of 2.138 (cf. Scheme 2.9). As evidence in
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Figure 2.35 Single crystal X-ray diffraction structures of (a) the dimethyl phosphate complex
of 2.130 and (b) the product from the reaction of 2.131 and 2.133
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support of the proposed autocatalytic reaction pathway, it was found that the presence
of a higher concentration of 2.137a accelerated the reaction between 2.135a and
2.136a (the autocatalytic efficiency, ε, was 16.4 M�1/2). It was also found that the
presence of 2.137c accelerated the synthesis of 2.137b via reaction of 2.135b with
2.136a. From the perspective of the anion recognition chemist, these results provide
clear support for the existence of amidinium–carboxylate salt bridges during the var-
ious reactions in question. Other related chemistry has been described by these
researchers, including scenarios that are based on the interactions between water-sol-
uble amidinium moieties and carboxylate anions.204

In a unique use of the interaction between carboxylate anions and amidinium cations,
the Nocera group generated the functionalized porphyrin systems, 2.140–2.143. These
systems were used to probe the mechanism of proton-coupled electron transfer (PCET),
a process which is important not only in terms of understanding the basics of energy
conversion in photosynthesis but also the function of many proteins and enzymes.205

Specifically, these systems were designed to model the arginine–aspartate salt bridge,
which plays an important role in stabilizing many biological structures.184–186,206

Initial studies were performed with porphyrin 2.140 as the electron donor and 3,4-
dinitrobenzoic acid as the electron acceptor. The strength of the carboxylate-anion
complex formed between these two species was determined from a dilution
experiment carried out in DMSO-d6. In particular, by following the change in the

94 Chapter 2

Scheme 2.9 Reactions associated with the generation of a proposed autocatalytic,
self-replicating system
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chemical shift of the NH peak as a function of the overall concentration of the con-
stituents using 1H NMR spectroscopy, a Ka value of 3500 M�1 could be calcu-
lated.207 In the presence of benzoic acid, the luminescence of the neutral form of
2.140b in CH2Cl2 was seen to decrease, with the excited singlet state lifetime of the
resulting complex being 434 ps (λexc � 580 nm, λdet � 760 nm, where “exc” and
“det” refer to excitation and detection, respectively). Replacing the benzoic acid by
3,4-dinitrobenzoic acid did not change the luminescence intensity but did serve to
reduce the excited state lifetime of the complex to 327 ps. From this latter result, a
unimolecular rate constant for PCET of 7.5 � 108 s�1 was calculated. It was also
concluded that electron transfer from the singlet excited state of 2.140b to the bound
3,4-dinitrobenzoate anion occurs through the amidinium–carboxylate salt bridge.

Two years later, similar experiments were performed using a slightly different por-
phyrin donor, 2.141, which bears an amidinium subunit directly linked to a β-pyrrolic
position.208 In this case, a single crystal X-ray structure of the complex formed
between 2.141a and benzoate anion could be obtained. As seen in Figure 2.36, the
expected salt bridge is apparent in the solid state (the NH···O distances are 1.80 and
1.87 Å). This salt bridge also proved to be very stable in aprotic solutions, such as
DMSO and CH2Cl2. This was confirmed by NMR and UV–Vis spectroscopic titra-
tions, from which association constants (Ka) for the complexes formed between
2.141a and benzoate (3,5-dinitrobenzoate) anion of 1550 (267) M�1 and 5.7 � 105

(7.7 � 105) M�1 were obtained in DMSO-d6 and CH2Cl2, respectively. The lumines-
cence of porphyrin 2.141b was seen to decay monoexponentially with a lifetime of
1.5 ns following excitation in the presence of excess benzoate. By contrast, in the
case of the more electron deficient acceptor, 3,5-dinitrobenzoate anion, the rate of
excited state decay was substantially increased (kPCET � 6.4 � 107 s�1).
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Figure 2.36 Single crystal X-ray structure of the benzoate anion complex of 2.141a
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In follow-up studies, the structurally homologous β- and meso-amidinium por-
phyrins, 2.142a–2.143b, were tested as the photodonors in PCET models analogous
to those described above.209 Based on these studies, it was concluded that an ami-
dinium group attached to a β-pyrrolic position is more strongly coupled electroni-
cally to the porphyrin ring than one that is linked to the meso position. Extensions
of this approach have been reported by the Nocera group, including the analysis of
a multicomponent systems containing Ru(II)bipyridine, as well as porphyrin, pho-
toactive groups. The interested reader is referred to the primary literature.210

In 1997, Wulff and co-workers211 prepared a molecularly imprinted polymer
obtained via the polymerization of 2.148 using 80% ethylene dimethylacrylate as a
cross-linker and the phosphonic monoester 2.144 as a template. Following polymer-
ization and work-up, removal of the template produced a polymer with two ami-
dinium units inside the cavity. These embedded groups, it was proposed, could act as
binding sites or serve as catalytically active groups. This latter point is illustrated in
Scheme 2.10, which shows how this imprinted polymer could act to stabilize the
tetrahedral transition state of a carbonate hydrolysis reaction. In accord with such
design expectations, it was found that, in the presence of the imprinted polymer, the
rate of the hydrolysis of carbonate ester 2.145 (giving rise to 2.146 and 2.147) was
enhanced by more than 100-fold at pH 7.6 relative to what was seen in the absence
of the imprinted polymer.211 It was also found that the addition of monomeric ami-
dinium 2.148 to 2.145 or the use of a control polymer derived from the polymeriza-
tion of the benzoate complex of 2.148 increased the ester hydrolysis rate only slightly.

In subsequent work, a variety of other molecularly imprinted polymers were syn-
thesized via the polymerization of 2.148 with various templates; many showed high
catalytic activity and good selectivity for the hydrolysis of carbonate- and carba-
mate-containing moieties.212,213

Slightly after the first molecular imprinted polymer studies were reported, the
association constant (Ka) for the binding of p-methylbenzoic acid to 2.148 was deter-
mined; it was found to be above 106 M�1 in CDCl3, as inferred from an NMR spec-
troscopic titration analysis.212 Additionally, receptor 2.148 was found to bind
carboxylic acids more strongly than phosphoric acid derivatives in CD3CN (Ka � 1.2
� 104 and 4.6 � 103 M�1 for 3,5-dimethylbenzoic acid and bis(3,5-dimethylphenyl)
phosphoric acid, respectively).214 This strong affinity for carboxylic acids was sup-
ported by the fact that it proved possible to obtain diffraction grade single crystals of
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the benzoate complex of the protonated form of 2.149, a saturated analogue of 2.148.
The resulting structure, shown in Figure 2.37, is characterized by a high degree of
symmetry and is thus considered consistent with a recognition process that is stabi-
lized via a combination of electrostatic and hydrogen-bonding interactions (the
NH⋅⋅⋅O distance is 1.85 Å).215

In 2001 Kraft and co-workers reported that the N,N′-substituted benzamidinium
2.150 binds to tetrazoles. While strictly speaking work that falls outside the purview
of this book, this finding is important since tetrazoles can be considered as bioisos-
teric replacements for carboxylic acids.216 An X-ray crystal analysis revealed that
2.150 exists in an E,Z-type conformation when complexed to tetrazole and that an
infinite chain, held together by hydrogen bonds and salt bridges, is stabilized in the
solid state (Figure 2.38a). In CDCl3 solution, however, the binding mode proved to be
a function of concentration, with 2.150 adopting E,E- and E,Z-like conformations at
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low and high concentrations, respectively. Based on 1H NMR spectroscopic studies
(dilution experiments; Job plots), a Ka of 4000 M�1 for the formation of a 1:1 com-
plex in CDCl3/CD3CN (6:1) was inferred.

An interesting feature of amidinium–carboxylate salt bridges has recently been
described by Cooke and Rotello. These workers noted that in the presence of excess
2.149 in CH2Cl2, the half-wave potential of ferrocenecarboxylic acid was shifted
from 0.81 to 0.54 V.217 This remarkably large negative shift (26 kJ mol�1) led to
the suggestion that the salt bridge stabilizes the ferrocenium state of ferrocenecar-
boxylic acid. The formation of the proposed salt bridge between 2.149 and
ferrocenecarboxylate was confirmed by X-ray diffraction analysis, as shown in
Figure 2.38b. 

In an extension of this generalized approach to molecular recognition, Kraft and
Fröhlich218 prepared the doubly- and triply-substituted amidinium receptors,
2.151–2.153. In the solid state, the complex formed between 2.152 and the trifluo-
roacetate counter anions is stabilized by a combination of electrostatic interactions
and six well-defined hydrogen bonds. The net result is a complex with C3-type
symmetry, as shown in Figure 2.39. By contrast, the use of a symmetrical trisphos-
phate (2.154) led to the production of a simple 1:1 complexes in the case of the
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Figure 2.38 Single crystal X-ray structures of (a) the tetrazole complex of 2.150 and (b) the
ferrocenecarboxylate complex of 2.149

Figure 2.37 Single crystal X-ray structure of the benzoate complex of 2.149
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triply-substituted receptors 2.152 and 2.153, as inferred from 1H NMR spectroscopic
studies carried out in CD3OD solution (e.g., for the interaction of 2.153 with 2.154,
Ka � 1.1 � 106 M�1).219

In 1998, two bis-amidinium calixarenes, 2.155 and 2.156, prepared in the form
of their chloride-anion salts, were synthesized by Gale220 as templates for the for-
mation of self-assembled ditopic receptors. Based on UV–Vis spectroscopic titra-
tions, both receptors were found to bind carboxylate anions, such as
4-nitrobenzoate, 2.157a, and 2.157b, in DMSO solution in a 1:2 (amidinium:car-
boxylate) stoichiometric ratio. Three years later, the ability of receptors 2.155 and
2.156 to bind bis-carboxylate anions was probed using NMR spectroscopic meth-
ods and single crystal X-ray structural analysis.221 While the crystal structure of the
picrate complex (cf. Figure 2.40a) reveals a 1:2 host–guest stoichiometry, the cor-
responding malonate complex in Figure 2.40b is characterized by three different
binding modes. The crystal structure of the complex between 2.155 and difluo-
rophosphinate anion was also solved; interestingly, it confirmed the presence of
hydrogen bonds between the amidinium NH protons and both the fluorine and oxy-
gen atoms present in the anionic guest (Figure 2.40c). The occurrence of difluo-
rophosphinate in this complex was unexpected and resulted from the use of an
impure batch of silver hexafluorophosphate.

The above finding highlights a potential problem that warrants special mention.
Hexafluorophosphate anion is commonly used as counter anion in charged anion
receptor systems. Care must always be taken to ensure that PF2O2

� is not present.
This can easily be achieved by a 31P NMR analysis. A similar phenomenon was
observed in the first anion complex of sapphyrin, which although crystallized in 
the presence of HPF6, formed a mixed fluoride/hexafluorophosphate salt (see
Chapter 3).

In solution, the association constants for the step-wise interaction of 2.155 with
acetate in DMSO-d6 were also studied; the resulting association constants were
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found to be Ka1 � 990 M�1 and Ka2 � 960 M�1, as inferred from 1H NMR spec-
troscopic titrations.221
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Figure 2.40 Single crystal X-ray structure of (a) the picrate complex of 2.155, (b) the mal-
onate complex of 2.156, and (c) the difluorophosphinate complex of 2.155
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In an effort to develop agents that are able to achieve the selective recognition of
dicarboxylate substrates, Diederich and co-workers222 prepared the cleft-type diami-
dinium receptor (
)-2.158; this was done by attaching two phenylamidinium motifs
to a 1,1′-binaphthalene scaffold. NMR spectroscopic titrations confirmed that recep-
tor (
)-2.158 forms strong complexes with dicarboxylate anions in competitive pro-
tic solvents (e.g., Ka � 8200, 5100, 8300, and 10,000 M�1 for the binding of the
TBA salts of glutarate, 2.159a, 2.159b, and 2.159c, respectively, in CD3OD).
However, no appreciable selectivity for the series of rigid-isophthalate anions was
seen relative to the more flexible glutarate guest. The finding was rationalized in
terms of non-directional coulombic charge–charge interactions, rather than oriented
hydrogen bonds, dominating the molecular recognition process. The thermodynam-
ics of the various host–guest-binding events were obtained from a van’t Hoff analy-
sis of the variable-temperature 1H NMR spectroscopic titrations and from ITC
analyses. Taken together, these studies revealed that complexation in MeOH is
strongly entropically driven with an unfavourable enthalpic change. For example,
the interaction between (
)-2.158 and 2.159a yield values of ∆H � 7.7 kJ mol�1

and T∆S � 29.0 kJ mol�1 from an NMR base van’t Hoff analysis and ∆H � 11.6
kJ mol�1, T∆S � 35.0 kJ mol�1 from ITC measurements, respectively.

Diederich and Sebo also reported the synthesis of three bowl-type cavitand recep-
tors 2.160a–2.160c. However, anion-binding studies were performed with only
2.160c due to the poor solubility of 2.160a and 2.160b. This tetraamidinium func-
tionalized resorcin[4]arene (i.e., 2.160c) was found to bind the isophthalate anions
2.159a and 2.159b with a 1:2 binding stoichiometry in both CD3OD and D2O, as
revealed by standard Job’s analysis. Significant selectivity towards the sodium salt
of 2.159a (Ka1 � 14,800 M�1 and Ka2 � 3800 M�1) over the sodium salt of 2.159b
(Ka1 � 86,000 M�1 and Ka2 � 7700 M�1) was observed in D2O.

Receptor 2.160c was also found to form strong 1:1 complexes with various
nucleotide phosphates in D2O. In the case of the adenosine phosphates, the associa-
tion constants increased as a function of nucleotide charge (i.e., the affinity order
(Ka, M�1) was cAMP (1400) � AMP (10,000) � ADP (48,700) � ATP (660,000) in
pure D2O). This receptor also shows moderate selectivity towards AMP (Ka �
10,000 M�1) over other nucleotide monophosphate such as GMP (Ka � 5200 M�1),
CMP (Ka � 3500 M�1), TMP (Ka � 5900 M�1), and UMP (Ka � 3800 M�1) in
D2O containing Tris buffer (2.5 mM, pH 8.3).
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In 2002, Reinhoudt and co-workers described an elegant way to build molecular
capsules based on the use of amidinium-sulfate-anion salt bridges. In particular, the
interaction between the tetraamidinium calix[4]arenes, 2.161a–2.161d, and the
designed-to-be-complementary tetrasulfonato calix[4]arene (2.162) was analyzed by
1H NMR spectroscopy, electrospray ionization–mass spectrometry (ESI–MS), and
ITC.223 In MeOH/H2O (60/40 containing 0.01 M TBA–perchlorate), the interaction
between 2.161 with 2.162 is an entropy-driven process characterized by association
constants in the range of 1.1 � 106 to 8.5 � 106 M�1. Evidence was also put for-
ward that the resulting capsule system, 2.161a–2.162, is capable of encapsulating
neutral guests. A year later, the same group reported the X-ray crystal structure of
2.161a–2.162 (cf. Figure 2.41), as well as a slightly different capsule system based
on amidinium–carboxylate salt bridges, namely 2.161a–2.163.224
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2.5 Imidazoliums
In recent years, a relatively new cationic subunit for anion recognition has been
introduced, namely the 1,3-disubstituted imidazolium motif. While most other
cationic anion complexing systems (e.g., protonated polyammonium, guanidinium,
amidinium, and thiouronium) rely on a combination of electrostatic interactions and
�NH⋅⋅⋅A� hydrogen bonds to achieve anion (A�) recognition, receptors based on the
imidazolium cation stabilize the corresponding anion complexes via a combination
of electrostatic interactions and �CH⋅⋅⋅A� type hydrogen bonds. Thus, compared to
systems based on NH hydrogen bond donors, imidazolium-based receptors can offer
a significant advantage, namely pH-independent binding. 

2.5.1 Acyclic Systems

Over the past decade, a considerable number of studies involving the use of 1,3-
dialkylimidazolium chlorides have appeared. Many of these studies have been
inspired by the fact that dialkylimidazolium chlorides often display noteworthy ionic
liquid properties which, in turn, has made them useful as electrolytes in batteries and
photoelectrochemical cells, as well as in electroplating applications.225 Although once
a point of controversy, the fact that systems such as 2.164 can engage in CH-anion
hydrogen-bonding interactions is now widely accepted.226,227 For instance, such
hydrogen bonds have been observed in a number of imidazolium halide salt structures
determined by single crystal X-ray diffraction analysis.227,228 Figure 2.42 shows sev-
eral selected crystal structures of anion salts of imidazolium cations 2.164–2.166.
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Such solid-state analyses have been complemented by ESI–MS studies, which have
allowed the relative strength of the putative hydrogen-bond interactions between var-
ious imidazolium cations and anions to be determined in the gas phase.229

In 1994, using multinuclear NMR spectroscopy, Welton and co-workers230 provided
evidence that 2.164 can interact with halide anions in solution. In particular, it was found
that the series of complexes 2.164-X (X � Cl�, Br�, and I�) displayed distinct (and dif-
ferent) CH resonances in their respective 1H and 13C NMR spectra as recorded in CDCl3.
The greatest differences were seen in the case of the signals for the C(2)H group located
between the two imidazolium nitrogen atoms. However, differences were also seen for
the C(4)H and C(5)H resonances. Such findings provide strong support for the notion
that both cation–anion electrostatic and CH-anion hydrogen-bond interactions con-
tribute to anion binding under these solution-phase conditions. Later on, quantitative
studies, involving analysis of the structural analogue 2.165 (hexafluorophosphate salt),
were carried out by Sato and co-workers231; this yielded association constants (Ka) of 78,
59, and 28 M�1 for chloride, bromide, and iodide, respectively, in CD3CN.

Two bis-imidazolium receptors, 2.167 and 2.168, that contain a pair of imidazolium
subunits connected through a benzene spacer, were also prepared by the Sato group;
not surprisingly, these systems proved to be better anion-binding agents than the
corresponding monoimidazolium analogues.231,232 For instance, 1H NMR titration
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Figure 2.42 Single crystal X-ray structures of (a) the chloride-anion complex of 2.165, (b) the
bromide-anion complex of 2.164, (c) the iodide-anion complex of 2.164, (d) chlo-
ride-anion complex with 2.166a, and (e) the bromide-anion complex of 2.166b
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studies revealed that the association constant (Ka) corresponding to the formation of
2.167-Cl� in CD3CN was 1300 M�1. Similarly, Ka values of 140 and 60 M�1 were
determined for the chloride and bromide complexes of 2.168, respectively, in DMSO-
d6.

231,232 Subsequently, the fluoride anion affinity of 2.167 (Ka � 990 M�1 in CD3CN)
was determined on the basis of competitive 1H NMR spectroscopic titration studies.233

Recently, K.S. Kim and J. Yoon designed and prepared two new imidazolium-
based fluorescent chemosensors, namely 2.169 and 2.170. These systems rely on a
bridging anthracene fluorophore and were designed to target various biologically
important phosphate anions.234

In the case of 2.169, fluorescence spectral titrations revealed Ka values of
~1,300,000, 7900, 4500, and 600 M�1 for H2PO4

�, Cl�, Br�, and I�, respectively, in
acetonitrile.234 The high-Ka value and selectivity for dihydrogen phosphate within
this set of anions (the corresponding Ka for F� binding could not be obtained due to
inconsistencies in the titration curve) were rationalized in terms of the directional
hydrogen-bond interactions (�CH⋅⋅⋅X�) provided by the pre-organized and relatively
rigid anion-binding sites present in 2.169. However, the inherent basicity of the
anions in question is surely also a contributing factor, especially to the selectivity.

The other imidazolium anthracene sensor studied by this group, namely 2.170, was
found capable of differentiating the structurally similar substrates, GTP and ATP. For
instance, a complexation-induced quenching of the fluorescence intensity was observed
in the presence of GTP in aqueous media, while it was enhanced upon the addition of
ATP, ADP, and AMP in aqueous solution. No appreciable fluorescence changes were
observed with pyrophosphate, dihydrogen phosphate, fluoride, or chloride anions.
Quantitative fluorescence titration studies carried out in an aqueous solution (pH 7.4)
revealed that receptor 2.170 forms a complex with GTP (Ka � 87,000 M�1) that is
about six times more stable than that formed with ATP (Ka � 15,000 M�1) and over
100 times more stable than those formed from ADP (Ka � 614 M�1) or AMP (Ka �
121 M�1). This selectivity for GTP over ATP was ascribed to the presence of π–H
interactions, which were calculated to be more important in the case of GTP than ATP.
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Quite recently, H. Kim and J. Kang235 prepared an iodide-selective imidazolium
receptor 2.171 consisting of two methylene bridged bis-imidazolium rings attached
to a naphthalene. The halide-anion-binding properties of this receptor were investi-
gated by 1H NMR spectroscopic and fluorescence titrations. The addition of TBA
halide salts to a solution of 2.171 in CD3CN containing 10% DMSO-d6 induced
detectable downfield shift of the imidazolium CH resonance. By monitoring changes
in the chemical shifts in the CH group, the association constants (Ka) for iodide and
bromide were found to be 1600 and 140 M�1, respectively. Also, similar values
were obtained from fluorescence titrations (Ka � 5000, 243, and 185 M�1 for I�,
Br�, and Cl�). The selectivity towards iodide might be attributed to the special, and
apparently near-optimal fit of this anion in the cavity of 2.171.

Inspired by what has been achieved using other anion-binding motifs, several
groups have exploited the 1,3,5-triply-substituted benzene framework to produce
tripodal imidazolium-anion receptors, such as 2.172–2.175. As a general rule, these
systems have proved effective as halide-anion-binding agents.231–233,236,237

In the case of 2.173, quantitative determinations of the association constants (Ka)
were made by Sato and co-workers231 using 1H NMR spectroscopic titrations carried
out in CD3CN; these studies revealed, as expected, that this pre-organized receptor
forms rather stable complexes with chloride (Ka � 75,000 M�1) and bromide (Ka �
46,000 M�1) but binds to iodide anion only weakly (Ka � 7200 M�1). Independently,
Kim and co-workers determined the affinity for fluoride via a competitive 1H NMR
titration experiment and found that this anion is also tightly bound in CD3CN (Ka �
210,000 M�1).231,233 In contrast, the more flexible system 2.172 was found to bind to
chloride anion only weakly (Ka � 1500 M�1 in CD3CN).

Slightly later, the association constants for 2.173 with various anions were
reported by the Sato group;232 in DMSO-d6 selectivity for H2PO4

� was observed 
(Ka � 760, 200, 94, 200, 290, and �103 M�1 for TEA-Cl, TEA-Br, TEA-I, TBA-
HSO4, TBA-ClO4, and TBA-H2PO4, respectively). Interestingly, using the TBA
salts, rather than TEA salts, K.S. Kim and co-workers233 reported the association
constants corresponding to fluoride and chloride-binding binding constants to be
2400 and 1500 M�1 under what otherwise appeared to be indentical conditions. Such
findings serve as a reminder that counter cation and associated effects (e.g., ion-pair-
ing) can be far more significant than one might normally intuit.

NN

N N

N N

N NEt Et

H H
HH

4PF6
-

2.171

106 Chapter 2

RSC_ARC_Ch002.qxd  2/8/2006  9:45 AM  Page 106



In an effort to improve the anion-binding ability of these kinds of tripodal receptors,
the nitro-substituted system, 2.175, was synthesized by K.S. Kim and co-workers,236

along with the control system, 2.174. As inferred from 1H NMR spectral studies, both
receptors form 1:1 complexes with halide anions, showing good selectivity for chlo-
ride over bromide or iodide. In DMSO-d6, it was found that the association constants
of 2.175 (Ka � 4800, 490, and 90 M�1 for Cl�, Br�, and I�, respectively) are around
four times higher than those of 2.174 (Ka � 1100, 180, and 60 M�1 for Cl�, Br�, and
I�, respectively). Receptor 2.175 was also found to bind H2PO4

� in preference over
HSO4

� (the relevant association constants are 2500 and 350 M�1, respectively, as
determined in DMSO-d6).

As in the case of other anion-binding agents, the cavitand scaffold has been
exploited to produce a new kind of imidazolium receptor, namely the quadruple-
functionalized system 2.176.238 This system forms a 1:1 host–guest complex with
dicarboxylate anion 2.177; however, 1:2 complex formation was observed in the
case of halide anions and acetate anion, as inferred from Job plots. From 1H NMR
spectroscopic titrations carried out in DMSO-d6, association constants, Ka, of 200,
2100, 8100, 7300, and 16,200 M�1 were determined for succinate dianion, dicar-
boxylates 2.177a, 2.177b, 2.177c, and 2.177d, respectively. However, only weak
interactions were observed with chloride, bromide, and acetate anions (Ka � 400
M�1). These observations led to the suggestion that the anion affinities are correlated
with anion size and structure, in particular the length of the spacer connecting the
individual carboxylate entities in anions such as 2.177.
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2.5.2 Cyclic Systems

Even though a number of imidazolium-based cyclic systems have been synthesized
in the last few years using anion-templated strategies (see Chapter 9), it was only in
1999 that the first report of their anion-binding properties appeared from the group of
Alcalde.239 These studies involved the dicationic imidazoliophanes 2.178a–2.178c,
species prepared using a “3�1” synthetic approach. The structures of these macrocy-
cles were determined using general spectroscopic methods and were confirmed in the
case of 2.178a and 2.178b by X-ray crystallographic analysis. In the solid state,
2.178a adopts a 1,2-alternative chair-like conformation and is bound to one chloride
counter anion via a highly directional C–H···Cl interaction (cf. Figure 2.43a).
However, the conformation of the corresponding complex formed between 2.178b
and chloride anion, shown in Figure 2.43b, is cone-like. While quantitative informa-
tion was not forthcoming, significant CH shifts in the 1H NMR resonances were
observed upon the addition of various anions to 2.178c·2PF6 in DMSO-d6, with the
order of peak shifts being H2PO4

� � F� � CH3CO2
� � CN� � Cl�. 
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In 2002, Xie and co-workers240 reported the synthesis of a couple of new imida-
zolium cyclophanes, namely 2.179a–2.180b, along with their anion-binding affinities.
The single crystal X-ray analysis of 2.179a-Br, shown in Figure 2.43c, serves to high-
light the hydrogen-bond interaction between the CH protons of the dicationic receptor
and the bound bromide anion (the hydrogen bond distance is 2.66 Å). This complex-
ation was confirmed by 1H NMR spectroscopic studies carried out in DMSO-d6, which
revealed a downfield shift in the CH imidazolium resonances in the presence of added
bromide anion. Quantitative determinations of the association constants (Ka) were then
made by using UV–Vis titrations performed in acetonitrile. While receptor 2.179a dis-
plays a strong affinity for chloride and bromide, it is not particularly selective (Ka �
2210, 15,700, 17,900, and 4700 M�1 for F�, Cl�, Br�, and I�, respectively). In con-
trast, cyclophane 2.179b exhibits good selectivity towards chloride anion, as well as
the highest overall affinities among this series of receptors (Ka � 40,600, 7760, 18,400,
and 20 M�1 for Cl�, F�, Br�, and I�, respectively, in acetonitrile). Considering the
electronegativity order of the halide anions, these results provide clear evidence that
the inherent anion-binding selectivity of imidazolium receptors may be modulated via
appropriate structural design. Consistent with this hypothesis, the pyridine receptors
2.180a and 2.180b were found to display bromide anion affinities that were about one-
third of those of 2.179a and 2.179b (Ka � 6100 and 5850 M�1, respectively, for
2.180a and 2.180b binding bromide anion in acetonitrile). 
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Figure 2.43 Single crystal X-ray structures of (a) the chloride-anion complex of 2.178a, (b) the
chloride-anion complex of 2.178b, and (c) the bromide-anion complex of 2.179a

RSC_ARC_Ch002.qxd  2/8/2006  9:45 AM  Page 109



In the context of their work devoted to preparing anthracene-based diimidazolium
sensors (vide supra), J. Yoon, K.S. Kim and co-workers241 prepared the macrocyclic
receptor 2.181, again with the goal of generating a system that would be selective for
phosphate anion. In accord with these authors’ design expectations, fluorescence
titration studies revealed considerable selectivity for H2PO4

� (Ka � 1,300,000 M�1)
over F� (Ka � 340,000 M�1), Cl� (Ka � 2000 M�1), and Br�

(Ka � 780 M�1) in acetonitrile. 
In 2003, one year earlier than the report detailing the synthesis of receptor 2.181,

Sato and co-workers232 reported the synthesis of the tetracationic imidazoliophane
2.182. In DMSO-d6, receptor 2.182 shows a preference for bromide anion among the
three halide anions tested (Ka � 720, 2230, and 460 M�1 for Cl�, Br�, and I�,
respectively). However, the highest affinity was seen for hydrogen sulfate, with little
affinity being seen for dihydrogen phosphate or perchlorate (Ka � 8500, 1350, and
290 M�1 for HSO4

�, H2PO4
�, and ClO4

�, respectively, in DMSO-d6). 

I.-C. Hwang, K.S. Kim and co-workers242 have reported the synthesis and anion-
binding properties of calix[4]imidazolium[2]pyridine (2.183). The single crystal X-
ray structure of 2.183 with fluoride, shown in Figure 2.44, reveals that the anion is
held in the centre of the macrocyclic core via strong H···F interactions (1.991 and
2.082 Å). In solution, quantitative association constants (Ka) were obtained using 1H
NMR spectroscopic titrations in DMSO-d6. These studies showed that the receptor
binds to fluoride with a stability constant of 28,900 M�1 in 1:1 stoichiometry.
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Figure 2.44 Single crystal X-ray structure of the fluoride anion complex of 2.183 (three PF6
�

anions are removed for clarity)
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However, 1:2 complexes of 2.183 with chloride, bromide, iodide, acetate, and hydro-
gen sulfate in DMSO-d6 were observed with Ka1 (Ka2) � 2030 (2790), 100 (10,700),
130 (3330), 5040 (1940), and 40 (1120) M�1.

As should be apparent from the earlier sections of this chapter, the use of three-
dimensional charged systems often gives rise to receptors with considerable selec-
tivity and generally enhanced anion recognition ability. Appreciating this, Inove
prepared the imidazolinium-based cryptand-type receptor 2.185; it was prepared
from 2.184, a well-known fluoride-anion receptor,67 by treating with triethylortho-
fomate at 120 °C.243 A single crystal X-ray diffraction analysis of 2.185 confirmed
the tricationic cryptand-like structure and revealed a small inside cavity with an
approximate diameter of 4.6 Å, which was thought suitable for accommodating
small anions such as fluoride. Another crystal structure, shown in Figure 2.45, con-
firmed that fluoride anion can indeed be encapsulated inside this cavity. In this lat-
ter structure, two hydrogen-bond interactions were observed between the two
protonated bridgehead nitrogen atoms and the bound fluoride anion. However, no
evidence of interaction with the imidazolium CH protons was seen. In aqueous solu-
tion (pD � 1.0), however, a significant downfield shift of the imidazolium CH res-
onance, from 6.20 to 7.15, was observed in the presence of F�; this was taken as
evidence that these protons participate in anion binding. Under these conditions, no
corresponding peak shifts were seen in the presence of chloride anion. Based on
competitive 1H NMR spectroscopic titrations, an exceptionally high affinity for flu-
oride anion was inferred (log Ka � 12.5).
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2.6 Thiouronium
The final positively charged anion-binding motif to be considered in this chapter is
the thiouronium group. Formally a thiourea derivative, thiouronium subunits provide
two parallel hydrogen bond donors in analogy to the similarly charged guanidinium
unit and neutral donor groups such as urea and thiourea. Not surprisingly, therefore,
cationic thiouronium-based receptors show high affinities for oxyanions. However,
even simple thiouronium units are capable of binding anions, at least in the solid state,
as documented by a number of X-ray crystallographic studies (cf. Figure 2.46).182,244

The first synthesis of thiouronium salts (e.g., 2.186) was realized by Bernthsen and
Klinger245 in 1878 via the reaction of benzyl bromide with thioureas (Scheme 2.11),
and by quite early on these salts were being used as reagents for the isolation and
characterization of various organic acids.246 However, effective as this latter process
was, it is not appreciated as being anion recognition per se.

The first thiouronium-based anion receptors to be recognized as such were systems
2.187–2.190, species designed by Yeo and Hong247 to function as 5′-AMP extractants
and carriers. The thiouronium units in these receptors were expected to interact with
the phosphate group of this and other mononucleotides through a combination of
hydrogen bond and electrostatic interactions. In addition, on the basis of precedent
established in the case of sapphyrin-based carriers (cf. Chapter 3), it was further

112 Chapter 2

Figure 2.46 Single crystal X-ray structures of (a) p-chlorobenzoate complex of S-methylth-
iouronium, (b) nitrate complex of dithiouronium, (c) chloride-anion complex of
S-benzylthiouronium, and (d) bromide-anion complex of S-ethylthiouronium

+
Br

S

NH2H2N

2.186

S

NH2H2N Br-

Scheme 2.11 Synthesis of S-benzyl thiouronium 2.186
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expected that ancillary hydrogen-bond interactions, involving the thymine residues
present in receptors 2.187 and 2.188 and the adenosine functionality present in the 
5′-AMP target, would improve the binding and transport selectivity. As shown in 
Table 2.9, both 2.187 and 2.188 do indeed display higher 5′-AMP transport rates as
compared to their structural analogues, 2.189 and 2.190, presumably reflecting the
benefit of these extra Watson–Crick interactions. The thiouronium–thymine carriers
2.187 and 2.188 also showed selectivity for 5′-AMP over 5′-GMP in the transport
experiments, providing support for the notion that selective base-pairing plays a role
in defining the underlying recognition chemistry. In addition to these effects, the
bis(thiouronium) receptors 2.187 and 2.189 generally proved to be better carriers than
their mono(thiouronium) analogues, 2.188 and 2.190. The best extractions and the
fastest transport rates were obtained with receptor 2.187, as would be expected for a
system that combines both bis(thiouronium) sites for phosphate-anion binding and
bis(thymine) groups for adenosine recognition (Figure 2.47).
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Table 2.9 Extraction and transport of 5′-AMP and 5′-GMP from an initial aqueous
layer into or through an organic phase as effected by receptors
2.187–2.190

Extraction (%)a Transport rate 
(10�8 M h�1 cm�1)b

Carrier pH 5′-AMP 5′-GMP 5′-AMP 5′-GMP

2.187 5.0 9.9 9.1 15.1 2.4
7.0 11.7 8.8 5.9 ~2d

2.188 5.0 7.3 2.4 0.9 0.7
7.0 9.3 7.5 1.3 N.D.c

2.189 5.0 7.1 4.3 1.2 0.6
7.0 8.3 3.7 2.7 0.7

2.190 5.0 5.3 4.2 0.5 ~1
7.0 7.0 5.8 ~0.2d N.D.c

aIn the case of 2.187 and 2.189 � 5 mM, [Guest] � 0.1 mM; in the case of 2.188 and 2.190 � 10 mM,
[Guest] � 0.1 mM. bIn the case of 2.187 and 2.189, Guest 0.1 M H2O, 4 mL/Carrier 1.0 � 10�3 � 0.1 M,
CHCl3, 8 mL/NaBr 2.5 � 10�2 M, H2O, 4 mL; in the case of 2.188 and 2.190, Guest 0.1 M H2O,
4 mL/Carrier 2.0 � 10�3 � 0.1 M, CHCl3, 8 mL/NaBr 2.5 � 10�2 M, H2O. cN.D. = not determined. 
d Detectable but could not be determined accurately.
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Figure 2.47 Proposed structure of the supramolecular complex formed between receptor
2.187 and 5′-AMP
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In the context of these efforts, the association constants of simple thiouronium recep-
tors 2.191a and 2.192a were measured using 1H NMR and UV–Vis spectroscopic titra-
tion methods.247,248 In the case of receptor 2.191a, studied in the form of its bromide salt,
the binding affinities (Ka) for various oxyanions were found to follow the trend PhPO3

2�

(4350 M�1) � PhOPO3
2� (3700 M�1) � H2PO4

� (1080 M�1) � PhCO2
� (590 M�1) �

PhP(OH)O2
� (150 M�1) � PhOP(OH)O2

� (50 M�1) � PhSO3
� (~5 M�1) in DMSO-d6,

as determined from 1H NMR spectroscopic titrations. As a general rule, these binding
affinities were found to correlate well with the Brönsted basicity of the anionic guests.
The selectivity for H2PO4

� over PhCO2
� is an exception; it was rationalized in terms of

differences in binding geometry, as shown in Figure 2.48. In the UV–Vis spectrum, the
addition of H2PO4

� was found to increase the absorbance intensity of receptor 2.191a.
From these spectral changes, an association constant 34,000 M�1 for H2PO4

� binding
was obtained in 1,2-dichloroethane. While this bis(thiouronium) receptor bound oxy-
anions strongly, the corresponding mono(thiouronium) receptor 2.192a displayed only
relatively weak affinities for H2PO4

� (Ka � 340 M�1) and CH3CO2
� (Ka � 800 M�1) in

DMSO-d6. Appreciating these anion-binding properties, the thiouronium derivatives
2.191b, 2.192b, and 2.192c were used by Suzuki and co-workers249 to generate new
ion-selective electrodes. The interested reader is referred to the original publication. 
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In 2000, Kubo and co-workers250 reported the acetate selective chemosensor
2.193, which is based on a naphthalene–thiouronium dyad. While receptor 2.193
shows weak fluorescence when dissolved in acetonitrile, an enhancement in the fluo-
rescence intensity of up to ca. 350% was observed in the presence of 1 equiv. of
acetate anion. The corresponding association constants, calculated from non-linear
curve-fits of the observed fluorescence titration profiles, confirmed the high selec-
tivity for acetate (Ka � 106 M�1) over (BuO)2PO2

� (Ka � 5.6 � 104 M�1) in CH3CN
at 25 °C. In the case of chloride anion, no appreciable change in the fluorescence
intensity was observed.

In independent work reported in 2002, Teramae and co-workers251 detailed the
synthesis of the naphthalene- and anthracene-functionalized mono(thiouronium)
receptors, 2.194a–2.195b, which were also designed to function as photoinduced
electron transfer sensors. Unfortunately, only receptor 2.194b proved stable in
methanol under conditions of photoillumination. However, this system was found to
display a significant enhancement in fluorescence intensity upon treatment with cer-
tain oxyanions. In the case of HPO4

2� and CH3CO2
�, the relevant association con-

stants were calculated to be 1.1 � 104 and 1.7 � 103 M�1 for 1:1 binding in CH3OH
([K�-18-crown-6] salts were used as the anion source). In contrast, no association
constants could be calculated in the case of H2PO4

� and Cl� because the spectral
changes proved too small. 

As part of a general effort to generate ever more sophisticated fluorescent
chemosensors, the bis(thiouronium) systems 2.196 and 2.197 were prepared by Kubo
and co-workers.252 In the case of 2.196, the addition of acetate anion engendered a
maximal enhancement in the fluorescence intensity of ca. 1600% in acetonitrile.
Unfortunately, the host–guest-binding stoichiometry was not clean. Thus, association
constants could not be measured. Nonetheless, based on the observed optical changes,
it was proposed that this system had the following inherent anion selectivities: AcO�

� (n-BuO)2PO2
� � Cl�. Better results were obtained with 2.197. In aqueous acetoni-

trile (6% v/v water), it was observed that the addition of 4 equiv. HPO4
2� to 2.197

caused a considerable enhancement in the fluorescence intensity (i.e., up to a maxi-
mum of ca. 520%). Based on the titration analyses, this receptor was found to form a
strong 2:1 host–guest complex with HPO4

2� in this same solvent mixture (Ka21 � 1.6
� 1011 M�1). In contrast, 1:2 host–guest-binding was observed in the case of acetate
anion under identical conditions (Ka11 � 5.4 � 103 M�1 and Ka12 � 7.3 � 105 M�1).
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While difficult to rationalize fully, these findings do serve to demonstrate, at the very
least, the fact that this receptor is able to interact in different ways with anionic guests
of different sizes and shapes. 

In analogy to what has been done with other anion recognition motifs, the triply-
substituted 1,3,5-benzene platform was used by Ahn and co-workers253 to prepare the
tripodal tri(thiouronium) receptors 2.199a and 2.199b, as well as the simpler system
2.198 as a control. In this case, anion-binding studies were performed using ITC analy-
ses carried out in methanol at 303 K. Both tripodal receptors exhibit large ∆G° values,
although in general the binding process proved to be entropy driven. Based on these
calorimetric studies, it was concluded that the tripodal receptors 2.199a and 2.199b bind
to sulfate anion much more effectively than does the bis(tetramethylammonium) con-
trol system 2.198 (i.e., for 2.199a·SO4

2�: ∆G° � �34.7 kJ mol�1, ∆H° � 26.8 kJ mol�1,
T∆S° � 61.5 kJ mol�1; for 2.199b·SO4

2�: ∆G° � �35.1 kJ mol�1, ∆H° � 30.1 kJ
mol�1, T∆S° � 65.3 kJ mol�1; for 2.198·SO4

2�: ∆G° � �25.1 kJ mol�1, ∆H° � 36.8
kJ mol�1, T∆S° � 61.9 kJ mol�1). Similar ITC experiments involving PO4

3�, but carried
out under conditions of “reverse titration” wherein the receptor was added to a solution
of PO4

3�, provided a ∆Gº value of –31.8 kJ mol�1 for 2.199a. Presumably, the prefer-
ence towards sulfate reflects a subtle, but effective degree of structural complementar-
ity that favours this particular tetrahedral anion.

2.7 Summary Remarks
In this chapter, we have looked at the most important charged motifs that have been
used to effect anion recognition. While many of the systems in question are now
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considered classics in the field, others are rather new and serve to illustrate the power
of charged-based approaches to anion recognition in such disparate application areas
as separations, transport, and sensing. A recurring theme in all cases is that control
of binding stoichiometry via the construction of receptors of commensurate size, and
to a lesser extent charge, can produce systems of considerable selectivity for a given
anionic guest. Another important theme is that each class of charged binding motif
imparts advantages and disadvantages and that the supramolecular chemist targeting
a specific anion or, more generally, a specific application of anion recognition,
would be well advised to consider these features as they relate to his or her own
anion-binding needs. Finally, the work described in this chapter has served to under-
score how similar strategies (e.g., cryptand formation, 1,3,5-benzene-based tripodal
receptor generation, dimer formation, etc.) can be applied with benefit using very
different anion binding “building blocks”, such as guanidinium, imidazolium, etc.
Again, this serves to highlight the importance of receptor design and the fundamen-
tal utility associated with not only finding new binding motifs but also new ways of
arranging them in space. In the ensuing chapters, other classes of recognition units
will be introduced. It is hoped that the reader will appreciate the new opportunities
these systems offer in the context of both these themes.
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CHAPTER 3

Protonated Expanded Porphyrins
and Linear Analogues

3.1 Introduction
As detailed in the previous chapter, it has long been appreciated that protonated
polyamines and other highly charged species (e.g., guanidiniums) can bind anions
well as the result of strong electrostatic and hydrogen-bonding interactions. Over the
past decade or so, it has also been appreciated that protonated oligopyrrolic macro-
cycles and their open-chain analogues can also act as highly efficient anion receptors.
Conjugated oligopyrrolic species often contain sp2 hybridized “pyridine-like”
pyrrolic nitrogens that are partially or completely protonated in neutral media. They
also generally contain normal pyrrolic NH subunits, and this unique combination of
features (hydrogen-bond donor and electrostatic character) makes them attractive as
potential anion-binding or transporting agents. The fact that the biological activity of
prodigiosin 3.1, a pyrrolylbipyrrole, could be due to H� and Cl� symport arising from
protonation and anion recognition, as presented briefly in Chapter 1, has served to
heighten interest in this area. In this chapter, we review the chemistry of various
oligopyrrolic systems whose documented anion-binding ability is predicated on the
prior protonation of one or more basic imine-like nitrogens. In fact, this means the
primary focus will be on the so-called “expanded porphyrins”, synthetic analogues of
the well-known blood pigment porphyrin.1 However, some discussion of open-chain
systems is included, although work with such receptors, in spite of their potential
relevance to prodigiosin, is far less advanced. Neutral pyrrole-based anion receptors
are not included in this chapter but instead are discussed in Chapter 5.

NH

N
HN

O
Me

Me
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3.2 Cyclic Systems
3.2.1 Tetrapyrrolic Systems

Porphyrins are tetrapyrrolic, aromatic macrocycles containing an 18 π-electron periph-
ery. They have been extensively studied both because of their recognized biological
importance and their long-appreciated ability to form strong metal complexes with a
range of cations, including most metalloids in the periodic table. In their free-base
forms, porphyrins contain two pyrrole (NH) and two pyridine-like (N) nitrogen atoms
within their central cores. In the absence of extensive meso- and beta-pyrrolic substi-
tution, most neutral and metal-coordinated porphyrins adopt conformations that are
relatively planar. So far, there is no evidence that such normal, planar porphyrins are
capable of binding anions in aqueous solution at physiological pH, or even in organic
media under most normally accessible conditions. Presumably, this reflects the fact
that most porphyrins exist as neutral species due to the low pKa values of their corre-
sponding mono- and diprotonated (cationic) forms. However, there is ample evidence
that the latter forms, although difficult to access in solution, will bind anions in the
solid state. In particular, single-crystal X-ray diffraction analyses of the salt forms of
porphyrins 3.2a–3.2d have served to establish that these diprotonated species often
interact well with their counteranions in the solid state as the result of electrostatic
effects and pyrrole NH-anion hydrogen-bonding interactions (Figure 3.1). As the
result of these interactions, distortions from planarity are seen, even in those systems
where such distortions are not expected on the basis of substituent effects. To date,
anion complexes of carboxylate,2–4 perchlorate,2,5,6 sulfate,4,7 and chloride4,8 have been
characterized in this way. This leads to the suggestion that these and other anions
might be bound in solution, at least under conditions of high proton activity. However,
as yet, little work along the latter lines has been carried out.

In 1992, Sanders and Anderson reported the anion-binding properties of diprotonated
porphyrin 3.3 and hexaprotonated porphyrin trimer 3.4 using Fast-Atom Bombardment
(FAB) mass spectrometry.9 Trimer 3.4 was designed to act as a receptor for “giant”
anions, such as Keggin-type polyoxometallates and high-nuclearity metal-carbonyl
clusters. The interaction between this trimeric porphyrin and the targeted anions was
confirmed via the detection of peaks at m/z values corresponding to complexes formed
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between H6·3.46� and PW12O40
3�, SiW12O40

4�, and Os10C(CO)24
2� in the mass spectra of 3.4

recorded in the presence of an excess of the corresponding acids. Corresponding peaks
were not seen in the case of the monomer 3.3. Moreover, no peaks corresponding either
to H6·3.46��6X� or H2·3.32��2X� (X � Cl�, CF3CO2

�, and 1/2 SO4
2�) were observed,

presumably reflecting the fact that anion complexation, were it occurring, would give
rise to species with no net charge (i.e., not detectable by MS). Thus, at least to the extent
monitoring was carried out solely by mass spectrometric means, 3.4 can be viewed as
being a selective “sensor” for the desired “giant” anions.

NH N

HNN

H

H

3.3
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Figure 3.1 X-ray crystal structures of (a) bis-TFA salt of 3.2a, (b) bis-TFA salt of 3.2b,
(c) perchloric acid salt of 3.2c, (d) bis-sulfuric acid salt of 3.2c, and (e) bis-
hydrochloric acid salt of 3.2d
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In contrast to what is true for simple porphyrins, N-confused porphyrins (NCPs), a
class of porphyrin isomers independently discovered by Furuta and Latos-Graz·yński,10

can act as anion receptors under more common laboratory conditions. For instance,
Furuta and co-workers11 have shown efficient halide anion binding in CH2Cl2 effected
by the divalent metal complexes of NCP (3.5-M) through hydrogen-bonding interac-
tions at the peripheral NH of the confused pyrrole ring. In particular, these workers
found that chloride anion is bound to the Ni(II) complex of meso-tetrakis(pentafluo-
rophenyl)-NCP (3.5-Ni) with an affinity constant of 5.7 � 104 M�1 in CH2Cl2. The
zwitterionic resonance form of NCP and the acidity of the outer NH proton of the con-
fused pyrrole subunit are thought to play integral roles in the anion-binding process
(Scheme 3.1). In a continuation of this theme, Furuta and co-workers12 subsequently
reported that the Cu(II) complex of the trans-doubly NCP (trans-N2CP, 3.6-Cu) was a
better Cl� receptor (Ka � 9.0 � 104 M�1 in CH2Cl2) than its singly confused counter-
part, 3.5-Cu.
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Scheme 3.1 Anion binding of N-confused porphyrin 3.5-M and resonance forms
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Prior to describing the anion-binding behaviour of NCP, Furuta and co-workers
reported the anion-binding properties of the N-fused system, 3.8. This product was
prepared from the corrin isomer 3.7 as shown in Scheme 3.2. Compound 3.7, in turn,
was isolated as a significant by-product during the reaction between an N-confused
dipyrromethane and an aldehyde. It was found to display good affinity and selectiv-
ity towards fluoride over other halide anions. Specifically, the addition of fluoride
anion was found to cause the Soret band to shift from 425 to 431 nm, while reduc-
ing the intensity of the emission band at 631 nm. Titrations carried out in CHCl3 and
monitored by spectroscopic methods (both absorbance and fluorescence) gave rise
to fluoride anion-affinity values on the order of Ka � 104 M�1 when the data were
fit to a 1:1 equilibrium expression.13

In analogy to what is seen in the case of regular porphyrins, several other porphyrin
isomers and analogues, including corrole (3.9), porphycene (3.10), corrphycene
(3.11), the corrole derivatives 3.12 and 3.13, and benziporphryin (3.14 and 3.15),
were found to form complexes with anions in the solid state as shown in Figures
3.2–3.4.6,14 As yet, however, no evidence has been forwarded in support of anion
binding taking place in solution under neutral conditions.
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Scheme 3.2 Synthesis of N-fused oxyindolphyrin 3.8
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3.2.2 Pentapyrrolic Systems

In spite of the seemingly obvious correspondence between protonated oligopyrroles
and other charged anion-binding agents, as well as what would now seem to be the
clear appeal of prodigiosin (3.1) as a natural “starting point” for pyrrole-based anion-
receptor design, it is important to appreciate that the discovery that protonated
expanded porphyrins can serve as anion receptors (and by extension other conjugated
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Figure 3.2 X-ray crystal structures of (a) the bromide-anion complex of H·3.9�, (b) the bis-
perchlorate-anion complex of H2·3.102�, and (c) the bis-perchlorate-anion com-
plex of H2·3.112�
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oligopyrroles) was entirely fortuitous. It came about during the course of synthetic
studies directed towards streamlining Woodward’s original synthesis of sapphyrin,
3.16.15 Sapphyrin is a pentapyrrolic porphyrin analogue that contains four bridging
meso-like carbon atoms and a 22 π-electron periphery. Although first reported by
Woodward in 1966,16 this prototypical expanded porphyrin remained largely unstud-
ied until the late 1980s.17 For instance, no high-yielding syntheses existed, few well-
characterized metal complexes had been reported, and no X-ray diffraction-based
structural information was available. Thus, once an improved synthesis of sapphyrin
was developed by Sessler and co-workers, efforts were made to obtain X-ray-diffrac-
tion-quality single crystals. Appreciating that the diprotonated form would be more
symmetrical (as well as potentially more stable), crystals of what was thought to be
the bis-HPF6 salt were grown. The resulting structure, reported by Sessler and Ibers
and co-workers in 1990,15 revealed the presence of only one PF6

� counteranion.
However, the same analysis indicated that a fluoride atom was bound inside the sap-
phyrin core being held there via a regular array of five N–H···F hydrogen bonds (ca.
2.7 Å) (Figure 3.5). Presumably, the bound fluoride anion was either extracted from
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Figure 3.3 X-ray crystal structures of (a) the chloride-anion complex of H·3.12� and (b) the
chloride-anion complex of H·3.13�

Figure 3.4 X-ray crystal structures of (a) the chloride-anion complex of H2·3.142� and (b) the
TFA-anion complex of H2·3.152�
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the PF6
� counteranion or trapped from adventitious fluoride anion present in solution.

While the exact origins of the bound fluoride anion are unknown, the assignment of
the electron density to such a species, as opposed to, e.g., an oxygen atom from water,
was confirmed by independent synthesis, i.e., by reaction of protonated sapphyrin
with F�. This, coupled with the original structural findings, provided irrefutable evi-
dence that the diprotonated form of sapphyrin could act as an anion receptor, at least
in the solid state.

Further support for the notion that sapphyrin could bind anions in the solid state
came 2 years after the original Sessler and Ibers report when the X-ray structure of
the bis-hydrochloride salt of sapphyrin 3.16 was elucidated.18 In contrast to what
was seen in the case of the fluoride-anion complex, neither of the chloride 
counter-anions was located in the plane of the diprotonated sapphyrin (Figure 3.6).
Rather, they were found to sit above and below the sapphyrin ring, being held there
via a combination of hydrogen-bonding and electrostatic interactions. This out-of-
plane binding mode reflects the fact that anionic chloride is larger than anionic flu-
oride and that only the latter is of appropriate size to fit within the relatively small
sapphyrin core.

The observation that chloride was bound in an out-of-plane fashion, whereas flu-
oride anion was accommodated within the core, provided a strong “hint” that chlo-
ride anion would be bound less well than fluoride anion in solution. This expectation
was confirmed in initial solution-phase studies carried out using fluorescence and
UV–Vis spectroscopy. In dichloromethane solution, the most intense absorbance
feature seen in the UV–Vis spectrum of 3.16·2HF is a Soret-like band at λmax � 446
nm. This band was found to be shifted to the red in the case of 3.16·2HCl and
3.16·2HBr (λmax � 456 and 458 nm, respectively).18 These differences were found
to be enhanced in the corresponding fluorescence emission spectra. From associated
spectral titrations, the fluoride-anion binding constant of 3.16 in dichloromethane
was calculated to be �108 M�1. By contrast, those for chloride and bromide were
found to be lower (1.8 � 107 M�1 and 1.5 � 106 M�1, respectively).18,19
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Figure 3.5 Single crystal X-ray structure (top and side views) of the fluoride-anion complex
of diprotonated sapphyrin H2·3.162�
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Unfortunately, the association between the diprotonated form of sapphyrin 3.16 and
fluoride was found to be too large to measure accurately in dichloromethane. Thus,
the corresponding values were determined in methanol, again for sapphyrin 3.16,
and found to be 2.8 � 105, ca. 102, and �102 M�1 for fluoride, chloride, and bro-
mide anions, respectively.18

A key difference between sapphyrin and porphyrin is that in the case of the larger
macrocycle the two sp2-hydridized pyridine-like core nitrogen, atoms are relatively
basic with pKa values of ca. 4.8 and 8.8 being recorded for the corresponding con-
jugate acids in water.20,21 As a consequence, water-solubilized sapphyrins were
expected to exist in their monoprotonated forms at neutral pH and, in contrast to
what is true for porphyrins, act as anion receptors under such conditions. Here, a par-
ticularly intriguing question was whether sapphyrins could be used to bind phos-
phate and related anions of biological importance in water or in other highly polar
media.

Initial support for the proposal that the protonated forms of sapphyrin could bind
phosphate-type anions came from single-crystal X-ray-diffraction analyses. These
analyses proved particularly revealing and served to show that various “pure” and
“mixed” anion complexes could be formed in the presence of phosphates, including
1:1 and 1:2 (sapphyrin:phosphate) species. In the case of the structurally character-
ized 1:1 complex involving [H2·3.17]2�, a dihydrogen phosphate counteranion was
found bound to the diprotonated core via five hydrogen-bonding interactions involv-
ing the five pyrrolic protons and the bound phosphate oxyanion (Figure 3.7a).
Presumably, this mode of binding, which was termed “phosphate chelation” is fur-
ther stabilized by electrostatic interactions.

A second kind of interaction was revealed by the structure of the 1:2 complex
formed between [H2·3.16]2� and monobasic phenylphosphate (cf. Figure 3.7b).20 In
this case, the two counteranions are found bound above and below the minimally
distorted sapphyrin plane, in analogy to what was seen in the structure of the 
bis-hydrochloride salt discussed above.
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Figure 3.6 Single crystal X-ray structure (top and side views) of the bis-hydrochloride salt of
sapphyrin 3.16
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One of the reasons the various phosphate complexes of protonated sapphyrins
attracted attention is that inorganic phosphate (Pi) and various derivatives are ubiqui-
tous in biology. The ability to bind, transport, and modulate the chemical behaviour of
such species could prove useful in a number of application areas, including those that
could benefit the medical field. For instance, hyperphosphatemia is an ailment caused
by a buildup of excess phosphate in the body. It is prevalent among haemodialysis
patients and is characterized by heightened calcium phosphate levels that, over time,
lead to an increased incidence of cardiovascular mortality.22 Removing the excess
phosphate, perhaps using a carrier-mediated out-of-cell transport-based approach,
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Figure 3.7 X-ray crystal structures of (a) the 1:1 complex formed between the diprotonated
form of sapphyrin 3.17 and monobasic phosphoric acid (a second counteranion,
present in the lattice, is not shown) and (b) the 1:2 complex formed between the
diprotonated sapphyrin 3.16 and phenylphosphate
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could serve to reduce this risk. The “other side” of this problem would involve the
development of selective carriers for phosphorylated species, including the active
forms of known antiviral agents and antisense nucleotides. In this case, through-mem-
brane into cell-anion transport would allow for potentially improved therapeutic treat-
ments. In both cases, what is needed are agents that are capable of binding to a
phosphate (or phosphate-like) anion, neutralizing the charge, and producing what
would be net hydrophobic species that can pass through the targeted biological mem-
brane. Effective release of the phosphorylated entity after transport is also important.

By virtue of being the first pyrrole-based anion-binding systems to be discovered,
sapphyrin derivatives have been extensively studied as possible phosphate-anion 
carriers. Most of these studies involved transport experiments carried out using a 
so-called Pressman-type U-tube model membrane apparatus (Figure 3.8). With this
arrangement, the anion-transport ability of various putative sapphyrin-type anion
carriers could be “screened” by monitoring the movement of a targeted anion from
a first aqueous phase (Aq I), through a layer of CH2Cl2 (Org), to a second receiving
aqueous phase (Aq II). In the case of fluoride anion, it was observed that the pres-
ence of sapphyrin 3.16 in the organic layer served to enhance the rate of fluoride
anion transport from Aq I to Aq II over a wide range of initial Aq I pH. Further, the
transport rate under conditions where sapphyrin 3.16 existed in its monoprotonated
form was found to be nearly 100 times greater than the background chloride-anion
diffusion rate observed in its absence.23

In similar model membrane experiments, the transport of adenosine 5�-monophos-
phate (5�-AMP) and guanosine 5�-monophosphate (5�-GMP) was achieved using sap-
phyrin 3.16. In this study, it was found that decreasing the pH of Aq I below four (to
provide a high concentration of the diprotonated sapphyrin) did not serve to enhance the
anion-transport rate appreciably.24 In subsequent work, it was found that the addition of
triisopropylsilyl protected cytidine (C-Tips) enhanced the rate of sapphyrin-mediated
5�-GMP transport.25 This latter finding led Sessler and co-workers to attach a nucle-
obase to the sapphyrin skeleton. The resulting combined systems, conjugates 3.18 and
3.19, contain two putative recognition motifs, namely a sapphyrin-derived phosphate
binding site and a Watson–Crick base-pairing element.
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Figure 3.8 Schematic representation of the Pressman-type model membrane used to measure
anion transport rates
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Tables 3.1–3.3 summarize the nucleotide phosphate transport rates observed for
sapphyrins 3.18 and 3.19 under several different initial pH conditions (involving
both Aq I and Aq II). The cytosine-bearing carriers 3.18a and 3.19a were found to
exhibit selective transport of 5�-GMP over cytosine 5�-monophosphate (5�-CMP)
and 5�-AMP (by a factor of 8–100). These studies also revealed that better transport
rates were always observed when the receiving phase (Aq II) is kept highly basic, as
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Table 3.1 Initial nucleotide-5�-monophosphate transport rates (10�8 mol cm2 h�1)
observed in the presence of carriers 3.18a and 3.19a

Carrier Aq I (pH) Aq II kT 5�-GMP k5�-GMP/k5�-CMP k5�-GMP/k5�-AMP

3.18a 6.15 H2O 1.201 101.7 7.66
3.18a 6.70 H2O 0.287 42.9 8.87
3.18a 7.05 H2O 0.001 20.1 9.49
3.18a 6.15 10 mM NaOH 1.423 26.3 2.73
3.18a 6.70 10 mM NaOH 1.228 40.8 4.36
3.18a 7.05 10 mM NaOH 0.708 43.3 9.60
3.19a 6.15 H2O 0.101 6.2 1.38
3.19a 7.05 10 mM NaOH 0.115 23.7 3.18
None 7.00 H2O �10�5

3.16 7.00 H2O �10�5

3.16 7.00 10 mM NaOH �10�5

Table 3.2 Initial transport rates (10�8 mol cm�2 h�1) observed for different GMP
isomers in the presence of carriers 3.18a and 3.19a

Carrier Aq I (pH) Aq II kT 2�-GMP k2�-GMP/k5�-GMP k2�-GMP/k3�-GMP

3.18a 6.70 H2O 0.767 9.70 7.30
3.18a 6.70 1 mM NaOH 2.989 9.55 5.30
3.18a 7.00 H2O 0.594 11.06 7.82
3.18a 7.20 H2O 0.421 �102 �102

3.18a 7.35 H2O 0.352 �102 �102

3.19a 6.70 1 mM NaOH 0.104 3.33 2.67
None 7.00 H2O �10�5

3.16 7.00 H2O 2�10�5
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would be expected for a mechanism that involves combined anion � proton trans-
port. In all cases, 3.18a, which bears only a single attached nucleobase, was found
to display a higher selectivity for 5�-GMP then its congener 3.19a, bearing two
appended nucleobase side chains.25 Rationales for these findings have been put for-
ward that invoke a lower number of competing interactions in the case of 3.18a.

In order to study the regioselective preference of carrier 3.18a, three different iso-
meric species, namely 5�-GMP, 3�-GMP, and 2�-GMP, were used. In most of the
cases, the 2�-GMP isomer was transported considerably faster than the 5� and 3�
isomers (cf. Table 3.2). On the other hand, it was observed that the association con-
stants for the formation of H·3.18a-5�-GMP and H·3.18a-2�-GMP were 8 � 103 and
2.2 � 104 M�1, respectively, as inferred from UV–Vis spectroscopic titrations car-
ried out in methanol.26 Taken in concert, these findings support the conclusion that
the rate of transport is dependent on (at least) two important processes, namely bind-
ing and release, and can thus be very sensitive to small structural changes. Figure 3.9
illustrates the proposed complex formed between monoprotonated sapphyrin 3.18a
and 2�-GMP.

In the case of the guanosine-bearing sapphyrins 3.18b and 3.19b, transport selec-
tivity for 5�-CMP was observed. As can be seen from an inspection of the data sum-
marized in Table 3.3, the relative rates of carrier-induced, through-membrane
transport were found to be smaller for the mono-substituted system, 3.18b, than for
the doubly substituted system, 3.19b.26

The interactions between functionalized sapphyrins and various anions, including
nucleotides and oligonucleotides, were also probed via the construction of a modi-
fied silica gel chromatography support. This support was produced by attaching a
cytosine-substituted sapphyrin containing a carboxylic group to aminopropyl silica
gel (Figure 3.10). Once packed in columns, the resulting modified silica gel was
found to allow for the HPLC-based separation of GMP, GDP, and GTP from a mix-
ture of mono-, di-, and triphosphates of cytidine, uridine, adenosine, and guanosine
under isocratic conditions at pH � 7.27 The observed selectivity was taken as inde-
pendent support for the proposed two-site recognition model invoked to rationalize
the selective transport of nucleotides by functionalized sapphyrins 3.18 and 3.19.
Control experiments, using a column packed with a sapphyrin-substituted silica
gel,28 allowed for separations between mono-, di-, and triphosphates. However, no
nucleoside-based selectivity was observed in this latter case.

In an effort to generate receptors for dianions, several sapphyrin dimers, trimer,
and tetramers were prepared. In a first study, dimers 3.20 (Ka � � 20 and 
4600 M�1 for CF3CO2

� and terephthalate in methanol, respectively) and 3.21 were
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Table 3.3 Initial nucleotide-5´-monophosphate transport rates (10�8 mol cm�2 h�1)
observed in the presence of carriers 3.18b and 3.19b

Carrier Aq I (pH) Aq II kT 5�-CMP k5�-CMP/k5�-GMP k5�-GMP/k5�-AMP

3.18b 6.70 H2O 0.129 8.96 3.15
3.18b 6.70 1 mM NaOH 0.541 9.17 3.15
3.19b 6.70 1 mM NaOH 0.147 17.5 10.5
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found to be considerably more effective than monomers 3.16, 3.18, and 3.19 in
enhancing the rate of transport of various dicarboxylate anions through a U-tube
membrane model (cf. Figure 3.8).29 Additionally, the sapphyrin dimers linked by
chiral linkers (3.21) were found to effect the enantioselective recognition of N-pro-
tected amino acids.30 The trimeric and tetrameric sapphyrins species 3.22–3.24
were prepared and studied as potential carriers for phosphorylated nucleotides.
Using the same U-tube set-up for other studies, it was shown that trimers 3.22 and
3.23 did in fact act as efficient carriers for nucleotide diphosphates. However, they
proved ineffective as carriers for nucleotide triphosphates. In contrast, the rate of
mono-, di-, and trinucleotides transport was found to be enhanced in the presence
of tetramer 3.24.31
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Figure 3.10 Schematic representation of the functionalized silica gel formed from a cytosine-
bearing sapphyrin
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Figure 3.9 Structure of the proposed supramolecular complex formed between the monopro-
tonated form of sapphyrin 3.18a and 2´-GMP
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The observation that sapphyrins are capable of binding with phosphate anion in the
solid state and in solution led Sessler and Iverson to examine the interactions between
protonated sapphyrins and DNA. The first indication of an interaction between
double-stranded (ds) DNA and sapphyrin came when an excess of the sparingly
water-soluble system 3.25 was mixed with DNA in aqueous media. Immediately, the
precipitation of green fibres was observed.32

This precipitate was studied using solid state 31P NMR spectroscopy. The 31P peak
corresponding to the presumed sapphyrin-DNA complex was observed at 3.6 ppm, a
chemical shift that is essentially identical that of the control sapphyrin–phosphoric
acid complex (signal at 3.8 ppm). These results led to the proposal that the interac-
tion between sapphyrin and the phosphate anions present in DNA involves so-called
phosphate chelation, in analogy to what is seen in the solid-state structure of
[H2·3.17]2�·H2PO4

� (cf. Figure 3.7 above).
Further insights into the interaction between sapphyrin and DNA came from

Topoisomerase I unwinding studies. These revealed that sapphyrin 3.25 does not affect
the topoisomerase I-mediated unwinding of supercoiled plasmid DNA, in contrast, to
what is seen for known DNA intercalators under identical conditions. In other studies,
it was found that an induced CD spectrum was observed for the sapphyrin chro-
mophore in the presence of dsDNA but not ssDNA. Taken together, these results were
considered consistent with the proposed chelation-binding mode and, in more general
terms, with a direct interaction between the anionic phosphodiester oxyanions of DNA
and the monoprotonated central core of sapphyrin. In support of this conclusion, it was
recently found that the addition of phosphate anion into aqueous solutions of water
soluble, but highly aggregated, sapphyrin 3.25 produced a large enhancement in the
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fluorescence intensity as the result of anion-induced deaggregation. This latter result is
discussed further in Chapter 8.33

Photodynamic therapy (PDT) is one of the more appealing new modalities being
proposed for use in cancer and cardiovascular therapy.34 This technique relies on the
photochemical production of singlet oxygen via the intermediacy of an appropriate
photosensitizer. Currently, Photofrin®, a mixture of haematoporphyrin derivatives,
and aminolevulinic acid, an endogenous precursor of protoporphyrin IX, are
approved for use in the PDT-based treatments of several cancers. Monoprotonated
sapphyrins are capable of generating singlet oxygen upon photoirradiation at neutral
pH (albeit less well than a number of so-called second generation photosensitizers);
they also bind simple phosphates and DNA under these latter aqueous conditions
(see above).35 It was thus considered of interest to test whether a water-soluble sap-
phyrin might be able to effect the photocleavage of DNA. In fact, it was found that,
upon photoirradiation, sapphyrin 3.25 effected cleavage of pBR322 plasmid DNA
with a 17% photoefficiency.36

In an effort to improve the DNA-binding affinity of sapphyrin, and with it per-
haps, the efficiency of the above photocleavage, a sapphyrin tethered to an
oligonucletiode, system 3.26, was synthesized. This conjugate was found not only
to bind to complementary DNA sequences with enhanced affinity, but also to
effect sequence-specific modification of DNA when irradiated with �620 nm
light; under these conditions, dominant cleavage at the proximate G sites was
observed.37

As an alternative means of enhancing the DNA-binding affinity, polyamines were
also attached to the sapphyrin skeleton. This was expected to produce species that
would be positively charged at neutral pH and which would interact with the nega-
tively charged major, or less probable, minor groove of the DNA. Sapphyrins
3.27–3.29 were thus synthesized. They were found to display better water solubility
and an improved DNA-binding ability. They were also found to be significantly more
effective in terms of DNA cleavage than 3.25.38 However, sapphyrins 3.28 and 3.29
were found to show a reduced level of tumour-cell localization, as compared to the
sapphyrin 3.25.39 This was rationalized in terms of inhibited uptake in the case of the
systems containing a large number of positively charged substituents, i.e., 3.27–3.29.
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In work that was designed to extend the boundaries of sapphyrin chemistry, the
core-modifed sappyrins 3.30–3.32 were prepared. As yet, these systems have not
been extensively studied as potential solution-phase anion receptors. However, evi-
dence for anion binding has been seen in the solid state (Figure 3.11).40 Further stud-
ies, involving quantitative comparisons between sapphyrin and its heterosapphyrin
analogues, would help probe the determinants of anion recognition and might allow
the effect of individual “point mutations” to be better understood.

Studies along these lines have recently been carried out by Chandrashekar and 
co-workers41,42 using a series of newly synthesized meso-substituted heterosapphyrins
3.33–3.37. An X-ray diffraction analysis revealed, in analogy to the structures
described above, that the diprotonated form of heterosapphyrin 3.33 binds a trifluo-
roacetate (TFA) counteranion in the solid state via a combination of three directed
hydrogen bonds and electrostatic interactions, as shown in Figure 3.12. Quantitative
assessments of anion binding in methanol were carried out using UV–Vis spectro-
scopic titrations. The resulting association constants, summarized in Table 3.4,
revealed that the fluoride-anion affinities of 3.33–3.37 are dramatically lowered rela-
tive to those of sapphyrin 3.16 (ca. Ka � 2.8 � 105 M�1) recorded under comparable
conditions. Unfortunately, the corresponding meso-substituted all azasapphyrin,
although known,43 has yet to be subject to a comparable, quantitative solution phase
analysis. Thus, it is possible that intrinsic electronic effects are playing a role in low-
ering the anion affinities of 3.33–3.37 in comparison to 3.16. However, it is likely that
the explanation put forward by Chandrashekar and co-workers is the most reason-
able, namely that the heteroatom systems contain a decreased number of 
NH-donor sites relative to the all-aza parent system.
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Figure 3.11 X-ray crystal structures of (a) the bis-chloride anion complex of H2·3.302�, (b)
the bis-trifluoroacetate (TFA)-anion complex of H2·3.312�, and (c) the mono-
chloride-anion complex of H2·3.322�

Figure 3.12 X-ray crystal structure of TFA anion complex with H2·3.332�

Table 3.4 Association constants (M�1) for heterosapphyrin
3.34–3.37 with anions F�, N3

�, and CO 2
3

� measured in
methanol by UV–Vis titration method

KF NaN3 K2CO3

3.34 590 820 1180
3.35 510 540 890
3.36 170 290 830
3.37 210 240 730
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Although to date, most anion-binding studies involving pentapyrrolic expanded
porphyrins have focused on the use of protonated sapphyrins, it is important to
appreciate that other pentapyrrolic systems also bind anions. Consistent with this
conclusion is the finding that the protonated forms of isosmaragdyrin 3.38,44 penta-
phyrin-(2.1.0.0.1) 3.39,45 and oxasmaragdyrin 3.4046 were all seen to form chloride-
anion complexes in the solid state (Figure 3.13). In the case of 3.40, supporting
solution-phase anion-binding studies was carried out in methanol using standard
UV–Vis spectroscopy methods. It was found that the anion-binding properties of
monoprotonated 3.40 differed from those of sapphyrin. While the fluoride-binding
affinity of monoprotonated 3.40 is around three times lower than that of diprotonated
3.16, it shows a dramatically increased affinity for chloride anion (Ka � 7.6 � 104,
2.1 � 104, and 2.6 � 104 M�1 for F�, Cl�, and AMP�, respectively). 

3.2.3 Hexapyrrolic Systems

The finding that sapphyrin in its protonated forms would bind anions helped stimu-
late growth in the area of expanded porphyrin chemistry, in particular the synthesis
and study of new expanded porphyrins. Among the numerous systems obtained to
date, are the hexapyrrolic macrocycles rubyrin 3.41, core-modified rubyrin 3.42,
rosarin 3.43, hexaphyrin(1.1.1.1.0.0) 3.44, and cyclo[6]pyrrole 3.45.

Rubyrin 3.41a was prepared early on by the Sessler group and was the first hexa-
pyrrolic system to be characterized by X-ray diffraction analysis. In analogy to sap-
phyrin, the diprotonated form of rubyrin was found to stabilize a 1:2 chloride anion
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complex containing two bound chloride anions, as illustrated in Figure 3.14. As true
for the corresponding sapphyrin structure, the two chloride anions were found to sit
above and below the plane of the relatively planar macrocycle.

In further analogy to sapphyrin, rubyrin was found to be an anion carrier, as
inferred from standard U-type anion-transport experiments. Specifically, in the pres-
ence of C-Tips (triisopropysilyl cytidine), added as a co-factor, the rate of rubyrin-
mediated GMP transport was found to be roughly 30 times faster than that mediated
by the smaller sapphyrin system.47 Complementing these studies is recent work by
Umezawa and co-workers on ion-selective electrodes. As detailed in Chapter 8, these
researchers found that rubyrin-based membranes exhibit an EMF response towards
3,5-dinitrobenzoate anion.48

Interesting changes in the conformation of rubyrin 3.41b in the presence of anions
were reported in 2005 by Osuka and co-workers. In solution, the addition of HCl to
the free-base 3.41b gave rise to a blue-shift in the Soret-like band from 537 to 518 nm
in CH2Cl2.

49 Conversely, the addition of TFA led to a red-shift in this same Soret-like
band to 555 nm. These differences were attributed to the stabilization of two different
conformations upon diprotonation using these two acids. Neither of these conforma-
tions was thought to correspond to that of the free-base form. The existence of these
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Figure 3.13 X-ray structures of (a) the hydrochloride salt of isosmaragdyrin 3.38, (b) the bis-
hydrochloride salt of pentaphyrin-(2.1.0.0.1) 3.39, and (c) the hydrochloride salt
of oxasmaragdyrin 3.40
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three conformational isomers, depicted in Scheme 3.3, were inferred from 1H NMR
spectral studies. In the case of the two protonated adducts, the 1H NMR spectra
recorded in THF-d8 revealed the presence of two different NH signals for both salts.
These peaks were observed at �3.86 (inner NH) and 16.5 ppm (outer NH) for
3.41b·2TFA (so-called Type II spectrum). In contrast, the two NH signals were
observed at �3.05 (inner NH) and �3.26 ppm (inner NH) for 3.41b·2HCl (so-called
Type III spectrum). The ca. 20 ppm upfield shift for one set of NH signals (outer �
inner), relative to the bis-TFA adduct, seen in the case of the bis-HCl salt, is particu-
larly noteworthy and is completely consistent with all the NH protons pointing inward
towards the centre of the macrocyclic core in the latter complex. Support for this con-
clusion came from X-ray diffraction analyses, which revealed that in the case of both
anions 1:2 complexes were formed in the solid state and that the diprotonated core did
indeed adopt very different conformations as shown in Figure 3.15.

Just as is true for the hexa-aza “parent” rubyrin, core-modified rubyrins
3.42a–3.42d contain two imine-like nitrogens within their central cores. These nitro-
gen centres are expected to be relatively basic, allowing for the formation of dicationic
species that should act as anion-binding agents. Consistent with this hypothesis, a
decrease in the absorbance intensity and a shift in the position of the Soret band (by up
to ca. 30 nm) of 3.42a⋅⋅(HCl)2 and 3.42a⋅⋅(HClO4)2 was observed upon the addition of
anions. For the protonated form of this macrocycle, an enhancement in the emission
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Figure 3.14 Single crystal X-ray structure of the bis-hydrochloride salt of rubyrin 3.41a
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intensity was also observed in the presence of selected anions. Association constants
were determined by from an analysis of the absorption data, leading to Ka values of
767, 498, and 49 M�1 for the binding of N3

�, AMP, and F�, respectively, to
[H2·3.42a]2� in methanol.50 Later, the anion-binding properties of 3.42a–3.42d were
studied in greater detail, but again in methanol and under the same conditions. The
results are shown in Table 3.5.42 The relatively large affinities for carbonate and azide,
with selectivity over fluoride anion, was ascribed to the relatively large cavity size of
macrocycles such as 3.42a–3.42d. 

The fact that rubyrin proved capable of acting as an anion receptor in its doubly
protonated form inspired the synthesis of additional hexapyrrolic systems. Rosarin
3.43, isorubyrin, 3.44, and cyclo[6]pyrrole, 3.45, are examples of such hexapyrrolic
macrocycles. 
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Figure 3.15 Single crystal X-ray structure of (a) the bis-hydrochloride salt of rubyrin 3.41b
and (b) the bis-TFA salt of rubyrin 3.41b
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Rosarin 3.43 is a non-aromatic 24 π-electron system that contains three pyrrolic
NH and three basic sp2-hybridized nitrogen atoms. The ability of the fully protonated
form to bind chloride anions in the solid state was confirmed by X-ray diffraction
analysis.51 In this case, two of the three chloride anions were found to be bound
directly to the triprotonated core with the remaining Cl� appearing elsewhere in the
crystal lattice (cf. Figure 3.16a). The presence of the three chloride counteranions is
consistent with the proposed 3� overall charge and the proposed electronic configu-
ration (i.e., rosarin 3.43, as prepared, is a 24, rather than a 22 or 26, π-electron
system).

Isorubyrin 3.44, contains the same number of ring-defining atoms as rubyrin.
However, in the form of its bis-hydrochloride acid salt, this newer system was found
to have one inverted pyrrole unit, both in solution and in the solid state. Thus, in the
solid state, only five pyrrolic NH protons directly or indirectly participate in binding
the two chloride counteranions. These latter are located above and below the mean
plane of the macrocycle as shown in Figure 3.16b.52

Cyclo[6]pyrrole 3.45, which is an expanded porphyrin that was but recently syn-
thesized, represents another example of an hexapyrrolic system that is capable of
binding anions. Not only were interactions between two trifluoroacetate counteran-
ions seen in the solid-state structure of the protonated form (Figure 3.16c), but
cyclo[6]pyrrole itself was isolated as the result of what appeared to be a specific
anion template effect. In particular, it was found to be formed in ca. 15% yield when
the constituent bipyrrole precursors were subject to Fe(III)-mediated oxidative cou-
pling in the presence of HCl, whereas the use of other acids gave predominantly the
corresponding cyclo[8] species (e.g., H2SO4) or no isolable macrocyclic product
(most mineral and organic acids).53 These and other anion template effects are dis-
cussed in Chapter 9.

3.2.4 Oligopyrrolic Systems

Underscoring the idea that expanded porphyrins represent a generalized new
approach to anion binding is the observation that the protonated forms of many 
so-called “higher order” systems, such as cyclo[n]pyrroles 3.46 (n � 7 and 8), hep-
taphyrin 3.47, octaphyrins 3.48, core-modified octaphyrin 3.49 and the decapyrrolic
macrocycle turcasarin 3.50 and 3.51 form anion complexes in the solid state (cf.
Figures 3.17–3.20).53,54 In the case of cyclo[8]pyrrole 3.46b, it was further observed
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Table 3.5 Association constants (M�1) for the diprotonated form
of heterorubyrin 3.42a–3.42d with anions F�, N3

�, and
CO2

3
�, as measured in methanol using standard UV–Vis

titration methods

KF NaN3 K2CO3

3.42a 49 770 1300
3.42b 29 130 220
3.42c 78 900 1400
3.42d 42 370 670
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that the neutral form binds hydrogen sulfate anion with an affinity constant of 5.8 �
103 M�1 in DMSO, as judged from isothermal titration calorimetry (ITC) titration
analyses.55 This result, which could reflect partial proton transfer as well as 
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Figure 3.16 X-ray crystal structures of (a) the trishydrochloride salt of rosarin 3.43. Only
two chloride anions (along with two water molecules) are bound in the core of
macrocycle. A third, non-chelated chloride anion (not shown) is found within the
crystal lattice; (b) the bis-hydrochloride salt of isorubyrin 3.44 and (c) the bis-
TFA salt of cyclo[6]pyrrole 3.45

Figure 3.17 X-ray crystal structures of (a) the bis-hydrochloride salt of cyclo[7]pyrrole
3.46a and (b) the sulfuric acid salt of heptaphyrin 3.47

Figure 3.18 X-ray crystal structures of (a) the dihydrogensulfate salt of cyclo[8]pyrrole
3.46b and (b) the bis-hydrochloride salt of octaphyrin 3.48
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H-bonding, is consistent with single crystal X-ray crystallographic results obtained
in the case of the diprotonated form (cf. Figure 3.18a).
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Figure 3.19 X-ray crystal structures of (a) the bis-TFA salt of 3.49a and (b) the bis-TFA salt
of 3.49b (the mesityl groups have been removed for clarity)

Figure 3.20 X-ray crystal structures of (a) the bis-hydrochloride salt of octaphyrin 3.50 and
(b) the tetrahydrochloride salt of turcasarin 3.51
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3.2.5 Imine Linked Receptors and Other Related Systems

The fact that the readily protonated pyridine-like pyrrolic groups resemble imines in
a structural sense, led to the consideration that polypyrrolic systems containing true
imines could act as anion receptors. The first evidence in support of this hypothesis
came from a single-crystal X-ray-diffraction analysis involving the monoprotonated
texaphyrinogen 3.52. Here, a proton on one of the bridging imine subunits was seen
to interact with the SCN� counteranion in the solid state (Figure 3.21).56 However, the
presumed low basicity of this imine nitrogen and the observation of ancillary interac-
tions involving the pyrrole NH protons led to the suggestion that other putative 
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Figure 3.21 Single crystal X-ray structure of the HSCN salt of 3.52
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imine-type anion receptors would also benefit from the presence of pyrrole NH-anion
interactions.

In an effort to test this hypothesis, other Schiff base macrocycles 3.53, 3.54, and
3.55 were prepared by Sessler and co-workers57–59 and explored as anion-binding
agents.

The first of these products, anthraphyrin 3.53, is an historically important system
since it represents the second expanded porphyrin, after sapphyrin, to be recognized
as being an anion-binding agent. It thus played an important role in terms of helping
generalize the concepts of pyrrole-based anion recognition. However, its anion-bind-
ing behaviour differs from that of sapphyrin. In particular, only one chloride anion,
not two, is bound in the solid state. This anion is found nearly in the centre of the
protonated anthraphyrin ring core, being held there via four hydrogen bonds as well
as associated electrostatic interactions (Figure 3.22).57 This Schiff base system also
displays a much higher affinity for chloride anion (Ka � 2 � 105 M�1) than for fluo-
ride anion (Ka � 1.4 � 104 M�1) in CH2Cl2 solution, as judged from standard
Benesi–Hildebrand and Scatchard plots of the anion-induced UV–Vis spectral shifts
(both species studied in the form of their respective tetrabutylammonium salts). This
relatively higher affinity for chloride anion stands in contrast to what is seen for
diprotonated sapphyrin. Perhaps as a consequence, anthraphyrin acts as a much more
effective mediator for the through-membrane transport of fluoride anion than sap-
phyrin, as judged from model Pressman-type U-tube model experiments.57 On the
other hand, the fluoride-anion transport ability of anthraphyrin is significantly
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inhibited by chloride anion. These findings were considered consistent with the pro-
posal that it is the rate of anion release, rather than the overall binding affinity, which
determines the efficacy of anion transport.57

More recently, another expanded Schiff base macrocycle, 3.54, which is actually a
calix[4]pyrrole-texaphyrin hybrid, was synthesized.58 This macrocycle has the four
pyrrole NH-donor elements characteristic of the calix[4]pyrroles (cf. Chapter 5) with
the larger cavity size characteristic of texaphyrin, a class of expanded porphyrins that
are known inter alia for their lanthanide(III)-cation coordination chemistry and
potential medical utility.60 As deduced from an X-ray diffraction analysis of
3.54·2HCl, in the solid state one chloride anion is bound to the cleft of what is an
overall V-shaped Schiff base macrocyclic structure by four pyrrolic NHs and two pro-
tonated imine hydrogens (Figure 3.23). This result provided support for the notion
that the protonated form would bind chloride anion in solution. In the case of the neu-
tral, non-protonated form, efforts to determine the association constants for chloride
and bromide revealed that these species (studied as the corresponding tetrabutyl-
ammonium salts) were not bound, at least within the limits of detection in CH3CN solu-
tion. On the other hand, protonation of macrocycle 3.54 serves to increase
dramatically its chloride anion-binding affinity (Ka � 4.6 � 105 M�1 for the mono-
protonated form; Ka1 � 4.46 � 106 M�1 and Ka2 � 2.2 � 105 M�1 for the doubly
protonated form in acetonitrile).58 Such a finding is consistent with the increased pos-
itive charge present in the protonated forms serving to strengthen the electrostatic
interaction between the nitrogen-rich host and the bound chloride anion. 

Another set of hybrid macrocycles, 3.55, having two imine and two amide func-
tional groups, was prepared from the reaction of a diformyldipyrromethane with a
diamine compound. These receptors shows a high selectivity for dihydrogen phosphate
and hydrogen sulfate over nitrate and halide anions in acetonitrile solution.59

Quantitative association constants (Ka) for the binding of anions to 3.55a were obtained
from UV–Vis spectroscopic titrations and were found to be 64,000, 38,000, and 2000
M�1 for HSO4

�, CH3CO2
�, and Cl�, respectively, for a 1:1 host–guest binding process.

However, this receptor was found to complex H2PO4
� with a 1:2 host–guest stoichiom-

etry and give affinity values for the process of Ka1 � 342,000 M�1 and Ka2 � 26,000
M�1, respectively. The observed high selectivity for protic acid anions (e.g., HSO4

� and
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Figure 3.22 Single crystal X-ray structure of the mixed hydrochloride and hydrotetrafluo-
roborate salt of anthraphyrin 3.53. The chloride anion is bound in the diproto-
nated core (as illustrated). However, the BF4

� counteranion is not proximate to
the core and is not shown
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H2PO4
�) is attributed to the presence of extra electrostatic and hydrogen-bond interac-

tions involving the hydrogen atom and the “carbonyl like” oxygen atoms. This hypoth-
esis is consistent with the single crystal X-ray structure of the dihydrogen sulfate salt
of analogue 3.55b shown in Figure 3.24. In particular, the two imine subunits are pro-
tonated and participate in hydrogen-bonding interactions with the resulting sulfate
anion.61

Calixphyrin is a term recently coined by Sessler and co-workers62 and is meant to
designate hybrid systems that are chemical “blends” of calixpyrrole (a class 
of pyrrolic macrocycles discussed in Chapter 5 that contain sp3 hybridized pyr-
role–pyrrole bridges) and porphyrins (characterized by sp2 hybrid meso carbons). In
practice, this definition has been extended to include all porphyrin-like materials
containing at least one sp3 meso-carbon bridging atom. In 2001, calix[6]phyrin 3.56
was synthesized and it was observed that the neutral form of the macrocycle did not
act as an effective anion receptor, at least for the various anions tested (chloride, bro-
mide, iodide, nitrate, and hydrogensulfate). However, an accompanying X-ray dif-
fraction study revealed that crystals produced in the presence of HCl were
monoprotonated with one of the pyrrolic imine units being protonated. As a conse-
quence, one chloride anion was found to be bound within the cavity, being held there
via five hydrogen-bonding interactions (Figure 3.25).63
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Figure 3.23 Two views of single crystal X-ray structure of the bis-hydrochloride salt of the
Schiff base macrocycle 3.54. Only one chloride anion is found in the core of
macrocycle, while a second nonchelated anion (not shown) is found within the
crystal lattice

RSC_ARC_Ch003.qxd  2/7/2006  1:14 PM  Page 160



The fact that the monoprotonated form of 3.56 binds chloride in the solid state led
to the proposal that the protonated forms of calix[6]phyrin could function as anion
receptors in solution. In acetone solution containing a high concentration of fuming
sulfuric acid, added to ensure full protonation, UV–Vis spectroscopic studies
revealed that the diprotonated form of calix[6]phyrin, which is dominant under such
conditions, binds chloride, bromide, and iodide anions strongly. The affinity
constants for I� and HSO4

�, which were determined quantitatively, were found to be
2.55 � 104 and 3.5 � 103 M�1, respectively, in this solvent mixture.

3.3 Linear Receptors
Prodigiosins are a family of naturally occurring tripyrrolic red pigments that were
first isolated in the 1930s64 from microorganisms including Serratia and
Streptomyces65 that are characterized by a common pyrrolylpyrromethene skeleton.
These molecules, especially prodigiosin 25-C, 3.57, have been studied extensively
for their promising immunosuppressive66 and anticancer activity.67 Various prodi-
giosins have also been found to induce apoptosis in dozens of human cancer cell
lines, including liver cancer,68 human breast cancer,69 human colon cancer,70 gastric
cancer,71 and haematopoietic cancer cell lines.70 Taken in concert, this combination
of properties has made the prodigiosin attractive targets for use in various combina-
tion drug therapies. It is also inspiring the synthesis of new pyrrole-based anion
carriers.

Protonated Expanded Porphyrins and Linear Analogues 161

Figure 3.24 Single crystal X-ray structure of the di-hydrogen sulfate salt of the Schiff base
macrocycle 3.55b

Figure 3.25 Single crystal X-ray structure of the hydrochloride salt of calix[6]phyrin 3.56
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As implied above, a large number of di-, and, particularly, tripyrrolic species have
been made and tested in recent years in the context of studies involving prodigiosins.
Other (larger) oligopyrroles have been prepared as potential precursors for polypyr-
role macrocycles. Some of these have also been tested as prodigiosin mimics. As
mentioned in the introduction, one current proposal is that prodigiosins mediate their
physiological effect as the result of effecting the into-cell transport of HCl. As a part
of a general effort to provide support for (or against) this proposal, anion-binding
studies of linear receptors such as the prodigiosin analogues, tetrapyrrin 3.61, and
hexapyrrin 3.62, were undertaken. These studies are particularly important since
only very recently have efforts been made to analyse the anion-binding behaviour of
prodigiosins in either a kinetic (i.e., transport) or thermodynamic (i.e., binding affin-
ity and selectivity) sense. 

In early structural work (1978), Treibs and co-workers72 reported the X-ray crys-
tal structure of the chloride-anion complex of the tripyrrolic species, 3.58, which
contains a dipyrromethane subunit. The HCl complexes of a dipyrromethene (3.59)
and of a synthetic prodigiosin derivative (3.60) have also been elucidated more
recently by Manderville and Fürstner (Figure 3.26).73,74

In separate work, Manderville and co-workers75 have shown that protonated prodi-
giosins can bind to DNA and are capable of complexing copper ions. In the context
of this work, Manderville and co-workers76 reported the crystal structure of a Cu(II)
complex of prodigiosin 3.61, in which the pyrrole ring C is oxidized (Figure 3.26).
These findings, considered in concert, led to the suggestion by these workers, as well
as by Fürstner,77 that the biological activity of prodigiosins will more likely prove to
be correlated with these chemical features than with H� � Cl� transport ability. This
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Figure 3.26 X-ray structure of (a) the hydrochloride salt of the dipyrrolic prodigiosin ana-
logue 3.59 (b) the hydrochloride salt of the prodigiosin analogue 3.60 (c) the
Cu(II) complex of prodigiosin analogue 3.61
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clear disparity in the suggested explanations for the biological activity (transport vs.
copper coordination and DNA modification) provides an additional incentive to make
and study prodigiosin analogues.

At present, structure-function studies of prodigiosin analogues are still in their early
days.73,75,78 For the most part, these studies have only involved systems containing the
key tripyrrole moieties or its dipyrromethene subunits. Nonetheless, these analyses
have been extremely valuable; they have served to highlight the apparent necessity of
the 4-methoxy group, the benefit of alkyl substituents on the C ring, and an apparent
lack of correlation between pyrrole nitrogen basicity and biological activity.73

Recently, the X-ray crystal structure of dipyrromethene 3.62 and prodigiosin ana-
logue 3.63 were solved by Sessler and co-workers79 as part of an ongoing effort
devoted to understanding the anion-binding properties of these latter naturally occur-
ring tripyrrolic species. The structures in question, shown in Figure 3.27, revealed
that a bound chloride or bromide anion that is stabilized through a combination of
two or three hydrogen-bonding interactions and electrostatic effects. Strong binding
was also observed in solution, with the chloride anion being bound with an associa-
tion constant (Ka) of ca. 106 and 105 M�1 for [H·3.62]� and [H·3.63]� as judged
from ITC studies carried out in acetonitrile. Such findings are considered important
in that they serve to highlight the fact that even very simple protonated pyrrolic sys-
tems are capable of binding anions well.

In the course of what is ongoing work, Sessler and co-worker have completed the
synthesis of three more simple prodigiosins (3.66a–3.66c) and dipyrromethene
(3.64), and determined their chloride anion-binding affinities. Included as part of this
study is the known prodigiosin, 3.65a. As above, the solution phase anion-binding
behaviour was probed by carrying out ITC measurements in anhydrous acetonitrile.
On the basis of these analyses, the chloride-anion affinities of the protonated forms
([H·3.64]�, [H·3.65]�, [H·3.66a]�, [H·3.66b]�, and [H·3.66c]�) were found to be
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quite high (Ka � 3.0 � 105, 5.9 � 105, 1.1 � 105, 4.1 � 104, and 3.8 � 105 M�1 in
both cases).79,80 The fact that the protonated forms of [H·3.65]�, [H·3.63]�, and
[H·3.66a]�, [H·3.66b]�, and [H·3.66c]� were found to bind chloride anion with
essentially equal (and high) affinity, coupled with the strong chloride-anion affinities
previously recorded for sapphyrin (a species that is also monoprotonated at neutral
pH;20,23 vide supra),21 led to the consideration that other oligomeric pyrrole systems,
such as the tetrapyrrole 3.67 and the hexapyrrole 3.68, might function as HCl recep-
tors or as interesting prodigiosin analogues. In the case of the tetrapyrrin 3.67, the
presence of one more pyrrole unit in relation to the tripyrrolic prodigiosins was
expected to lead to an increased binding affinity. Such expectations were realized 
in the case of the electron-poor dicyano derivative, [H·3.67b]�, for which a 
chloride-anion affinity, Ka, of 4.9 � 105 M�1 was recorded for the protonated form;
this affinity was found to be enhanced by a factor of roughly 3.9 and 1.7 relative to
its α-free analogues [H·3.67a]� and [H·3.67c]�. 
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Figure 3.27 X-ray structures of (a) the hydrochloride salt of the dipyrrolic prodigiosin ana-
logue 3.62, (b) the hydrochloride salt of the prodigiosin analogue 3.63, and 
(c) the hydrobromide salt of the prodigiosin analogue 3.63
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The linear hexapyrrolic receptor 3.68, which is formally an α,α�-linked prodigiosin
dimer, also shows promise as an anion receptor. This system contains two potential
chloride-anion-binding sites that were expected to allow for the formation of a 2:1
anion-to-receptor complex under appropriate conditions. Consistent with this expecta-
tion, the structure of the bis-HCl salt of 3.68a, determined by X-ray crystal structural
analysis (cf. Figure 3.28),81 revealed the presence of two bound chloride anions teth-
ered to the flat diprotonated hexapyrrin via two sets of three-fold hydrogen-bonding
interactions. In an accompanying solution phase study that involved the use of a
slightly different hexapyrrin (3.68b), the diprotonated system was found to bind two
chloride anions strongly in acetonitrile (Ka1 � 1.2 � 106, Ka2 � 3.2 � 104 M�1).80

Taken together, these results illustrate the promise open-chain oligopyrroles offer
as anion receptors and as potential prodigiosin analogues. Consistent with the latter
supposition was the finding that tetrapyrroles 3.67a–3.67c show anticancer activity
in vitro as judged from cell proliferations studies involving A549 cells (a human lung
cancer cell line), although less so than prodigiosin 3.65 and sapphyrin 3.17.82 The
latter macrocycle was also found to be active in vitro and in vivo in a Ramos cancer
model.83 However, at the present time it is not known whether its mode of action
involves mechanisms related to anion transport. To date, all efforts to produce a sta-
ble, non-labile transition metal complexes from sapphyrin have met with failure, a
finding that likely rules out copper-based DNA modification as the basis for its activ-
ity. In any event, it is clear that the study of prodigiosin analogues and macrocyclic
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Figure 3.28 Single crystal X-ray structure of the bis-hydrochloride salt of hexapyrrin 3.68a
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oligopyrroles as potential drug leads could prove quite promising. This is thus seen
as a research direction of considerable importance in the near future.

3.4 Summary Remarks
The serendipitous discovery that sapphyrin functions as an excellent fluoride recep-
tor has driven forward research into expanded porphyrins leading to a new family of
anion receptor systems over the last 15 years. Research effort is now focussing on
linear systems in an effort to produce new prodigiosin-like systems with potentially
useful anticancer and ATPase uncoupler properties. Thus, research into protonated
pyrrolic systems continues to be driven by the important real-world applications to
which these systems may contribute.
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CHAPTER 4

Neutral Non-Metallic Systems

4.1 Amide-Based Anion Receptors
It has long been appreciated that proteins can bind anions not only via interactions
involving positively charged residues, but also through the neutral amide linkages
that define their very essence. These latter subunits can serve as both hydrogen bond
acceptors (oxygen lone pairs) and hydrogen bond donors (NH), with the latter gen-
erally being more important for anion recognition. For example, the X-ray crystal
structure of the sulfate-binding protein of Salmonella typhimurium reveals that five
among the seven identified hydrogen-bonding interactions involve amide NH groups
of the polypeptide backbone.1 Given the importance of amide-based binding motifs
in Nature, it is not surprising that considerable attention has been devoted to devel-
oping synthetic anion receptors that rely on similar kinds of interactions. Highlights
of this chemistry are reviewed in this chapter in the following order: “Acyclic
Systems”, “Cyclic Systems”, “Calixarene and Steroid-Based Systems”, and
“Peptide-Based Receptors”.

4.1.1 Acyclic Systems

In what is now recognized as being a seminal contribution to the anion recognition
field, in 1997 Crabtree and co-workers2 reported the synthesis and associated anion-
binding studies of the non-preorganized neutral acyclic receptors 4.1a–4.1e. In the
context of this work, a single crystal X-ray diffraction analysis of the bromide anion
complex of the bis-amide system 4.1a was carried out; the resulting structure is shown
in Figure 4.1.2 It reveals the presence of two hydrogen bond interactions between two
amide NH groups and the bound bromide anion (N···Br � 3.42 and 3.71 Å). 

Due to the low solubility of bis-amide 4.1a in CD2Cl2, it was not used for solution
phase studies. Rather, such studies were carried out using analogues 4.1b–4.1e. As the
result of standard NMR spectroscopic titrations in CD2Cl2 and associated Job plots, it
was determined that these receptors all bind anions with a 1:1 stoichiometry except for
receptor 4.1d, which displays a mixed 1:1 and 1:2 binding stoichiometry in the case of
fluoride and acetate anions. Within the halide anion series, the anion affinities were
found to be Cl�� Br� � I�. It was also found that the rigid bis-amide receptor 4.1b
exhibits the highest chloride anion selectivity (Ka � 30,000, 61,000, 7100, 460, and

RSC_ARC_Ch004.qxd  2/9/2006  8:44 AM  Page 171



172 Chapter 4

19,800 M�1 for F�, Cl�, Br�, I�, and OAc�, respectively).2 By contrast, the more flex-
ible bis-sulfonamide receptor 4.1d displays a relatively high iodide anionbinding affin-
ity, and hence a reduced selectivity (Ka � 20,000, 4600, and 1200 M�1 for Cl�, Br�,
and I�, respectively).3 However, an increased selectivity in favour of smaller halide
anions was observed in the case of receptor 4.1e, presumably reflecting the rigidity of
the hydrogen-bonding interactions between the pyridine nitrogen atom and the amide
NH proton and the steric effect of the lone pair electron on nitrogen (Ka � 24,000,
1500, 57, and 525 M�1 for F�, Cl�, Br�, and OAc�, respectively).3

Essentially contemporaneous with the above work, the B.D. Smith group4 reported
the synthesis of the structurally modified amide-based receptor 4.2. This system dis-
played relatively enhanced carboxylate anion-binding affinity as the result of a coop-
erative polarization effect arising from the bound boronate group. As indicated by 1H
COSY and NOE difference experiments, compound 4.2 adopts a cleft-shaped con-
formation in DMSO-d6, as shown in Scheme 4.1. In the presence of acetate anion,

4.1a X = CH, Y = CO, R1 = R2 = H
4.1b X = CH, Y = CO, R1 = n-Bu, R2 = H
4.1c X = CH, Y = CO, R1 = R2 = CH3
4.1d X = CH, Y = SO2, R1 = R2 = H
4.1e X = N, Y = CO, R1 = R2 = H

XY Y

HNNH

R1R1

R2

R2 R2

R2

Figure 4.1 Single crystal X-ray structure of the bromide anion complex of 4.1a
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Scheme 4.1 Proposed equilibrium changes observed in the presence of acetate anion
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receptor 4.2 forms a complex that is roughly 20 times stronger than that formed by
4.1a (Ka � 2100 and 110 M�1 for 4.2 and 4.1a, respectively, in DMSO-d6). Recently,
similar compounds were also prepared by the Gale group5,6 in the context of their
work on anion-controlled assembly (cf. Chapter 9).

The introduction of two extra amide units, as done in the case of receptors of gen-
eralized structure 4.3, represents a different approach to generating improved recep-
tor systems. This simple modification was found to improve the anion-binding
affinity as well as the selectivity towards dihydrogen phosphate. All four amide NH
groups in receptors 4.3a–4.3c are thought to combine to form strong complexes with
oxyanions, such as acetate and phosphate. The relevant affinity constants were deter-
mined from UV–Vis spectroscopic titrations. In acetonitrile containing 0.5% DMSO,
both 4.3a and 4.3b were found to bind strongly, both acetate (i.e., Ka � 8.8 � 103 and
2.2 � 104 M�1 for 4.3a and 4.3b, respectively) and dihydrogen phosphate (i.e., Ka �
9.6 � 103 and 2.6 � 104 M�1 for 4.3a and 4.3b, respectively), albeit with little dis-
crimination between these two species.7 Interestingly, receptors 4.3c and 4.3d, bear-
ing one or two pyridyl groups, display a high preference for dihydrogen phosphate
anion (i.e., Ka � 5.6 � 105 and � 106 M�1 for 4.3c and 4.3d, respectively) over
acetate (i.e., Ka � 1.8 � 104 and 1.7 � 104 M�1 for 4.3c and 4.3d, respectively).
Presumably, this reflects the presence of ancillary stabilizing interactions between the
two OH groups on H2PO4

� and one or both of the pyridyl nitrogen atoms.

Recently, several other anion receptors that contain spacer-linked amide func-
tional groups have been described, including systems 4.4–4.7.8–10 The first of these,
the squaramido-based receptors 4.4a and 4.4b, contain two parallel hydrogen bond-
ing donors and like various guanidium- and urea-containing systems (cf. Chapter 2
and Section 4.3, respectively), show considerable affinity for carboxylate-type
anions.8,11 For example, the association constants for acetate anion binding to 4.4a
and 4.4b are 217 and 1980 M�1, respectively, in DMSO-d6.

Receptor 4.5 relies on a biimidazole moiety as its critical bis-amide bridging unit. As
a consequence, it contains two additional hydrogen-bonding donor groups (the imida-
zole NH protons) than do the Crabtree systems 4.1. Its anion-binding properties were
studied by means of fluorescence titrations carried out in dichloromethane. On this basis
it was determined that receptors 4.5a and 4.5b do not bind nitrate anion well but show
strong affinity for dihydrogen phosphate and chloride anions.9 However, these two sys-
tems display slightly different selectivities. For example, in dichloromethane receptor
4.5a binds Cl� (Ka � 1.4 � 105 M�1) more strongly than H2PO4

� (Ka � 6.8 �
104 M�1). On the other hand, receptor 4.5b binds dihydrogen phosphate anion prefer-
entially (Ka � 4.6 � 104 and 3.7 � 104 M�1 for H2PO4

� and Cl�, respectively). 
Inspired by Crabtree’s work, Gale and co-workers10,12 have developed a series of

bis-amide anion receptors where the central bridging element is a pyrrole or pyrrole

O

HN

O

NH

O NH OHN

R1 R2

4.3a R1 = R2 = Bu
4.3b R1 = R2 = phenyl
4.3c R1 = phenyl, R2 = 2-pyridiyl
4.3d R1 = R2 = 2-pyridiyl
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derivative. These systems are among the simplest and most cost effective of the
many pyrrole-based anion receptors currently being developed. As such, they are
discussed in Chapter 5, which deals with neutral pyrrole-containing anion receptors.
Quite recently, as part of an ongoing effort to generalize this approach to anion recog-
nition, the Gale group has reported the synthesis of the furan and thiophene-linked
bis-amide systems 4.6a–4.6d. In contrast to the corresponding 2,5-diamidopyrrole
systems, receptors 4.6a and 4.6b do not favour the binding of oxo-anions, such as
dihydrogen phosphate and carboxylates, presumably as the result of repulsive inter-
actions between the oxygen atom on the furan and the charge-dense bound anion. On
the other hand, both 4.6a and 4.6b were found to display fluoride anion selectivity,
binding fluoride anion with relatively high affinity. For instance, based on NMR
spectroscopic titration studies, the association constants for the interaction of fluo-
ride anion with 4.6a and 4.6b were found to be 1140 and 557 M�1, respectively, in
DMSO-d6/0.5% water. An X-ray crystallographic analysis (cf. Figure 4.2), reveals
that the thiophene-based amide receptor 4.6d forms a complex with fluoride in the
solid state that is characterized by a 2:2 binding stoichiometry. This complex is sta-
bilized via two different hydrogen-bond interactions involving the amide NH and
thiophene CH protons. NMR spectroscopic titration experiments, carried out in
DMSO-d6/0.5% water solution by tracking the changes in the chemical shift of the
thiophene CH proton, allowed an association constant of 82 M�1 to be calculated for
the fluoride complex of 4.6c, while similar studies of receptor 4.6d revealed the
presence of multiple equilibria. 

The tetra-amide receptors 4.7a–4.7c are based on a glycoluril backbone and pro-
vide four amide-derived hydrogen-bond donors arranged at the “corners” of the gly-
coluril unit. The anion-binding properties of these tweezer-type receptors could be,
modified by changing the nitrogen substituent present on the amide “tails”. For
example, as judged by 1H NMR spectroscopic titrations, both 4.7a and 4.7b display
high affinities for fluoride (Ka � 2,300 and 36,000 M�1 for 4.7a and 4.7b, respec-
tively, in CD3CN) and acetate (Ka1 � Ka2 � 180,000 and 2,700,000 M�1 for 4.7a and
4.7b, respectively, in CD3CN) over other halide anions and nitrate.13 However, the
highest association constant displayed by the naphthalene substituted receptor 4.7c,

174 Chapter 4

Figure 4.2 Single crystal X-ray structure of (4.6d)2•(F
�)2
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120,000 M�1 in acetonitrile as determined using fluorescence, was recorded in the
case of bromide anion.14 The order of selectivity was found to be Br� � Cl� � F�

� I�. The differing order of selectivity (as compared to 4.7a and 4.7b) and prefer-
ence for bromide anion are attributed to the cavity size of receptor 4.7c; presumably,
this latter is especially suitable in terms of both size and shape for bromide in a way
that is not true for the other anions studied. 

In 1993, Reinhoudt and co-workers15 first reported a series of neutral amide- and
sulfonamide-containing anion receptors, 4.8a–4.8d, 4.9a, and 4.9b, that are based
on a tris(2-aminoethyl)amine (TREN) “core” (see Chapter 1). The crystal structure
of receptor 4.9b•H2O was characterized by X-ray diffraction analysis (Figure 4.3).
The C3-symmetric three-dimensional arrangement seen in the solid state is stabilized
by four hydrogen bonds involving three NH⋅⋅⋅O interactions and one SO⋅⋅⋅H linkage.
This solid state structure provided support for the notion that these TREN-derived
receptors would provide “anion-binding pockets” in solution that would lead to bona
fide anion recognition under equilibrium conditions. 

In what is more recent work, Bowman-James and Moyer reported a dual-host
strategy for improving the extraction of CsNO3 from aqueous media into an
organic solvent; it is based on the use of the functionalized TREN receptor, 4.8b,
for nitrate anion recognition, in conjunction with the known Cs� cation complex-
ing agent, tetrabenzo-24-crown-8.16 This concept is discussed in more detail in
Chapter 9.

In a separate line of investigation, Smith and co-workers17,18 studied the sulfon-
amide and amide derivtives of TREN, 4.8e and 4.9b–4.9e, as new potential translo-
cases that could bind to phosphatidylcholine and effect the through-membrane
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transfer of a fluorescent phosphatidylchloline probe. As part of this study, it was
found that these receptors bind 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) in accord with the following affinity sequence, namely 4.9e � 4.9d � 4.9b �
4.9c � 4.8e. In the corresponding translocation experiments, TREN 4.9b was
found to be more effective than 4.8e at translocating the phosphatidylcholine probe
across the membrane surface of differentiated vesicles.18 Interestingly, in spite of
displaying very different binding behaviour from 4.9b, receptor 4.9c was found to
be nearly as effective for these transport experiments. While noteworthy as an
exception, in general a good correlation between the recorded phosphatidylcholine
association constant and the ability of an agent to effect the translocation of phos-
pholipids was found. Such an observation provides important support for the
hypothesis that a favourable interaction between the TREN derivatives and the
phospholipid head groups leads to an enhancement in through-membrane translo-
cation ability.

A different three-fold symmetric core was used to produce the tripod shaped
receptors 4.10a and 4.10b.19 These two amide-rich systems were synthesized from
the all-cis isomer of cyclohexane 1,3,5-tricarboxylic acid (Kemp’s triacid) and two
different amines. In the case of receptor 4.10b, the resulting product possesses six
potential hydrogen-bond donors and a number of potential hydrogen-bond accep-
tors. As a result, both phosphate-type anions and phosphonic acids are strongly
bound by this receptor. For example, the association constant for propylphosphonic
acid binding was found to be 1.6 � 102 M�1 in CDCl3/10% CD3OH, as determined
by 1H NMR spectroscopic titrations. By contrast, the corresponding association con-
stant for receptor 4.10a, which contains fewer hydrogen-bond donor sites, proved
too weak to measure. Likewise, 4.10b was found to have a substantially higher affin-
ity for phosphate anion in DMSO-d6 than 4.10a (Ka � 105 and 1 � 102 M�1 for
4.10b and 4.10a, respectively).

In an effort to increase the anion-binding affinities of amide-based receptor sys-
tems, Fang and co-workers20 prepared the wedge-like system 4.11. This system con-
tains multiple amide-derived NH hydrogen-bond donor moieties and was put forward
by the authors as being a novel phosphate anion chemosensor. The results from fluo-
rescence titration studies carried out in THF reveal that in this solvent the association
constants are 186,300 and 328,400 M�1 for H2PO4

� and PO4
3�, respectively. By con-

trast, no significant binding interactions were seen in the case of Br�, Cl�, SCN�,
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ClO4
�, or HSO4

�, supporting the claim that system 4.11 could have a role to play as a
selective anion sensor. 

4.1.2 Cyclic Systems

Vancomycin, which is discussed in greater detail in Section 4.2 dealing with peptide-
type receptor systems, is a naturally occurring cyclic polyamide that has been used
extensively as an “antibiotic of last resort”. It is believed to play a key role in preventing
pathogenic bacteria cell-wall construction as a result of binding to the carboxylate motifs
present in the L-Lys-D-Ala-D-Ala tripeptide sequences of the requisite cell-wall precur-
sors. In 2000, Pieters reported the results of anion-binding study involving a synthetic
analogue of the “carboxylate-binding pocket” of vancomycin, namely 4.12b and 4.12c.21

In some respects, this study represents a continuation of the work of Hamilton and
co-workers22 who reported the association constant for the interaction of vancomycin
4.12a with cyanoacetic acid in 1988 (Ka � 580 M�1 in CDCl3). In accord with expecta-
tions, 4.12c, which contains two more amide functional groups than 4.12b, displays a
higher N-Ac-D-Ala carboxylate-binding affinity than this latter system (in CH3CN,
Ka � 9.7 � 103 and 2.3 � 102 M�1 for 4.12b and 4.12c, respectively).21 Interestingly,
4.12b was also found capable of binding acetate in CH3CN, although the corresponding
Ka value is roughly one order of magnitude lower than in the case of N-Ac-D-Ala. 

Recently, Hamilton and co-workers23,24 reported the synthesis of a new class of
amide-containing receptors, 4.13. These rigid systems were designed to bind tetrahedral
anions strongly. They all contain three amide NH groups constrained within the interior
of a macrocyclic core that can act as potential hydrogen-bond donors. MM2 force field
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calculations provided support for the assumption that the cavity of receptors 4.13 would
accommodate tetrahedral oxyanions of appropriate size. Experimental tests of this pro-
posal were made via standard 1H NMR and fluorescence spectral titrations. 

In the case of p-tosylate, studied as the corresponding triethylammonium salt in
2% DMSO-d6/CDCl3, the formation of a 1:1 complex with both receptors 4.13a and
4.13b was inferred from 1H NMR spectroscopic titration studies.23 From these titra-
tions, association constants (Ka) of 2.6 � 105 and 2.1 � 105 M�1 were calculated for
the binding of the p-tosylate anion to 4.13a and 4.13b, respectively. Interestingly,
however, analogous studies confirmed that various halide anions, as well as nitrate,
hydrogen sulfate, and dihydrogen phosphate anions, interacted with receptors 4.13a
and 4.13b in a 2:1 fashion (host:guest ratio) at low anion concentrations and at a 1:1
ratio after � 0.5 eqv. of the anion in question had been added. On the basis of the
observed stoichiometry and other considerations, it was proposed that the complex
formed at low anion concentrations (relative to the receptor) exists in the form of a
sandwich-like structure wherein the anion sits in between two host molecules.

In pure DMSO-d6, only 1:1 binding behaviour was observed for receptor 4.13b,
while the association constants for various test halide anions, as well as nitrate and
p-tosylate anions, were found to be dramatically decreased. On the other hand, high
binding affinities for hydrogen sulfate and dihydrogen phosphate anions were
observed, with the formation of 1:1 complexes being inferred (Ka � 1.7 � 103 and
1.5 � 104 M�1 for HSO4

� and H2PO4
�, respectively).23

System 4.13c, which was designed to act as a fluorescence chemosensor, displayed
a similar selectivity to that seen in the case of receptors 4.13a and 4.13b. In particular,
a high inherent affinity for tetrahedral oxyanions was once again seen.24 In this case,
the association constants were measured by monitoring the changes in the maximum
emission intensity observed following the addition of tetrabutylammonium-anion salts
in DMSO/1,4-dioxane (1:1 mixture). The results of these fluorescence titrations
yielded affinity constants of 2.0 � 106, 6.3 � 105, and 3.8 � 103 M�1 for dihydrogen
phosphate, phenyl phosphate, and p-tosylate, respectively. In this case, similar to that
of 4.13a and 4.13b, the selectivity for dihydrogen phosphate was considered to reflect
the presence of three convergent amide NH hydrogen-bond donor subunits. 
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In 2001, Jurczak25 reported the synthesis of two neutral macrocyclic polylactam
anion receptors, 4.14a and 4.14b, that were readily prepared from a 2,6-pyridinedi-
carboxylate precursor and 1,2-diaminoethane, respectively. The X-ray crystal struc-
ture of the fluoride and chloride complexes formed from tetralactam 4.14a are
shown in Figure 4.4; it supports the notion that the size of the cavity is too small to
accommodate chloride anion easily, whereas it provides a good fit for the smaller
fluoride anion. Specifically, the bound fluoride anion is held in place by four inward-
pointing hydrogen bonds. 

In order to examine the solution phase anion-binding properties of these receptors,
1H NMR spectroscopic titrations were performed using various tetrabutylammo-
nium-anion salts in DMSO-d6. The results of these studies served to confirm that the
largest anion-binding affinities and highest selectivities were seen for acetate and
dihydrogen phosphate anions (Ka � 2640 and 1680 M�1, for CH3CO2

� and H2PO4
�,

respectively), but also served to establish that the Ka for fluoride is higher than that
of chloride anion (830 and 65 M�1 for F� and Cl�, respectively). 

Quite recently, several tetraamide macrocycle derivatives, containing 2,5-diami-
dopyridine and 1,3-diamidobenzene subunits bearing but differing in the number of
linking methylene “spacers”, have been prepared and their anion binding properties
have been studied.26
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Figure 4.4 (a) Single crystal X-ray structure of the fluoride anion and water molecule com-
plex of tetralactam 4.14a showing one-bound water molecule. (b) Single crystal
X-ray structure of the chloride anion complex of tetralactam 4.14a
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In independent work, Bowman-James27 reported the synthesis of a set of ostensi-
bly similar macrocycles, namely receptors 4.15, which were specifically designed to
bind tetrahedral anions, such as sulfate and phosphate with high specificity. In con-
trast to 4.14a, receptor 4.15a not only has four amide subunits to provide neutral NH
hydrogen-bond donor functionality, but also two tertiary amine groups that, once
protonated, were expected to provide additional anion binding sites. This system
also contains two positive charges within the binding core. An X-ray crystal struc-
ture of the sulfate complex formed from 4.15a revealed a sandwich-like structure,
wherein a single sulfate anion is surrounded by two macrocyclic receptors, at least
in the solid state (Figure 4.5).

In 1997, Anslyn and co-workers28 reported the results of studies involving an
anion-binding polyamide cage-type receptor, 4.16. Receptor 4.16, the first cage-type
polyamide receptor to be investigated since Pascal’s initial studies of his trisamide
cyclophane 1.12 (Chapter 1), contains a rather rigid framework that provides six
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Figure 4.5 Single crystal X-ray structure of the 1:2 (anion to receptor) solid-state sulfate
anion complex formed from receptor 4.15a
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inward-pointing amide NH hydrogen-bond donor subunits. An X-ray crystal struc-
ture of the acetate complex formed from receptor 4.16 reveals a 1:1 binding stoi-
chiometry in the solid state. It also shows that the acetate anion is encapsulated
within the cavity via four hydrogen bonds (Figure 4.6). On the basis of standard 1H
NMR titrations, carried out in CD2Cl2/CD3CN (1:3 v/v), affinity constants (Ka) were
determined for CH3CO2

�, NO3
�, Cl�, and H2PO4

�, and were found to be 770, 300, 40,
and 25 M�1 for these four anionic substrates, respectively. 

Taken in concert, these results were considered to support the proposition that the
amide functional group, when properly oriented, may be used to bind Y-shaped
anions, such as acetate, effectively. Although, the highest binding constant was
observed for acetate anion, a relatively high affinity for nitrate was observed, reflect-
ing once again what was thought to be a good geometrical match. 

Two years after the original report, the anion binding constants of receptor 4.16 were
reinvestigated by monitoring the UV–Vis spectral changes induced upon the addition of
anionic substrates under conditions of competitive indicator-displacement.29

Association constants for NO3
�, Br�, and ClO4

�, calculated in this way, were found to
be 380, 220, 130 M�1 in CH3OH/CH2Cl2 (1:1) and 500, 190, 70 M�1 in CH3CN/CH2Cl2
(3:1), respectively. 
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Figure 4.6 Single crystal X-ray structure of the acetate-anion complex of receptor 4.16
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Quite recently, a new type of polyamide cryptand-type receptor, represented by
systems, 4.17a–4.17c, was reported by Bowman-James and co-workers.30–32 These
systems have six amide (thioamide) NH donor subunits and two tertiary aliphatic
amine groups. X-ray diffraction analysis revealed that the fluoride anion complex of
receptor 4.17a is stabilized by six hydrogen bonds (N···F � 2.84–2.89 Å) as shown
in Figure 4.7a.31 In the case of 4.17c, three extra interactions between the central ben-
zene CH proton and the bound fluoride anion are observed (C···F � 3.03–3.08 Å),
along with six more normal hydrogen bonds involving the amide subunits and the
bound fluoride anion (N···F � 2.94–3.11 Å) (Figure 4.7b).32 The anion-binding prop-
erties of receptors 4.17a and 4.17b in DMSO-d6 solution were measured via standard
1H NMR spectral titrations using various tetrabutylammonium salts. The association
constants (log Ka) calculated in this way were found to be: F� (5.90), Cl� (3.48),
H2PO4

� (3.31), HSO4
� (1.83) Br� (1.60), and I� (1.30) for the amide cryptand 4.17a,

and F� (4.50), Cl� (1.54), H2PO4
� (3.40), HSO4

� (1.69) Br� (� 1.0), and I� (� 1.0)
for the thioamide cryptand 4.17b.30,33 Both cryptand-type receptors 4.17a and 4.17b
display higher fluoride anion affinity and lower chloride, acetate, and dihydrogen
phosphate anion affinities than their 2-dimensional analogues, receptors 4.15a–4.15d. 
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Figure 4.7 Single crystal X-ray structures of (a) the fluoride-anion complex of receptor 4.17a
and (b) the fluoride-anion complex of receptor 4.17c
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4.1.3 Calixarene and Steroid-Based Systems

Calixarenes and steroids have been widely used as backbones in the design of
supramolecular receptors. This is because these cores can be easily modified and
possess well-defined upper and lower faces. In work that builds on early efforts
involving TREN-derived sulfonamide anion-binding agents (see above),
Reinhoudt and co-workers34 prepared the sulfonamide functionalized, calixarene-
backbone receptor, 4.18, in 1993. As reflected in the association constants 
measured via NMR titration methods in CDCl3, receptors 4.18a–4.18c were
found to display considerable selectivity for HSO4

� over H2PO4
�, Cl�, NO3

�,
and ClO4

�. Of this set, receptor 4.18c was found to display the highest anion
affinities (Ka), presumably as the result of the fact that it contains four “extra”
amide groups (Ka � 103,400, 1,250, 513 M�1 for HSO4

�, Cl�, and NO3
�,

respectively). 
In 1997, Cameron and Loeb35 functionalized the 1,3-positions of the upper rim of

a calix[4]arene with amide groups. These modified calixarenes, systems 4.19a and
4.19b, act as good receptors for Y-shaped anions, such as carboxylate and dicar-
boxylate anions. For example, the association constants, Ka, for the binding of
C6H5CO2

�, CH3CO2
�, HSO4

�, H2PO4
�, and ReO4

� to 4.19a in CDCl3 are 107, 88, 27,
22, and � 10 M�1, respectively. 

In an effort to increase the anion-binding affinity, a dichloromethyl group was
attached to the terminal amide position. Such a modification was expected to
increase the acidity of the amide NH protons thus enhancing the anion affinity. In
point of fact, receptor 4.19b shows an affinity for benzoate anion (Ka �
5160 M�1) that is enhanced compared to that of 4.19a (Ka � 107 M�1, as noted
above). These findings support the notion that the affinities and perhaps inherent
selectivities of this type of anion receptor can be tuned through the use of induc-
tive effects. 

Calixarene 4.19b also proved effective as a receptor for various simple dicar-
boxylate anions.35 In the case of oxalate anion, a 1:1 binding stoichiometry was
observed. By contrast, a 1:2 host:guest ratio was found in the case of larger dicar-
boxylate anions, such as isophthalate, terephthalate, and furamate. The meas-
ured association constants (Ka) were determined to be 707, � 106, � 106,
and 106 M�1, for oxalate, isophthalate, terephthalate, and fumarate anions,
respectively. 

Ungaro and co-workers36 designed a series of strapped C-linked 1,3-dialanyl-
calix[4]arenes, 4.20. These systems contained built-in aromatic linkers to reduce
the conformational flexibility. As might be expected for appropriately “preorga-
nized” receptors, both 4.20a and 4.20b were found to display enhanced binding
affinities towards carboxylate anions (Ka � 44,000 and 7,100 M�1, respectively, for
the benzoate and acetate anion complexes of 4.20a and Ka � 40,100, 10,500, 2,800,
and 200 M�1 for the benzoate, acetate, chloride, and nitrate anion complexes of
4.20b, respectively; all in acetone-d6). The fact that within this class of substrates,
a selectivity towards benzoate anion was observed and rationalized in terms of π/π
stacking interactions involving the aromatic ring of the strap and/or the aromatic
subunits present in the calix[4]arenes themselves. Such ancillary effects would not,
of course, be expected to play a role in terms of regulating the anion affinities of
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the other anions tested. Similar findings were also described by Huang and co-
workers.37

Recently, the J.T. Davis’ group38 demonstrated the use of a calix[4]arene (4.21b)
bearing tetrabutylamide groups to effect the transmembrane transport of H� and Cl�

through lipid bilayers. The corresponding methyl-functionalized analogue 4.21a
showed little ion transport activity, presumably due to insufficient hydrophobicity.
However, it produced diffraction grade single crystals and the resulting X-ray struc-
ture, shown in Figure 4.8, revealed that this system exhibited a 1,3-alternate confor-
mation with the four amide groups self-assembled through water molecules and
chloride anions to produce an extended channel. The H�/Cl� transport ability of
4.21b, as well as the open chain control systems 4.22a–4.22e, was evaluated using a
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Figure 4.8 Packing style representation of single crystal X-ray structure of 4.21a•HCl•(H2O)3
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pH stat fluorescent assay. Interestingly, these studies revealed that it was trimer 4.22b,
not the calix[4]arene derivative 4.21b, which proved most efficient for ion transport
(5.8 � 10�2 s�1 at 5 µM). The overall trend was 4.22b �� 4.22c � 4.21b � 4.22a
� 4.22d � 4.22e. While it was proposed that the transport process involved so-called
H�/Cl� “symport”, the mechanism of chloride anion transport was not clearly deter-
mined. 

The first steroidal-based tripodal anionophores, 4.23a and 4.23b, were developed
by A.P. Davis and co-workers.39 In later work, this group also reported a steroid-based
cryptand that binds anions using four OH and two NH hydrogen bonding donor
groups (cf. Section 4.5). In the case of 4.23a and 4.23b, 1H NMR spectroscopic titra-
tion studies, carried out in CDCl3, revealed a downfield shift in the NH peak upon the
addition of selected anions, including fluoride, chloride, bromide, iodide, and tosylate
anions as well as a 1:1 binding stoichiometry. Both tripods 4.23a and 4.23b provide
well-defined binding sites for small-sized anions such as fluoride anion. For example,
the association constants for the sulfonamido bis-carbamate 4.23a are 15,400, 7200,
7200, 930, and 865 M�1 for fluoride, chloride, bromide, iodide, and tosylate anion,
respectively. Unfortunately, the fluoride-anion affinity of the tris-sulfonamide 4.23b
proved too high to measure reliably using NMR spectroscopic titration methods.
Nonetheless, it was found to show good selectivity for chloride anion relative to other
anions included in the study (Ka � 92,000, 9,200, 525, and 950 M�1 for chloride,
bromide, iodide, and tosylate anion, respectively). Presumably, the higher anion
affinities displayed by the tris-sulfonamide 4.23b reflect its more preorganized struc-
ture arising from the presence of internal S�O⋅⋅⋅HN interactions. 

In order to overcome the sensitivity limitations inherent in NMR spectroscopic titra-
tions, A.P. Davis and co-workers40 adapted their systems such that they could be stud-
ied by Cram’s extraction method. Towards this end, several new receptors,
4.24a–4.24c were prepared in 2002. These systems contain eicosyl (C20) side chains
(attached via ester linkages) to prevent loss of the receptors into the aqueous phase.
They also incorporated additional electron-withdrawing groups (e.g., CF3 and NO2),
which were expected to improve the hydrogen-bond donor potency and, as a conse-
quence, the effective anion-binding affinity. The results from extraction experiments,
carried out using chloride and bromide anions, revealed anion-binding affinities that
were significantly improved compared to 4.23, as would be expected given the modi-
fications in structure. Surprisingly, however, the tris-p-nitrosulfonamide 4.24c was
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found to bind anions less well (Ka � 3.2 � 106 and 1.1 � 106 M�1 for chloride and
bromide anion, respectively) than the bis-carbamate receptors, 4.24a and 4.24b, with
the latter displaying the highest affinity in the case of chloride and bromide (Ka � 3.2
� 107 and 2.9 � 107 M�1 for these two anions, respectively). These results highlight
the fact that the anion-binding properties of ostensibly similar receptors can depend on
subtle structural factors that, in the absence of detailed information from X-ray dif-
fraction-based analyses or high-level calculations, can be difficult to understand.

4.2 Peptide-Based Receptors
Recently, peptide-based systems have emerged as an important class of synthetic anion
receptor. Much of this interest reflects the enormous importance that anionpeptide inter-
actions play in Nature. In addition to the systems presented in Chapter 1, a nice exam-
ple of these interactions is provided by vancomycin 4.25.41,42 Produced by the
microorganism Amycolatopsis orientalis, vancomycin is often used as an antibiotic of
last resort in the treatment of severe life-threatening infections. It was first isolated from
a soil sample in the middle of 1950s, and in 1969, before its structure was established,43

Perkins41 suggested that vancomycin mediates its action by binding to bacterial cell
walls that terminate in the sequence L-Lys-D-Ala-D-Ala. Once the structure of 4.25 was
fully elucidated, the interactions of vancomycin with these bacterial mucopeptide pre-
cursor sequences were more fully analyzed via NMR spectroscopy.44 The results of
these studies, carried out with D-Ala-D-Ala-terminating peptides, led to the suggestion
that three adjacent amide groups bind to the carboxylate anion of the antibiotic and later
on, comprehensive studies of the binding of vancomycin with various peptide analogues
were carried out by Nieto and Perkins45 using UV–Vis spectroscopy. These workers
found, for instance, that Ka � 1.5 � 106 M�1 for the complex of vancomycin with Ac2-
L-Lys-D-Ala-D-Ala in sodium citrate buffer solution at pH 5.1. The Burgen and Williams
groups46 independently investigated vancomycin-peptides complexes using 1H and 13C
NMR spectroscopy, finding for instance that Ka � 1.4 � 104 M�1 for Ac-D-Ala-D-Ala
in buffered aqueous solution at pD 5.5. Recently, the thermodynamics of these kinds of
interactions have been probed in detail using microcalorimetric titration methods.47

Waltho and Williams48 also discovered that chloroermomycin, 4.25b, forms an asym-
metric dimer in aqueous solution and that this species can bind two Ac2-Lys-D-Ala-D-
Ala groups, with each of these substrates being held in place by four amide-amide
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hydrogen bonds. Confirmatory support for this proposal was subsequently obtained
from an X-ray crystallographic analysis of the acetate complex of 4.25a (cf.
Figure 4.9).49 The resulting structure revealed that the acetate oxygen interacts with one
part of the vancomycin homodimer via hydrogen bonds with the three target amide
groups (O⋅⋅⋅H � 1.97, 2.08, and 2.07 Å). Quite recently, Williams’ group50 was able to
establish an association constant (Ka) for the binding of two indole-2-carboxylic acid
substrates to the dimer-4.25b; this was done by monitoring the peak shift of two NH
protons (annotated as w and w*) in 9:1 H2O:D2O (pH � 6); this gave Ka and Ka

* values
of 600 and 100 M�1, respectively.
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Figure 4.9 Single crystal X-ray structure of the acetate-anion complex of monomer 4.25a as
observed in the solid state
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In 1995, Ishida et al.,51 reported the synthesis of several neutral cyclic peptides
cyclo (-AA-Aba-)n (NB: AA stands for amino acid and Aba stands for 3-amino-benzoic
acid). These receptors, shown as structures 4.26a–4.26e, include non-natural amino
acid in their backbones. Nonetheless, they were found to be highly effective recep-
tors for a 4-nitrophenylphosphate anion, a coloured substrate whose binding to
4.26a–4.26e could be monitored by UV–Vis spectroscopy. Quantitative analysis
revealed, as expected, that the association constants depended on the size of
cyclopeptides, with the largest system, 4.26e, showing the smallest value (Ka � 6.8
� 103 M�1) in DMSO. By contrast, the smallest cyclic peptide, 4.26a, was found to
exhibit the largest binding constant (Ka � 1.2 � 106 M�1) in this same solvent.
Accompanying 1H NMR spectroscopic studies revealed that the amide NH peaks are
shifted from 8.47 and 10.23 ppm to 10.08 and 12.36 ppm on the addition of 
disodium 4-nitrophenylphosphate. On this basis, it was concluded that the phosphate
oxyanion of 4-nitrophenylphosphate is bound to receptor 4.26a via interactions with
the amide NH groups and that these interactions, in turn, help define the structure of
the cyclopeptide backbone. 

Recently, a novel family of aromatic-bridged cystine cyclic peptides 4.27a–4.27c
was reported by Karle’s group.52 Synthesized from 1,3-pyridine dicarbonylchloride
and L-cysteine dimethylester via a one-step condensation process, this series of
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receptors contains a combination of disulfide bridges and aromatic units within its
backbone and provides a matched set of well-defined homologues. In the case of the
cyclic peptide 4.27a, 1H NMR spectroscopic titrations, carried out in CDCl3, were
used to assess the anion binding properties. It was found that the NH signals under-
went a shift on the addition of ω-alkane dicarboxylate anion salts (i.e., (CH2)n

(CO2
�)2; n � 1–4). The maximum NH peak shift was observed in the case of the

bis-tetrabutylammonium salt of glutaric acid, a dianionic substrate that was found to
be bound with an association constant (Ka) of ca. 370 M�1. 

It has long been a goal in the anion recognition community to develop neutral syn-
thetic anion receptors that are effective in polar solvents, such as water. In recent
years, Kubik and co-workers53–57 have made good progress towards attaining this
objective. Specifically, they succeeded in preparing a set of cyclic hexapetides, 4.28,
that contain L-proline and 6-aminoicolinoic acid subunits and determining their
anion-binding affinities in aqueous media.53,55 In the context of this work, these
workers also determined the solid state structure of the 2:1 (host:guest) iodide com-
plex. As shown in Figure 4.10, in the solid state, this complex exists in the form of
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Figure 4.10 Single crystal X-ray structure of the 1:2 (anion to receptor) iodide-anion com-
plex stabilized by receptor 4.28a in the solid state
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a sandwich-type structure wherein one iodide anion is bound between two cyclic
peptides receptors 4.28a; it is stabilized in this orientation by six hydrogen bonds
involving the NH protons of the macrocyclic polyamide.55

The solution phase anion binding properties of 4.28a and 4.28b were also studied
in aqueous media using 1H NMR spectroscopic methods, monitoring in particular the
shifts in the NH proton signals seen upon the addition of various anion-containing
salts; the results are summarized in Table 4.1.53 In the case of receptor 4.28a, the 1:2
(anion:host) binding stoichiometry inferred from the X-ray structure of the iodide
complex was confirmed by Job plots. On the other hand, only a 1:1 anion:host stoi-
chiometry was seen for receptor 4.28b. This species differs from 4.28a only by virtue
of the fact that it contains additional hydroxyl groups on the pyrrolidine rings. While
these latter are not proximate to the binding site, they presumably serve to prevent
aggregation between the macrocycles, thus stabilizing the formation of a 1:1 complex.
Such considerations not withstanding, it is important to note that the Ka1 values of
receptor 4.28a, corresponding to the first binding event, match well with the Ka values
of receptor 4.28b. Furthermore, the product of Ka1 � Ka2, which can be considered a
reflection of the absolute anion-binding affinity, reveals that receptor 4.28a is a very
effective anion receptor for large anions, such as sulfate and iodide, in aqueous media. 
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Table 4.1 Anion-binding affinities (M�1 or M�2) for receptors 4.28a and 4.28b and
selected anionic substrates as deduced from 1H NMR spectroscopic titra-
tion experiments carried out in 80% D2O/CD3OD

NaCl NaBr NaI KI N(CH3)4I Na2SO4

4.28a Ka1 5 16 22 24 24 96
Ka2 6 770 6 820 7 380 6 660 7 470 1 270
Ka1 � Ka2 3.4 � 104 1.1 � 105 1.6 � 105 1.6 � 105 1.8 � 105 1.2 � 105

4.28b Ka 8 13 19 – – 95

RSC_ARC_Ch004.qxd  2/9/2006  8:44 AM  Page 190



Kubik has also prepared a set of dimeric receptors, 4.29, that contain his basic
cyclopeptide core linked by spacers of different lengths.54,56 These systems were
found to bind several large anions, including sulfate, bromide, and iodide. A 1:1
binding stoichiometry was inferred from electrospray ionization mass spectrometric
studies in the gas phase and from Job plots constructed from solution phase 1H NMR
spectroscopic titrations; these latter provided specific support for the notion that
receptor 4.29a binds iodide anion with a 1:1 stoichiometry in 50% D2O/CD3OD
solution. This 1:1 binding stoichiometry, in turn, led Kubik to suggest that the two
cyclopeptide units present in 4.29a–4.29c fold over to bind these anionic guests like
a “molecular oyster” pinching a chemical “pearl”.

A first set of quantitative binding studies, carried out using standard 1H NMR titra-
tion methods, revealed that receptor 4.29a has a high selectivity for sulfate anion in
50% D2O/CD3OD (Ka � 3.5 � 105, 8.9 � 103, and 5.3 � 103 M�1 for Na2SO4, NaI,
and NaBr, respectively).54 One year after this initial report appeared, a second quanti-
tative anion binding study was performed using ITC in 2:1 (v/v) acetonitrile/ water
solution. Under these latter conditions, it was found that receptors 4.29b and 4.29c
bind sulfate and iodide anions more strongly than receptor 4.29a (by ca. one order
magnitude). In the case of sulfate added as the potassium salt, the association constants
(Ka) were found to be 2.0 � 105, 5.4 � 106, and 6.7 � 106 M�1 for receptors 4.29a,
4.29b, and 4.29c, respectively.56 The corresponding values for iodide also added as the
potassium salt were roughly two orders of magnitude lower across the board but
reflected the same trend in favour of the m-phenyl linked system, 4.29c (Ka � 3.3 �
103, 2.9 � 104, and 5.6 � 104 M�1 for receptors 4.29a, 4.29b, and 4.29c, respectively). 

Two similar cyclic hexapeptides, namely 4.30a and 4.30b built up from D- and
L-α-aminoxy acid building blocks, were also prepared and found to show promise as
selective chloride anion receptors.58,59 In this case, a conformational study, made
using a model cyclic hexapeptide bearing methyl side chains, revealed that 4.30a and
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4.30b adopt a “bracelet-like” conformation and thus possess a rather small binding
core (d � 1.61 Å), features that were considered good for binding small ions, such
as halide anions. 

The association constants for the binding of fluoride and chloride anions to 4.30a
were determined from 1H NMR spectroscopic titration studies carried out in CDCl3

at 223–273 K due to the observation of proton peak broadening at room temperature.
The corresponding Ka values at 298 K were then calculated from van’t Hoff plots.
The results revealed a significant preference for chloride over fluoride anion (Ka �
11,880 and 30 M�1, respectively).58 Given the higher electronegativity of fluoride
anion, this finding is noteworthy; it underscores the power of the basic design strat-
egy, namely that a given anion (e.g., chloride; ionic diameter, d � 1.67 Å or fluoride,
d � 1.19 Å) can be bound with preference by a receptor that is appropriately sized
(e.g., 4.30a; d � 1.61 Å), even when a simple consideration of electrostatic effects
would argue against the observance of such selectivity. In the case of receptor 4.30b,
the association constants, as judged by 1H NMR spectroscopic titrations carried out
in CD2Cl2, revealed affinities for the halide anions and nitrate that correlated well
with anion size (i.e., Ka � 15,000, 910, 51, and 440 M�1 for Cl�, Br�, I�, and NO3

�

at 298 K, respectively).59

In 2002, Cheng and co-workers60 reported the synthesis of the cystine-bearing
pseudo-cyclopeptide 4.31. This conformationally constrained system was found to
bind various anions such as F�, Cl�, Br�, H2PO4

�, NO3
�, and AcO� in acetonitrile

solution. The highest binding affinity was seen in the case of fluoride anion (Ka �
418 M�1 in CD3CN), while the other anions studied were found to be bound in a
selectivity sequence that corresponds to the order of anion polarizability, namely
H2PO4

� � Br� � AcO� � NO3
� � Cl�. These results led the authors to suggest that

the anion binding ability of 4.31 depends on the polarizability of the anions in ques-
tion, as well as the strength of the hydrogen bonds these anions are likely to form.

In a continuation of this work, the polymethylene-bridged, cysteine-glycine-
containing cyclopeptides 4.32a and 4.32b were prepared.61 Quantitative studies, car-
ried out in CDCl3 using standard NMR spectroscopic methods, revealed that 4.32a
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exhibits a preference for chloride anion over fluoride, bromide, or iodide anions (Ka

� ca. 1000 M�1 for chloride anion). Presumably, the smaller ring size in 4.32a com-
pared to 4.31 (20- vs. 25-membered rings, respectively) plays a key role in estab-
lishing its noteworthy chloride anion selectivity.

4.3 Urea-Based Anion Receptors
The urea and thiourea functional groups are among the most popular binding motifs
currently being used to prepare neutral anion-binding receptors. They provide two
hydrogen-bond donor groups that point in the same direction and which are spaced
appropriately to interact with a range of anionic substrates, including Y-shaped ones
such as carboxylates, nitrates, and phosphates. Further, both groups are relatively
easy to prepare and can provide a means of linking together smaller molecular sub-
units. It is this combination of two-fold hydrogen-bond donor ability and synthetic
accessibility that accounts in large measure for their importance and popularity as
anion binding subunits.

4.3.1 Acyclic Systems

The hydrogen-bond-mediated-molecular recognition properties of the urea function-
ality were illustrated early on via solid state structural studies of compounds of type
4.33.62 It was found that the urea-containing receptor 4.33b, bearing electron with-
drawing groups on the meta position of phenyl ring, forms complexes in the solid
state with neutral molecules containing oxygen donor atoms, including such species
as butanone, THF, triphenylphosphine, DMSO, and nitroaniline, as judged by, e.g.,
single crystal X-ray diffraction analysis. As illustrated in Figure 4.11, two hydrogen
bond interactions stabilize the complex formed between receptor 4.33b and N, N	-
dimethyl-p-nitroaniline (N⋅⋅⋅O � 3.05l Å). This co-crystal structure is important in
the context of anion recognition because it provides support for the notion that urea
groups might be used to bind other hydrogen-bond acceptor species, including oxy
anions in solution. 
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Quite recently, the Fabbrizzi group studied the interaction of 4.33d with various
anions. The nature of the complex with typical Y-shaped anions (e.g., acetate and car-
bonate) was inferred from X-ray structural data.63 In the specific case of acetate (cf.
Figure 4.12a), the N–O bond lengths were found to be in the range of 2.69 to 2.77 Å.
In acetonitrile solution, the addition of oxoanions was found to produce a bright yel-
low colour with a new band at �370 nm appearing in the UV–Vis spectrum.
Monitoring these spectral changes allowed the association constants to be determined
quantitatively. The most stable complexes were formed with fluoride, acetate, and
benzoate anions (log Ka � 7.38, 6.61, and 6.42, respectively, in CH3CN). For the
inferred 1:1 binding stiochiometry, the order of selectivity was thus found to be F� �
CH3CO2

� � C6H5CO2
� � H2PO4

� � Cl� � NO2
� � HSO4

� � NO3
�. Interestingly, in

the case of the fluoride anion, hydrogen-bond interactions with 4.33d serve to
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Figure 4.11 Single crystal X-ray structure of the complex formed between N,N	-dimethyl-p-
nitroaniline and receptor 4.33b in the solid state

Figure 4.12 Single crystal X-ray structures of (a) acetate anion complex with 4.33d and (b)
carbonate anion complex with 4.33d
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stabilize a 1:1 complex at low relative fluoride anion concentrations. However, the
addition of more fluoride anion was seen to effect deprotonation of the urea NH pro-
ton, resulting in the formation of HF2

�. The deprotonated form of 4.33d was charac-
terized by a new band at 475 nm in the UV–Vis spectrum that was clearly present after
the addition of 2 equiv. of fluoride anion. The acetonitrile solutions containing this
deprotonated urea species were seen to take up CO2 from air easily to produce a hydro-
gencarbonate complex, the structure of which was deduced from a single crystal X-ray
diffraction analysis (Figure 4.12b). Further studies were reported by Fabbrizzi and
Nam.64 Deprotonation of other hydrogen bond donor receptors by fluoride had previ-
ously been observed by Gale65 and Gunnlaugsson66 as discussed later in this book. It
is thus quite likely that analogous chemistry takes place in the case of other related sys-
tems, although it is not clear that it has always been identified as such. 

In 1997, B.D. Smith and co-workers4,67 described the preparation of the new
boronate-urea receptors 4.35 and 4.36. As the result of the polarization induced by the
internally coordinated Lewis acid centre, these systems were expected to display
enhanced carboxylate anion-binding affinities relative to the control, boron-free sys-
tems 4.34. Quantitative studies of acetate-anion binding were carried out using stan-
dard NMR spectroscopic titrations in DMSO-d6. These analyses confirmed that
receptors 4.35b and 4.36 did in fact display significantly enhanced affinity constants
as compared to 4.35 (for acetate anion: Ka � 6 � 104, � 7 � 103, and � 3 � 102 for
4.35b, 4.36, and 4.34, respectively).4,67 They also revealed that system 4.35b, contain-
ing a coordinated BF2 subunit, displayed the highest association constant. This is as
expected given the strong electron withdrawing nature of the F substituents; it is also
consistent with the general notion that boron coordination increases the hydrogen bond
donor ability of the urea NH protons.

A very simple but effective set of bisurea-based receptors, 4.37, were prepared and
studied by Hamilton and co-workers.68,69 These systems were found to exhibit a
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strong affinity for dicarboxylate anions, even in highly competitive solvents, such as
DMSO-d6. In the context of these studies, it was noted that the thiourea system, 4.37b,
was a more effective receptor than the corresponding urea-containing analogue, 4.37a,
binding glutarate roughly 15 times as well (Ka � 6.4 � 102 and 1.0 � 104 M�1 for
4.37a and 4.37b, respectively, in DMSO-d6).

68 Later on, more detailed binding studies
were performed using standard ITC and NMR spectral titrations.69 Proton NMR spec-
troscopic titrations, carried out over the temperature range of 20 to 50 °C, revealed that
the anion-binding constants displayed by 4.37 increased as the temperature was low-
ered (cf. Table 4.2), a finding that presumably reflects the extra rotational and transla-
tional energy required to stabilize a receptor-anion complex at high temperature.
However, slightly different association constants were obtained by calorimetry (Ka �
1.3 � 103 and 8.4 � 103 M�1 in the case of 4.37a and b, respectively, for glutarate
binding in DMSO at 25 °C). Recently, a strategy similar to this one has been used by
other research groups to generate receptors for dicarboxylate anions.70

In 1994, Kelly reported a different kind of bisurea-derived anion receptor, 4.38.71

On the basis of predicative studies made using space-filling molecular models, it was
suggested that systems of type 4.38, particularly system 4.38c, would prove highly
effective as receptors for dicarboxylate-type anions and other electron poor sub-
strates, including m-dinitro-substituted benzene derivatives, such as TNT.
Quantitative anion binding studies were carried out in DMSO-d6 using 1H NMR spec-
tral titration methods and are found to be consistent with the author’s predictions. In
particular, it was found that the association constants (Ka) of 4.38c for isophthalate,
terephthalate, and m-dinitrobenzene (studied as the corresponding triethylammonium
salts in the former two cases) were 63,000, 745, and 86 M�1, respectively. The fact
that receptor 4.38c displayed a higher affinity towards isophthalate, relative to tereph-
thalate, was taken as a further confirmation that geometry optimization plays a key
role in regulating host-guest-binding interactions in systems of this type.

Somewhat prior to Kelly’s report, Rebek and co-workers72 described the synthesis
and anion-binding properties of a series of asymmetric receptors of general structure
4.39. In this case, an initial anion-binding study was performed using system 4.39a
in conjunction with standard NMR titration methods. From these analyses, it was
concluded that this receptor binds benzoate anion with an association constant (Ka) of
2 � 105 M�1 in CDCl3. The enantioselectivity of the recognition process was also
investigated using the S-naproxate anion. Unfortunately, no appreciable enantioselec-
tivity was observed, presumably because the chiral environments of 4.39a (R,R) and
(S,S) did not provide a sufficient level of enantioselective discrimination. However, this
class of receptor has proved important in another context. This is because Umezawa and
co-workers73 have succeeded in using a modified form of 4.39 to prepare a new class
of ion-selective polymeric membrane electrodes that are selective for chloride anion.
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Table 4.2 Glutarate anion-binding affinities (Ka , M�1; 
H, kJmol�1; 
S, Jmol�1K�1)
at various temperatures determined via 1H NMR spectroscopic titrations
carried out in DMSO-d6

Host 20 °C 30 °C 40 °C 50 °C ∆H ∆S

4.37a 790 620 510 420 �16.8 �1.3
4.37b 11 000 8 500 6 300 5 200 �20.1 �8.4
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The m-phenyl spaced, bis-urea/thiourea receptors 4.40 represent another important
class of anion receptor that displays a strong selectivity for dihydrogen phosphate
over other oxy-anions.74 The selectivity of these receptors 4.40 is attributed to the
directionality of the hydrogen-bonding interactions. However, it also reflects the rel-
atively high basicity of the dihydrogen phosphate anion. Quantitative assessments of
the binding behaviour were made using NMR spectroscopic titrations carried out in
DMSO-d6. On the basis of these studies, it was concluded that receptor 4.40c has the
highest association constant (Ka � 4600 M�1), presumably as the result of the elec-
tron withdrawing phenyl group.74 It was also found that the bisthiourea system 4.40b
binds dihydrogen phosphate anion more effectively in DMSO-d6 than its bisurea ana-
logue, 4.40a (Ka � 820 and 110 M�1 for 4.40b and 4.40a, respectively).74

The anion-binding properties of the o-phenylenediamine-based receptor 4.41 were
studied by Gale and co-workers.75 The geometry of this receptor provides a space
appropriate for binding carboxylate anions. As evidenced by X-ray crystallographic
analysis of the benzoate complex, as shown in Figure 4.13, four hydrogen bond inter-
actions between the urea NH protons, and the oxygen atoms of the bound carboxy-
late anion serve to stabilize the formation of these kinds of complexes. Consistent
with the rather distortion-free binding seen in the solid state, high-association con-
stants, recorded in DMSO-d6/0.5% water, were obtained with two representative car-
boxylate anions (Ka � 3,210 and 1,330 M�1 for acetate and benzoate, respectively). 

In order to improve the affinity of urea-based receptors for oxy-anions, systems
4.42 and 4.43, containing three urea subunits, were synthesized.19,76 These systems
were prepared by condensing various tris-amine spacers with an isocyanate. In the
case of receptor 4.42, the association constant for phosphate-anion binding was
found to be 1.1 � 103 M�1 in DMSO-d6. However, receptor 4.43a, containing a
trisaminoethyl spacer, proved to be a better phosphate anion receptor than 4.42 (an
association constant of 1.1 � 104 M�1 was recorded for 4.43a in this same sol-
vent).19 Presumably, this reflects the fact that the use of the trisaminoethyl spacer
provides a cavity that is better suited to accommodate the phosphate anion. More
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recently, Werner and Schneider76 studied the halide-anion binding behaviour of
receptors 4.43c–4.43h. Of these, the tripodal systems 4.43f and 4.43g were found to
exhibit the highest chloride anion association constants DMSO-d6 (Ka � 1859 and
1979 M�1, respectively). They also exhibited good selectivity for this anion relative
to the other anions studied (e.g., bromide and iodide). 

Suzuki and co-workers77 have reported a different type of preorganized tripodal
receptor, 4.44, that draws on the 1,3,5-trisubstituted benzene scaffold popularized by
Anslyn. These systems were designed to serve as colorimetric phosphate anion sen-
sors. In the case of receptor 4.44a in acetonitrile, the addition of dihydrogen phos-
phate anion in the form of its tetrabutylammonium salt produces changes in the
UV–Vis absorption spectrum that are characterized by isobestic points at 310 and
346 nm; it also gives rise to a strong emission at around 500 nm. However, relatively
poor selectivity was observed. In particular, for this system, the association constants
in CH3CN, as determined by standard UV–Vis titration and associated curve-fitting
methods, were found to be 3.7 � 105 and 1.9 � 105 M�1 for dihydrogen phosphate
and acetate anion, respectively. In the case of 4.44b, a different spectral behaviour
was seen. Here, addition of phosphate anion was found to produce a quenching of
the fluorescence emission intensity, an effect that was attributed to an intra-complex
photoinduced electron transfer process.

Recently, another C3v-symmetric tripodal scaffold 4.45 was prepared by Ahn and
co-workers78 and its anion-binding properties were studied in DMSO-d6 via NMR
spectroscopic titrations. It was found that this system displays a higher affinity for
dihydrogen phosphate anion (Ka � 521 M�1) relative to the other anions studied
(e.g., nitrate, hydrogen sulfate, chloride, and bromide; Ka � 60 M�1 in all cases). 
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Figure 4.13 Single crystal X-ray structure of the benzoate complex of receptor 4.41
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In another attempt to increase the anion-binding ability of urea-based neutral
anion receptors, two open chain systems, 4.46a and 4.46b, having four thiourea units
linked via two different spacers, namely p- and m-xylene, were synthesized by
Mellet et al.79 In this case, the addition of tetrabutylammonium glutarate caused the
urea NH signals seen in the 1H NMR spectrum to shift to the lower field. Such shifts
are consistent with the formation of a hydrogen bonded complex involving a bound
glutarate anion. In the case of receptor 4.46a, the binding stoichiometry and associ-
ation constants were determined from Job plots and from 1H NMR spectroscopic
titrations, respectively. Interestingly, it was found that glutarate anion was bound too
well to allow the affinity constants to be measured accurately in either CDCl3 or
DMSO-d6. Therefore, analogous titrations were carried out in a more polar medium
(10% D2O/DMSO-d6). Under these latter conditions, an association constant of
103 M�1 was deduced for the 1:1 binding of glutarate by 4.46a. 

In contrast to what proved true for 4.46a, the stoichiometry for glutarate binding
by receptor 4.46b was found to be 1:2 (host:guest), as induced from a Job plot analy-
sis carried out in DMSO-d6. Consistent with this stoichiometry, a 1H NMR spectro-
scopic titration analysis revealed a two-step binding process with Ka1 � 105 M�1 and
Ka2 � 102 M�1. While the difference between 4.46a and 4.46b is notable, the fact
that two ostensibly similar receptors display such disparate anion binding patterns
providing support for the appealing notion that geometry optimization may be used
to fine-tune the anion-recognition behaviour of synthetic receptor systems.
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4.3.2 Cyclic Systems

In 1999, Mellet and García Fernández reported the first cyclic thiourea-based anion
receptor, macrocycle 4.47.79 This receptor, which relies on a bridging disaccharide
motif, exists exclusively in its Z,E/E,Z alternate conformation in CDCl3 due to the
presence of intra-molecular hydrogen bonds between the thiourea NH protons and
the pyranose oxygen atoms. This structural conformation prevents the thiourea NH
protons from adopting their normal syn 1,3-parallel orientation. Therefore, the anion
affinities are low (for example, the association constant for benzoate binding in
CDCl3 is 13 M�1). These results indicated the adverse effect that unfavourable
receptor conformation(s) and unwanted intra-molecular interactions can have on
what might otherwise be good anion binding systems.

Using a similar strategy, the cyclophane-based cyclic thiourea receptors 4.48a and
4.48b were synthesized from the condensation of the appropriate diisothiocynate
and diamine precursors under dilute conditions.80 These cyclic receptors show sig-
nificant selectivity towards dihydrogen phosphate over other oxyanions, such as
acetate and hydrogen sulfate, and the halide anions chloride and bromide in DMSO-
d6. The actual association constants were measured via NMR spectroscopic titrations
carried out at 60 °C due to the slow nature of the anion complexation equilibrium at
30 °C. It was found that the ortho-meta isomer 4.48a displays larger association con-
stants (Ka � 12,000, 2,200, 120, 19, and 12 M�1 for H2PO4

�, CH3CO2
�, Cl�, HSO4

�,
Br�, respectively) than does the meta-meta isomer 4.48b (Ka � 2,500, 390, 14, 2,
and �1 M�1 for H2PO4

�, CH3CO2
�, Cl�, HSO4

�, Br�, respectively). In all probabil-
ity, receptor 4.48a enforces a distance between the two thiourea subunits that is more
suitable for anion binding than does 4.48b.

In 2000, two C3-symmetric metacyclophane-type anion receptors containing three
thiourea subunits, namely 4.49a and 4.49b, were reported by Hong.81 The conforma-
tionally more restrained receptor 4.49b, made by “attaching” three ethyl groups on
the receptor scaffold, was found to display increased binding affinities compared to
receptor 4.49a, as judged from quantitative NMR spectroscopic studies. These same
studies also revealed that 4.49b is selective for acetate anion over dihydrogen phos-
phate anion and chloride anion in DMSO-d6 (i.e., Ka � 5300, 1600, and 95 M�1 for
CH3CO2

�, H2PO4
�, and Cl�, respectively; tetrabutylammonium salts for CH3CO2

� and
H2PO4

�; tetraethylammonium salt for Cl�). The more flexible system 4.49a shows a
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different selectivity order and an overall lower affinity for anions with respect to
4.49b (Ka � 800, 320, and 40 M�1 for H2PO4

� CH3CO2
�, and Cl�, respectively, in

DMSO-d6). 
Slightly before the publication describing systems 4.49 appeared, the synthesis

and properties of macrocycles 4.50a and 4.50b, containing four urea tethering sub-
units, were described by Reinhoudt and co-workers.82 The anion-binding affinities
of both receptors 4.50a and 4.50b were studied using standard 1H NMR spectro-
scopic titration methods. In these studies, DMSO-d6 was used as the solvent and the
tetrabutylammonium-anion salts were used as the anion source. The more flexible
receptor 4.50a was found to bind dihydrogen phosphate and chloride anions with Ka

values of 4000 and � 50 M�1, respectively, and with a 1:1 stoichiometry. This sys-
tem thus demonstrates a relatively high H2PO4

�/Cl� selectivity (Krel � 100) that
stands in contrast to what is seen in the case of the more rigid receptor 4.50b. Here,
Ka values of 2500 and 500 M�1 were recorded for dihydrogen phosphate and chlo-
ride anion, respectively. Presumably, these findings reflect the fact that 4.50b is not
particularly well optimized for dihydrogen phosphate binding and lacks the flexibil-
ity of its congener 4.50a that would allow it to adjust its size and shape so as to
accommodate better this relatively large anion.

Inspired by natural systems that rely on neutral proteins to regulate anion trans-
port via oriented hydrogen-bonding interactions, Ranganathan and Lakshmi83 pre-
pared the L-cysteine-based cyclic oligourea systems 4.51a and 4.51b. The receptors
were synthesized under dilute conditions from L-cysteine dimethyl ester and triphos-
gene using a one-pot reaction procedure. The anion-binding properties of these
highly symmetric receptors were then studied via standard NMR spectroscopic titra-
tions carried out in CDCl3. The macrocyclic triurea 4.51a was found to bind chlo-
ride anion with high affinity and decent selectivity relative to the larger halide
anions, a finding that was rationalized in terms of receptor–anion complementarity.
Consistent with this rationale, receptor 4.51a was also found to complex the nitrate
anion, although this latter trigonal planar species was not bound as well as chloride
anion (Ka � 2.05 � 103, 2.01 � 102, and 5.2 � 102 M�1 for Cl�, Br�, and NO3

� ,
respectively). 

In contrast to what was seen in the case of 4.51a, the cyclic tetraurea 4.51b was
not found to bind chloride, bromide, or nitrate well. However, it was found to be a
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good receptor for the squarate dianion; this latter delocalized planar tetraoxyanion
was found to be bound with a Ka � 3.2 � 103 M�1 in CDCl3.

4.3.3 Receptors Based on Calixarene and Steroid Backbones

In 1996, Ungaro and co-workers84 reported the synthesis of calix[4]arenes 4.52a and
4.52b. These systems, functionalized on their upper rims with a single urea/thiourea
subunit, were designed to be neutral receptors for carboxylate anions. They were pre-
pared by reacting phenyliso(thio)cynate with an upper rim amino-functionalized
calix[4]arene. It was demonstrated that these systems do not undergo self-assembly
over the 10�1–10�3 M concentration range when DMSO-d6 was used as the solvent. As
a consequence, accurate association constants could be obtained provided the receptor
concentration was maintained at an appropriate concentration. Taking into considera-
tion these experimental caveats, it was found that these systems were able to bind car-
boxylate anions with reasonable affinity in DMSO-d6, while displaying little affinity for
the spherical halide anions (Ka � 118 (170), 80 (92), and 128 (339) M�1 for the inter-
action of benzoate, acetate, and butyrate with 4.52a (and 4.52b). The slightly enhanced
affinities seen for the benzoate and butyrate anions were rationalized in terms of sec-
ondary receptor-anion effects, such as π–π and CH3–π interactions. 

In an extension of this theme, the synthesis and anion binding properties of the
bis-urea functionalized calixarenes 4.53a and 4.53b were also investigated.84 As
proved true for the mono-functionalized receptors 4.52a and 4.52b, receptor 4.53a
displayed only a weak affinity for the halide anions, Cl�, Br�, and I�, but was found
to complex carboxylate anions well. In DMSO-d6, 4.53a displayed a preference for
acetate anion (Ka � 2200 M�1) over other carboxylate anions studied, including
benzoate (Ka � 290 M�1), butyrate (Ka � 133 M�1), and phthalate (Ka �
200–300 M�1), binding this simple carboxylate species far more effectively than its
mono-functionalized analogue 4.52a.

Recently, receptor 4.53c, bearing urea recognition units connected directly to the
calixarene-backbone, was reported by Lhoták and Stibor.85 The association constants
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were measured via NMR spectroscopic titration using a solvent mixture consisting of
4:1 CDCl3:CD3CN. Under these conditions, receptor 4.53c was found to bind ben-
zoate anion strongly, displaying a Ka value for this species of 161,000 M�1, while dis-
playing a reduced affinity for both chloride (Ka � 4640 M�1) and acetate (Ka �
3940 M�1). The high preference for benzoate anion was explained in terms of
favourable π–π interactions between the benzoate phenyl and calixarene phenyl units.

After discovering that tetra (thio) urea-resorc[4]arenes can bind halide anions
strongly in CDCl3 solution, Ungaro and co-workers86 prepared the tetrafunctional-
ized calix[4]arenes 4.54. While receptor 4.54a possesses a degree of conformational
flexibility, receptors 4.54b and 4.54c are more rigid and constrained to the corre-
sponding cone conformation due to the presence of a bis-crown ether unit in the
lower rim. On the basis of anion-binding studies carried out in DMSO-d6 using
NMR titrations, it was concluded that the more rigid receptor 4.54b displays rela-
tively high affinities towards spherical anions, such as chloride (Ka � 120 M�1) and
bromide (Ka � 30 M�1). By contrast, the less rigid receptor 4.54a exhibits a prefer-
ence for dihydrogen phosphate anion (Ka � 300 M�1). Interestingly, receptor 4.54c
was found to bind only chloride anion and then only weakly among the halide anions
(Ka � 35 M�1 in DMSO-d6). For examples of calixarene receptor systems function-
alized on the upper rim with a single urea/thiourea subunit, see references.87

In another effort to improve the anion selectivity of urea-calix[4]arene receptors,
Reinhoudt and co-workers88 took p-tert-butylcalix[4]arene, a system expected to be
more preorganized, and modified it with two and four (thio)urea units. In the case of
the resulting bidentate receptor, 4.55, a downfield shift in the position of the NH pro-
ton signals was observed in the 1H NMR spectrum upon the addition of anions, such
as chloride, bromide, iodide, cyanide, and thiocyanide in CDCl3 (studied in the form
of their tetrabutylammonium salts). Quantitative 1H NMR spectral titrations were
then performed, from which it was deduced that the receptor 4.55 binds anions pref-
erentially in the order Cl� � Br� � CN� � I� � SCN�. 

The tetrafunctionalized-calixarenes 4.56a–4.56c contain eight potential hydro-
gen-bond donor sites and show anion selectivities that are similar to those of 4.55.88

Unfortunately, they display general anion-binding affinities that are lower than this
latter difunctionalized system receptor 4.55. Presumably, this reflects the fact that
system 4.55, being less pre-organized, has fewer internal (i.e., self-associative)
hydrogen bond interactions to overcome prior to substrate binding as compared to
the tetrasubstituted system 4.56a–4.56c. 
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In an attempt to increase the acidity of the NH protons and thus enhance the anion
recognition ability of systems 4.56, thiourea units were attached to the calix[4]arene
core instead of urea units. Disappointingly, the tetrakisthiourea receptor 4.56d was
found to display only a weak affinity for anions but did give rise to a different selec-
tivity order, namely CN� � Br� � Cl� � I� � SCN�. Consistent with what was
proposed to rationalize the differences between 4.55 and 4.56a–4.56c, the unex-
pectedly weak binding seen in the case of 4.56d might reflect an enhanced level of
internal (i.e., intramolecular) hydrogen bonding present in the absence of any added
anion. The need to overcome these interactions would then lead to reduced anion
affinities, as would the need to compete with any solvent–receptor interactions that
again might be increased as the result of using thiourea, rather than urea, subunits.

In 1995, Reinhoudt demonstrated that thiourea-containing calix[6]arenes, of general
structure 4.57, could serve as useful anion and cation receptors.89 Both receptors, 4.57a
and 4.57b, were found to bind halide and carboxylate anions in a 1:1 fashion and to
show high selectivity for tricarboxylate anions. Quantitative analyses of the anion
binding behaviour of 4.57a and 4.57b were made by recording the changes in the NH
chemical shift seen in the 1H NMR spectrum upon the addition of tetrabutlyammo-
nium-anion salts in CDCl3. However, no fluoride and dihydrogen phosphate binding
was seen for the bis- and tetra-(thio)ureafunctionalized calixarenes, in spite of the fact
that both of these anions are well recognized as being strong hydrogen-bond acceptors. 

Molecular modelling studies revealed that the tetrahedral anion dihydrogen phos-
phate is too large to fit into cavity. On the other hand, these analyses led to the sug-
gestion that receptor 4.57a, containing urea-based binding units, would exhibit
selectivity towards cis-1,3,5-cyclohexanetricarboxylate over 1,3,5-benzenetricarboxy-
late, isophthalate, and benzoate. In fact, such a selectivity was observed by experiment,
with the binding affinities, Ka, for these four species being 1.0 � 105, 8.7 � 104, 6.9 �
104, and 1.6 � 104 M�1, respectively in CDCl3. By contrast, receptor 4.57b, having
three thiourea units in place of the urea linkages, was found to exhibit a slightly differ-
ent selectivity order, specifically 1,3,5-benzenetricarboxylate (Ka � 2.9 � 105 M�1)
� cis-1,3,5-cyclohexanetricarboxylate (Ka � 2.9 � 104 M�1) � isophthalate (Ka �
6.4 � 103 M�1) � benzoate (Ka � 1.4 � 103 M�1). In spite of these differences, it is
important to appreciate that both 4.57a and 4.57b proved selective for tricarboxylate
anions, presumably reflecting the three-fold symmetry of the molecular design.
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A novel series of (thio)urea cholapods, 4.58, was reported in 2001.90 These systems
are based on a steroid core and incorporate both electron-withdrawing substitutents to
(presumably) enhance the anion affinities and a C20 side chain to increase the solu-
bility and lipophilicity. As expected given the choice of rigid backbone, no evidence
of intrastrand hydrogen bonding among the four (thio)urea NH groups was found.
Association constants for anion binding in water-saturated chloroform, as deduced
using Cram’s extraction method (water-CHCl3), revealed that receptor 4.58b and
4.58c, containing the built-in electron-withdrawing groups, display affinities for chlo-
ride (Ka � 2.83 � 108 and 4.77 � 108 M�1 for 4.58b and 4.58c, respectively) and bro-
mide anion (Ka � 1.84 � 108 and 2.26 � 108 M�1 for 4.58b and 4.58c, respectively)
that are almost one order of magnitude higher than those displayed by receptor 4.58a
(Ka � 1.62 � 107 and 9.79 � 106 M�1 for Cl� and Br�, respectively). The use of the
thiourea receptor 4.58d then leads to a further enhancement in affinities (Ka � 1.05
� 109 and 3.24 � 108 M�1 for Cl� and Br�, respectively).

The use of a different set of steroid-based receptors, 4.59a–4.59e, to effect the trans-
port of chloride anions across vesicle and cell membranes has been demonstrated by
A.P. Davis and B.D. Smith.91 Initial studies in this context were made by measuring
chloride anion efflux from unilamellar vesicles using a chloride anion-selective elec-
trode. The rate of efflux was found to follow the order: 4.59e � 4.59d � 4.59c � 4.59b
� 4.59a, an order that was found to correspond with the association constants measured
for this set of receptors. Taken in concert, these results provide support for the notion
that it is the hydrogen-bond interactions between the neutral steroid-based receptor and
the bound chloride anion that primarily controls the anion transport process. Further
experiments with cholapod 4.59d showed that it also transports nitrate anion effectively. 

Anion receptors containing urea groups have also been employed in anion sens-
ing receptors and devices (discussed in Chapter 8), in ion-pair receptors (presented
in Chapter 6), and in receptors containing transition metals as organisational ele-
ments (cf. Chapter 7).

4.4 Alcohol-Based Anion Receptors
Hydroxyl groups are among the best known of all hydrogen-bonding donor groups.
Interactions involving hydroxyl subunits play a critical role in a wide range of natural
recognition processes, including those involving anions. For instance, carbohydrate-
protein recognition often relies on specific hydrogen bonding interactions involving
the hydroxyl groups present on a carbohydrate moiety and an anionic protein, the
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importance of which is supported by recent X-ray structural analyses carried out by
Quiocho,92 Honzatko,93 Einspahr,94 and Lemieux.95 In separate structural work of con-
siderable elegance, Remington reported the X-ray crystal structure of the iodide com-
plex of the yellow fluorescent protein (cf. YFP-H148Q), solved to 2.1 Å resolution.96

This structure reveals a bound iodide anion that is held in place via electrostatic inter-
actions involving the guanidinium moiety of Arg 96 at a distance of 4.1 Å, as well as
hydrogen bonding interactions with both phenolic hydroxyl groups of Tyr 203 and the
amide subunits of Gln 69 at a distance of 3.3 and 3.2 Å, respectively (Figure 4.14).
Comparing this X-ray structure to one of YFP-H148Q without the bound iodide
reveals that the phenolic hydroxyl groups of Tyr 203 shift towards the iodide anion on
binding. This result supports the hypothesis that the hydrogen bond between Tyr 203
and iodide plays a critical role in the anion binding process. Such a notion is consis-
tent with the results of mutational analysis that independently indicate that the pres-
ence of the Tyr 203 residue is indispensable for tight binding. 

Inspired, perhaps, by natural phenolic receptor systems, D.K. Smith and co-
workers97 have studied in great detail the anion binding properties of the synthetic
phenolic receptors, 4.60–4.62, using high-throughput NMR screening methods. As
a result of these analyses, it was found that the dihydroxy systems, 4.61 and 4.62,
exhibit chloride anion-binding affinities (Ka � 145 and 1015 M�1 for 4.61 and 4.62
in CD3CN, respectively) that are surprisingly high given the structural simplicity of
the “receptors” in question. In the context of this work, it was also found that
increasing the acidity of the phenolic OH protons enhanced the anion-binding abil-
ity. For example, systems 4.60c and 4.60b, containing electron withdrawing groups
(fluorine and nitro, respectively) on their respective para positions, display chloride
anion affinities (Ka � 555 and 95 M�1 for 4.60c and 4.60b, respectively, in CD3CN)
that are enhanced relative to what is seen for receptor 4.60a (Ka � 48 M�1 in
CD3CN). 

206 Chapter 4

Figure 4.14 Structure of the yellow fluorescent protein (YFP-H148Q) showing the interac-
tion of the bound iodide anion with various amino acid residues. The chro-
mophore has been removed for clarity
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In 1998, A.P. Davis and co-workers98 reported the synthesis and anion-binding
properties of the neutral steroid anion receptors of general structure 4.63. The pres-
ence of hydroxyl hydrogen-bonding donor units in these preorganized receptors
was considered to be an important design feature that was expected to allow for the
effective binding of tridentate anions, such as sulfonates. In fact, the addition of
p-toluenesulfonate anion to a solution of receptor 4.63a in C6D6 induced shifts in
the CH signals in the 1H NMR spectrum that were consistent with anion binding.
According to a Job plot, anion binding can take place in either a 1:1 and 2:1
(host-to-guest) manner. The calculated association constants (Ka) were 200 M�1 for
the 1:1 process and 50 M�1 for association occurring in a 1:1 � 2:1 fashion,
respectively. 

Further anion-binding studies were performed with receptors 4.63b–4.63e by
observing their ability to solubilize TBA-hydrogenphenylphosphonate in a mixture
of benzene-hexane.98 In the case of 4.63b, a system containing three hydroxyl
groups, TBA-hydrogenphenylphosphonate was fully solubilized in this solution. By
contrast, little or no solubilization was observed for system 4.63e containing only
one hydroxyl group. These results were taken as an indication that both hydroxyl
groups present in 4.63a and 4.63b participate in anion binding and that increasing
the number of hydroxyl units relative to, e.g., 4.63d improved the anion-binding
affinity, at least in the case of these receptors. 

Quite recently, Row and Maitra demonstrated selective fluoride anion-binding
affinity of bile acid-derived cyclic dimer 4.64, an interaction sustained by OH···F�

interactions. Quantitative measures of the association constant for what was deter-
mined to be a 1:2 stoichiometric process (4.64 to fluoride anion) were made using
1H NMR titration; this revealed Ka1 � 1800 M�1 and Ka2 � 250 M�1 in CDCl3.

99 In
the case of the larger anion, chloride, a relatively weak interaction (Ka � 100 M�1)
was observed, along with the formation of a 1:1 complex. 
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Slightly later, the Ungaro group100 reported the synthesis of several modified
calix[4]arenes, systems 4.65 and 4.66, containing hydroxyl groups on the upper rims.
The first set of these, the difunctionalized receptors 4.65a and 4.65b, bearing trifluo-
romethyl substituted secondary alcohol groups, were prepared from the correspon-
ding hexafluoro diketones via reduction with NaBH4. The two diastereoisomeric
products produced in this way were easily separated by column chromatography. By
contrast, receptors 4.66a and 4.66b, which contain 3 hydroxyl centres, were synthe-
sized by the reaction of the tetraacyl chloride calixarene with R-I/Li in dry ethyl ether. 

Quantitative measurements of the anion association constants revealed that the
difunctionalized receptors 4.65 are selective for Y-shaped carboxylate anions over
spherical anions (Ka � 435 and 200 M�1 for the acetate complex of 4.65a and 4.65b,
respectively, in CDCl3).

100 Moreover, the racemic receptor 4.65a was found to display
a higher affinity for the chiral guest, N-lauroyl-L-phenylalanine, than the corresponding
meso receptor, 4.65b (Ka � 165 vs. 40 M�1, respectively, in CDCl3). In the case of the
receptor 4.66a, which contains four hydroxyl groups but lacks the perfluoromethyl sub-
stituents, a preference for spherical anions, such as bromide anion (Ka � 480 M�1), was
observed relative to acetate ion (Ka � 480 vs. 90 M�1; all studies in CDCl3).
Interestingly, however, receptor 4.66b was found not to be an effective receptor for
either bromide or acetate anions under analogous solution-phase conditions. These
results provide support for the conclusion that the perfluorinated alcohol subunits play
a key role in enhancing the anion binding seen in the case of receptors 4.65a and 4.65b. 

The effect of lower rim modifications were demonstrated by Nam and co-workers101

in 2003 via the synthesis of receptors 4.67a and 4.67b. Both these systems contain
two hydroxyl group at the lower rim and display a strong selectivity for acetate over
the spherical halide anions (e.g., F�, Cl�, Br�, and I�) (Ka � 1200 and 5800 M�1 for
4.67a and 4.67, respectively, in CDCl3).

Cyclodextrins (CDs) have been exploited extensively in supramolecular chemistry
due to their unique ability to form stable complexes with a range of guests in aque-
ous media. A few X-ray crystal structures of CD with metal-anion salts have been
solved and which support the notion that the hydroxyl groups contribute to the bind-
ing process (cf., e.g., Figure 4.15).102,103 In 1967, Cramer et al.,104 found that per-
chlorate anion interacts with aromatic dyes, with the affinity constant corresponding
to the formation of ClO4

�-4.68a being measured as 29 M�1 in aqueous solution.
Later on, more detailed anion-binding studies of this CD were performed by Wojcik
and co-workers.105 Although the resulting association constants, summarized in
Table 4.3, are relatively weak, they nonetheless serve to establish that these kinds of
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hosts can be exploited as anion receptors. Indeed, the anion-binding properties of
CD are currently being explored in several different groups.106

In 1990, Schwartz and co-workers107 reported that receptor 4.68a was able to bind
dicarboxylate ions. This ability to form both mono- and dicarboxylate anion complexes
was probed in aqueous solution using NMR spectroscopic,108 calorimetric,109 potentio-
metric,107 and volumetric techniques.110 However, in spite of considerable effort, ques-
tions remain as to whether carboxylate-anion recognition takes place primarily through
an inclusion or non-inclusion binding mode. Here, the non-inclusion mode refers to
interactions between the hydroxyl groups of the CDs in question and the targeted car-
boxylate ion that, in the limit, take place largely outside of the central binding cavity.
By contrast, in-cavity binding is meant to imply an inclusion-like association where,
presumably, hydrophobic interactions serve as the main stabilisation force. 

In 2001, Kano et al.111 demonstrated that CDs 4.68 and the acyclic dextrins 4.69
bind p-substituted benzoate and alkylcarboxylate anions in DMSO-d6. In this case,
anion binding was suggested to result from hydrogen bonding interactions involving
the hydroxyl units of the CD and the targeted carboxylate anion. In the NMR spec-
tra of these systems, only two of the CD hydroxyl protons are seen to undergo a shift
in the presence of a bound carboxylate anion. This was considered as support for the

Neutral Non-Metallic Systems 209

Table 4.3 Anion-binding affinities (Ka , M�1) for receptors 4.68a and b and selected
anionic substrates as determined in aqueous solution

SCN� ClO4
� NO3

� Br� I� Cl�

4.68aa 19 29 1 4 12 –
4.68bb 10 27 6 7 18 3

aAssociation constants were measured with potassium anion salts using conductance measurements in
aqueous solution (ionic strength � 0.01–0.03 M)
bAssociation constants were measured with sodium anion salts using UV–Vis spectroscopic titrations in
aqueous solution (ionic strength � 0.1 M)

Figure 4.15 Single crystal X-ray structure of the potassium acetate complex of α-cyclodextrin
(α-CD) 4.68a (top and side views). In order to improve the clarity of the presenta-
tion, the bound potassium cation has been removed from these representations
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proposal that hydrogen bonding interactions mediate the host-guest recognition
process. Receptor 4.68c was found to display the highest affinity for p-methylben-
zoate sodium salts (Ka � 1300 M�1) among the systems tested. Generally, the Ka

values were found to increase as the number of glucopyranose units increased (4.68a
� 4.68b � 4.68c and 4.69a � 4.69b � 4.69c � 4.69d � 4.69e). In addition, the
cyclic receptors were found to display higher binding affinities than the acyclic dex-
trins. It was also observed that increasing the percentage of water in the solution or
increasing the temperature caused a dramatic decrease in the association constants
for both the cyclic and acyclic receptors.

4.5 Hybrid Receptors
In an effort to enhance the anion-binding efficiency of neutral receptors, a variety of
hybrid systems containing at least two different anion recognition motifs (e.g., urea,
amide, hydroxyl group) have been prepared and studied. The advantage of this
approach is that it allows, at least potentially, the inherent limitations of each con-
stituent motif to be overcome such that systems with higher affinity or improved
selectivity can be produced. 

4.5.1 Amide-Urea Systems

In 1994, receptors 4.70a and 4.71a, containing simple amide-urea elements, as well
as the sulfuryl analogue, 4.70b, were prepared and studied by Morán and co-workers.112

The ability of these chromenone-derived receptors to bind benzoate anion in DMSO-
d6 was studied by monitoring the concentration-dependent shift in the benzoate
ortho proton signal by 1H NMR spectroscopy. The results of these titrations revealed
that the association constant of the sulfuryl oxygen receptor 4.70b, 330 M�1, is
higher than that of receptor 4.70a (20 M�1), presumably because of the better geom-
etry and higher acidity of the sulfuryl NH protons. However, receptor 4.71a, which
combines two amide units and one urea function within the same receptor frame-
work, exhibits an affinity constant for benzoate-anion binding in DMSO (Ka �
15,000 M�1) that is substantially enhanced relative to either 4.70a or 4.70b. This
finding supports the notion that urea and amide recognition elements, when properly
combined, can produce highly effective anion receptors.

Further modification of the bischromenone receptor concept embodied in 4.71a
led to the synthesis of the macrocyclic receptor 4.71b, a system that was found to be
capable of recognizing nonracemic hydroxycarboxylates, such as lactic and man-
delic acids, in an enantioselective fashion.113 The chiral recognition properties of
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system 4.71b were initially assessed by carrying out a competition study in DMSO-
d6. In particular, a splitting in the signals ascribed to the racemic receptor was seen
in the presence of enantiomerically pure acids such as naproxen, leucine-CBZ, and
mandelic acid salts, as judged by 1H NMR spectroscopy. Using this approach, the
relative binding constant ratio (for the two enantiomers) was calculated to be 14 in
the case of the hydroxyacid salts. 

Another key finding supporting the proposed chiral recognition process, involved
carrying out a TLC analysis of a mixture of racemic receptor 4.71b and TMA-(R)-
mandelic acid salt on silica gel plates. What was seen on upon eluting with
CHCl3/EtOAc (8/2) was the presence of two yellow diastereomeric spots with Rf of
0.07 and 0.16, respectively. (A similar experiment carried out with lactic acid salts
gave concordant results.) Interestingly, a control experiment, carried out with recep-
tor 4.71b alone, revealed a larger Rf � 0.49 value, indicating that formation of the
putative anion complex delays the elution of receptor 4.71b.

Taking advantage of the difference in Rf values for the diastereomeric salts, the
two enantiomers of 4.71b were separated by column chromatography. Once this was
done, 1H NMR spectroscopic titrations carried out in DMSO-d6 confirmed that the
receptor recovered from the more polar fraction binds TMA-(R)-mandelic acid salt
more strongly (Ka � 2.8 � 104 M�1) than that recovered from the less polar fraction
(Ka � 1.7 � 103 M�1). The chiral differentiation seen for receptor 4.71b can be
attributed to steric effects. Probably, the most sterically favourable complex will be
the one where the large phenyl group of the hydroxyacid anion points outwards from
receptor cavity; the α-hydrogen is thus expected to be located close to the upper aro-
matic portion of the spirobifluorene, while the hydroxyl unit must lie over the lower
aromatic portion of the spirobifluorene subunit. 

Kilburn and Mortishire-Smith114 combined a thiourea group and an amide func-
tionality to produce a bowl-shape macrocycle, 4.72a, that was designed to be a recep-
tor for various N-acetyl amino acid carboxylate anions (studied in the form of their
tetrabutylammonium salts). Proton NMR spectroscopy-based anion-binding studies
revealed that receptor 4.72a has a high affinity for various amino acid salts in CDCl3

(Ka � 68,600, 16,900, 14,600, 9600 and 6800 M�1 for N-Ac-Gly-CO2
�, N-Ac-L-Ala-

CO2
�, N-Ac-D-Ala-CO2

�, N-Ac-L-Asp-CO2
�, and N-Ac-D-Asp-CO2

�, respectively)
but is not able to effect a differentiation based on the amino acid configurations
(R or S). However, it was found that D-amino acid derivatives are bound on the out-
side of 4.72a as the result of a strong interaction with the thiourea unit. This stands in
the contrast to what is true for the corresponding L-amino acid derivatives, which are
bound inside the receptor cavity in spite of having to adopt an unfavourable cis amide
geometry. Modelling studies and comprehensive 2D NMR spectroscopic analyses
(viz. DQF-COSY, TOCSY, ROESY, and NOESY) led the authors to propose that the

4.71a R1 = R2 = n-Bu
4.71b R1-R2 =NH

O

O

Br

O

HN
n-BuX

NH
R

N
H

O

O

t-Bu

O NH

R1

N
H

O

O

O

HN O

R2

t-Bu

4.70a X = CO, X = C(CH3)2CH2C(CH3)3
4.70b X = SO2, X = cyclohexyl

Neutral Non-Metallic Systems 211

RSC_ARC_Ch004.qxd  2/9/2006  8:45 AM  Page 211



strong, favourable interaction between the host amide and the cis amide functionality
of the guest serves to overcome this energetic penalty. Recently, receptor systems,
wherein a pyridine (4.72b and 4.72c) unit serves to replace the benzene or, alterna-
tively, the thiourea spacer of receptor 4.72a have also been reported.115

In an alternative approach to preparing a series of urea-amide hydride systems for
enantioselective binding, a chiral phenylpropanamide “appendage” was used by
Kilburn to produce the acyclic thiourea-bridged bispyridyl receptor 4.73.116 Binding
studies with various TBA-amino acid salts were performed using standard 1H NMR
titrations carried out in CDCl3. The pyridyl receptor 4.73 was found to display a
strong selectivity for N-Ac-L-Trp-CO2

�, which has electron-rich aromatic side chains
(Ka � 12,400 M�1), over N-Ac-L-Ser-CO2

� (Ka � 380 M�1). It also shows moderate
enantioselectivity with a general preference for L-amino acids salts. For example, the
association constants for the D- and L- isomers of N-Ac-Gln-CO2

� were found to be
4520 and 9000 M�1, respectively, in CDCl3. 

More recently, a more rigid enantioselective receptor, 4.74, designed to be selective
for N-Boc-glutamate, was prepared by Kilburn and co-workers.117 This receptor, which
can be considered to be a macrocyclic analogue of 4.73, was found to bind the D- and
L- enantiomers of N-Boc-glutamate with 1:2 and 1:1 binding stoichiometries in CD3CN,
as judged from 1H NMR spectroscopic studies (i.e., Job plots). Unfortunately, the asso-
ciation constants for both antipodes proved too large to determine by 1H NMR spectro-
scopic methods (Ka � 104 M�1); however, the association constants (Ka) obtained from
isothermal calorimetric titrations were found to be 2.83 � 104 and 4.92 � 104 M�2 for
N-Boc-L-glutamate and N-Boc-D-glutamate (as bis-tetrabutylammonium salts), in
acetonitrile, respectively.
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In 2001, A.P. Davis and co-workers118 reported a new set of hybrid cholapod
receptors 4.75a–4.75c, that were expected to display a high affinity towards halide
anions such as chloride and bromide. Modelling studies indicated the presence of
internal interactions between the sulfonamide oxygen atoms and the NHAr moieties
of the urea units. However, these interactions were considered likely to be weak due
to structural distortion and thus not a major impediment to anion recognition. Actual
halide-anion affinities (effective association constants) were measured by the classic
extraction method of Cram using chloroform as the organic solvent. Based on such
analyses, receptor 4.75c was seen to be a highly effective receptor for halide anions
(studied as TEA salts) (Ka � 1.03 � 1011 and 2.59 � 1010 M�1 for chloride and bro-
mide, respectively), proving much more effective than either 4.75a or 4.75b (Ka �
4.58 � 109, 2.63 � 109, 6.60 � 1010, and 1.68 � 1010 M�1 for 4.75a·Cl�,
4.75a·Br�, 4.75b·Cl�, 4.75b·Br�, respectively). 

In 2003, Kilburn and co-workers103 reported the synthesis and anion-binding
properties of a calix[4]arene-based anion receptor 4.76 that is bridged by a strap
containing both amide and thiourea-linking elements. The association constants
(M�1) for acetate, phenyl phosphinate, and diphenyl phosphate (studied as their
respective tetrabutylammonium salts) were found to be 11,000, 24,000, and
1800 M�1 in CD3CN, respectively, as judged from quantitative 1H NMR titrations.
While representing only a limited data set, these results provide support for
the conclusion that receptor 4.76 binds the tetrahedral phenyl phosphinate
anion more strongly than it does the Y-shaped acetate anion. The reader is referred
to reference119 for further examples of this generalized approach to receptor
design.

4.5.2 Urea-Alcohol Systems

In 2002, the calixarene-based urea-hydroxyl system 4.77 was reported by Nam and
Jeon.120 It was prepared from the simple reaction of a diamine with phenylthio-
cyanate. Receptor 4.77 was found to bind hydrogen sulfate anion with high selec-
tivity over various anions, such as halides, carboxylate, and dihydrogen phosphate,
as judged from 1H NMR spectroscopic studies carried out in CDCl3. In particular,
the addition of an anion was found to induce a downfield shift in the urea NH and
OH proton signals. This latter peak shift provides support for the supposition that the
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hydroxyl group, as well as the urea functionality, interacts with the bound anions.
From the shift in this signal and that of the urea NH proton, association constants
(Ka) for the interaction of receptor 4.77 with several anions were deduced; they were
found to decrease in the following order: HSO4

� (2990 M�1) � CH3CO2
� (414 M�1)

� H2PO4
� (410 M�1) � Cl� (80 M�1). 

Recently, bridged analogues of 4.77, namely receptors 4.78 and 4.79, were
reported by Nam and co-workers.121 These systems were designed to exist in their
respective preorganized cone conformations. As with 4.77, their anion binding
properties were investigated by 1H NMR spectroscopic titrations carried out in
CDCl3. From these studies, it was found that both receptors exhibit a preference
towards acetate anion (Ka � 722 and 185 M�1 for 4.79 and 4.78, respectively)
relative to the other anions studied (e.g., chloride, hydrogen sulfate, and dihydro-
gen phosphate). In addition, these analyses revealed that, at least for the series of
test anions employed, the anion-binding affinities of receptor 4.79 are higher
across the board than those of receptor 4.78; presumably, this reflects an intrinsic
geometry that allows for a better spatial match with the various anions in
question.

4.5.3 Alcohol–Amide Systems

Inspired by the multidentate recognition strategy embodied in the natural product risto-
cetin, Hamilton and Albert prepared a set of simple analogues that might function as
synthetic anion receptors.122 The resulting products, receptors 4.80a and 4.80b, were
found to bind acetate anion as the result of the built-in amide and hydroxyl groups
acting as hydrogen-bond donors. It was noted that the receptors containing hydroxyl
groups displayed higher binding constant values compared to the analogous systems
that did not contain such functionality, underscoring the importance of the hydroxyl
motif in terms of modulating the binding process. In the case of receptor 4.80a, a
system that contains two additional amide NH groups as compared to receptor 4.80b,
a 27-fold higher acetate-binding constant was observed (i.e., Ka � 2.7 � 105 M�1

in CD3CN). This result supports the notion that the number of hydrogen-bond donors
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is strongly correlated to the overall anion-binding affinities, at least in systems of this
basic structural type.

In 1996, A.P. Davis and co-workers123 designed a steroid-based cryptand 4.81
capable of recognizing halide anions. This macrodilactam, with four hydroxyl and
two amide groups, was derived from cholic acid. It possesses a small-size cavity and
a rigid framework that serves to maintain the putative anion-binding cavity while
precluding intramolecular hydrogen-bonding interactions. Computer modelling
(e.g., Monte Carlo) studies reveal that the cavity of 4.81, ca. 3.3 � 2.2 Å, is appro-
priately sized to accommodate a fluoride anion and, possibly, to bind the larger
halides, chloride, and bromide. The results of anion-binding studies, performed
using standard 1H NMR spectroscopic titration studies carried out in CDCl3, reveal
that receptor 4.81, as expected, is selective for fluoride anion over other halides (Ka

� 3220, 990, and 250 M�1 for F�, Cl�, and Br�, respectively). 
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Oligosaccharides with their multiple hydroxyl groups are well known for the
important role they play in cellular recognition processes. Recently, Aoyama and co-
workers124 attached oligosaccharide units to a calix[4]resorcarene bearing four long
alkyl chains via an amide linkage. The resulting macrocylic oligosaccharide recep-
tors, 4.82a and 4.82b, were found to bind various phosphate anions and carboxylate
anions in aqueous solution, presumably reflecting the involvement of multiple
hydrogen bonds. 31P NMR spectroscopic studies revealed that the addition of recep-
tor 4.82b induced an upfield shift in the hydrogen phosphate and D-ribose-5-phos-
phate dianion signals in D2O-DMSO-d6 (9:1). In the case of receptor 4.82a, the
extent of the interaction was quantified by monitoring the proton peak shift of the
ribose subunit. From this analysis, the Ka values were found to be 4.0 � 103, 1.6 �
104, 2.9 � 104, and 3.7 � 104 M�1 for Na2AMP, Na2GMP, Na2ADP, and Na2ATP,
respectively, in this solvent mixture. It was also found that both receptors are able to
bind the carboxylate functional group of fluorescein with affinities (Ka) of 1.1 � 104

and 5.4 � 104 M�1 for 4.82a and 4.82b, respectively, in H2O at pH 7.0 (HEPES), as
judged from a Benesi-Hildebrand analysis. For additional examples of this kind of
generalized receptor system, the reader is referred to several specific publica-
tions.125,126

4.5.4 Amide-Hydroxy-Urea Systems

In an effort to develop specific receptors displaying greater affinity and selectivity
towards the anions of α-heterocyclic and α-keto acids, the non-symmetrical recep-
tor 4.83 was designed and synthesized.126 This receptor contains three different
hydrogen-bond donor groups, namely urea, amide, and hydroxyl. Standard 1H
NMR spectroscopy-based anion-binding studies revealed that this receptor binds
the TEA salts of fusaric and 4-imidazole carboxylic acids (Ka � 4.3 � 105 and 4.5
� 105 M�1 for these two species, respectively, in CDCl3 containing 1% v/v
CD3OD) very effectively, while displaying a far reduced affinity for the corre-
sponding benzoate anion salt in the same solvent mixture (Ka � 1.1 � 103 M�1).
It was also found that receptor 4.83 displays a preference towards the α-keto car-
boxylate anion, 4-methyl oxovalerate (Ka � 6.1 � 104 M�1), over simple propi-
onate anion (Ka � 3.2 � 103 M�1) under the same conditions. Taken together,
these results underscore the important stabilizing role played by the “extra” hydro-
gen bond interaction arising from the hydroxamic functionality present in the host
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and the heterocyclic atom or keto subunit present in the guest as illustrated
schematically in the complex of 4.83 with 2-carboxy-5-n-butylpyridine. 

4.6 Other Systems
In 1990, Farnham and Dixon127 reported the crystal structure of the fluoride-anion com-
plex of the highly fluorinated macrocycle 4.84. This 18-membered macrocyclic ether
stabilises the formation of a fluoride anion complex wherein the anion is located in the
middle of cavity. Based on a single crystal X-ray diffraction analysis (Figure 4.16), it
was inferred that this complex is stabilized by the interaction between four CH protons
and the fluoride ion (CH⋅⋅⋅F � 1.94–2.10 Å). This rare anion binding scenario was
rationalized in terms of the polarization effect of the neighbouring CF2 subunits, which
are strongly withdrawing electron and endows the CH moieties with more positive char-
acter. It was also observed that the bound fluoride peak appears as broad singlet at −
76.6 ppm in the low-temperature 19F NMR spectrum of the anion complex. 

Gellman and co-workers128 prepared macrocycle 4.85, which contain phosphine
oxide and disulfoxide motifs, in an effort to obtain a receptor system that would rely
on mostly anion–dipole interactions. After reporting the cation and carbohydrate-
binding properties of this system, evidence in support of anion complexation was
obtained from 1H NMR spectroscopic studies carried out in CDCl3 containing 2%
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CD3OD. For instance, the benzylic proton was observed to shift in the presence of
various anions. 

Analysis of the X-ray crystal structure of 4.85 reveals that three oxygen atoms are
oriented in the same direction. Presumably, the anion-binding ability of 4.85 is
attributed to the preorganized structure, which serves to arrange three strong dipoles
from P � O and S � O in such a way that they can interact effectively with a single
anion (c.f. structure 4.85b). The association constants for chloride and bromide were
obtained by monitoring the changes in the chemical shift of the two benzylic proton
peaks as a function of added anion. From this 1H NMR spectroscopic study, essen-
tially identical values of between 60 and 70 M�1 were deduced for these two anions,
whereas the Ka value for iodide was found to be ca. 40 M�1. 

In 1974, during a study of metal ion–nucleic acid interactions, Marzilli and
Chang129 found that guanosine 4.86 is capable of binding chloride-anions. For
instance, the addition of alkaline earth metal chloride and bromide salts to a solution
of neutral guanosine 4.86 in DMSO-d6 was found to induce downfield shifts in the
NH proton signals of 0.7 and 0.8 ppm, respectively. The same kind of downfield shift
was observed in the presence of tetraethylammonium chloride. On the other hand, the
addition of perchorate salts (Na�, Li�) and nitrate salts (Ca2�, Mg2�, Sr2�, Ba2�,
Na�) did not induce an appreciable shift. In order to quantify the putative chloride
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anion-binding interaction, NMR titrations were performed with CaCl2 in DMSO-d6.
The resulting affinity constant was quite low (Ka � 2.8 M�1). 

Supporting this proposed binding, is the 1972 crystal structure of the monoproto-
nated 1-methylcytosine (4.87a)-chloride anion salt reported by Trus and Marsh.130 In
the solid state, this oligomeric structure is stabilized by electrostatic interactions,
strong hydrogen bonding interactions involving N-H···Cl� (cf. 2.31–2.79 Å), and rel-
atively weak hydrogen interactions of the C-H···O (cf. 2.60–2.64 Å) and C-H···Cl�

(2.95 Å) types (Figure 4.17). 
Five years later, Mandel131 revealed the result of the crystal structure of cytosine

(4.87b) hydrochloride, which was also found to exist as an oligomer. The interactions
between chloride and NH and the additional hydrogen-bond donor NH presumably
contribute to the stabilization of the dimeric structure of cytosine. The cationic cytosine
interacts with three chloride anions. Among these interactions, the one between the pro-
tonated NH and the bound chloride anion was found to be the shortest (namely 2.06 Å;
cf. Figure 4.18). For further information the reader is directed to the bibliography.132
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4.7 Summary Remarks
Remarkably efficient design has yielded families of neutral hydrogen-bond donor
receptor systems with very high affinities for anionic guests in solution. This is
exemplified by A.P. Davis’s cholapod receptors, which bind chloride very strongly
indeed in solution. The importance of ion-pairing in solution is increasingly becom-
ing appreciated and with neutral receptors it is particularly an important feature that
must be considered. This will be discussed in detail in Chapter 6.
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CHAPTER 5

Neutral Pyrrole Systems

5.1 Introduction
As a general rule, neutral, organic-based anion receptors rely primarily on hydrogen-
bonding interactions to stabilize their complexes with bound anions. This stands in
contrast to cationic receptors, which benefit from both electrostatic and hydrogen-
bonding interactions. Potential advantages of neutral receptors include the possibil-
ity of more selective binding. This is because, in contrast to binding effects due to
positive charges, hydrogen-bonding interactions are generally anisotropic. Thus, the
use of such interactions allows for the construction, at least in principle, of receptors
that are selective for a particular anion. Another advantage associated with the use
of a neutral system is that there is no inherent competition with a counter anion, an
effect that often tends to complicate analysis of the systems in question. In the case
of pyrrolic systems, the use of neutral receptors obviates the need for protonation,
either prior to, or concurrent with, anion recognition. Not surprisingly, considerable
effort has been devoted of late to the construction of neutral pyrrole-based anion
receptors. However, most interestingly, the history of such systems dates back only
to 1996 when the use of calix[4]pyrrole as an anion receptor was first reported. 

5.2 Cyclic Receptors
As implied above, the calix[4]pyrroles (e.g., 5.1a) were the first neutral pyrrole-
based anion-binding systems to be reported as such. They were considered attractive
as receptors because they are not only easy to prepare, but also potentially “tunable”
in terms of their inherent anion-binding characteristics. This promise which is still
being realized in a number of laboratories world-wide, has made the generalized
class of calix[n]pyrroles (where n may be � 4) one of the more attractive approaches
to anion-receptor generation currently being pursued.
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The calix[4]pyrroles themselves, in contrast to their higher homologues (vide
infra), are a venerable class of materials. They were first prepared by Baeyer1 in
1886 but only put forward as possible anion-binding agents in 1996.2 In the case of
meso-octamethylcalix[4]pyrrole 5.1a, it was found that both fluoride and chloride
anions were bound in the solid state (Figure 5.1).2,3 While these two structures are
similar, in the case of the fluoride-anion complex, the average of N···F distance is
2.767 Å, while for the corresponding chloride complex the N···Cl distance is 3.303
Å. Thus, fluoride anion appears to be more tightly bound in the solid state. In both
cases, it is important to appreciate that the cone conformation, seen in the presence
of anions, is very different from the 1,3-alternate form seen in their absence. 

In CD2Cl2 solution, calix[4]pyrrole 5.1a was found to bind fluoride and chloride
anions (studied in the form of their tetrabutylammonium salts) with affinities, Ka, of
1.7 � 104 and 3.5 � 102 M�1, respectively, as judged from NMR experiments.2,3 As
part of this generalized study, several derivatives, including the β-octabromo-meso-
octamethylcalix[4]pyrrole 5.1b, were also prepared. In the case of 5.1b, the synthe-
sis was straightforward and simply involved reaction of calix[4]pyrrole 5.1a with
N-bromosuccinimide (NBS). The anion-binding ability of this compound was also
measured by NMR under conditions analogues to those used for 5.1a. On this basis,
it was found that 5.1b was an improved fluoride and chloride anion receptor (Ka �
2.7 � 104 and 4.3 � 103 M�1 for fluoride and chloride, respectively).4 These higher
anion-binding affinities were rationalized in terms of the eight bromine substituents;
these electron-withdrawing atoms serve to increase the acidity of the pyrrolic NH,
thereby enhancing the anion-binding affinities.
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Figure 5.1 (a) Single-crystal X-ray structure of the fluoride-anion complex of calix[4]pyrrole
5.1a (b) single-crystal X-ray structure of the chloride-anion complex of
calix[4]pyrrole 5.1a
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Recently, Schmidtchen5 applied isothermal titration calorimetry (ITC) to the study
of calix[4]pyrrole-anion recognition while using his report to highlight further the
advantages of this method for studying problems in molecular recognition. These
latter include an increased dynamic range, higher detection limits, and greater repro-
ducibility as compared to NMR-spectroscopic methods. Table 5.1 summarizes the
anion-affinity constants of calix[4]pyrrole 5.1a measured by ITC that have proved
reproducible in the authors’ hands. An inspection of this table reveals that, in the case
of systems with high affinities, the recorded Ka values are generally greater than
those derived from NMR-spectroscopic methods. Nonetheless, at least among the set
of anions studied, the same general selectivity trends are revealed by ITC as by NMR
titrations.*

In a related work, the nucleoside-functionalized calix[4]pyrroles 5.2a and 5.2b
were synthesized. As neutral receptors, the calix[4]pyrroles display much lower
phosphate anion-binding affinities than do the protonated sapphyrins. On the other
hand, the sapphyrins are flat, while the calixpyrroles adopt non-planar conforma-
tions. This means that a nucleobase substituent, if appropriately connected to the
calix[4]pyrrole framework, could produce a system capable of effecting the cooper-
ative recognition of a complementary mononucleotide substrate. In an effort to test
this hypothesis, calix[4]pyrroles 5.2a and 5.2b were studied as potential nucleotide
carriers using a U-tube model membrane in analogy to what was done with the sap-
phyrin systems (cf. Chapter 3). They were also studied as the key components in
membrane-based ion-selective electrodes (ISEs) as detailed in Chapter 8.6
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*In spite of considerable effort, the authors have been unable to obtain reliable Ka values for fluoride anion
binding by ITC. As such, the claim made by Schmidtchen5 that fluoride and chloride are both bound with
approximately the same affinity in CH3CN has yet to be independently substantiated, at least to the best
of the authors’ knowledge. On the other hand, this failure to obtain readily interpretable ITC data in the
case of fluoride is an indication that the binding events as originally described, fluoride anion +
calix[4]pyrrole → fluoride-anion complex, may be an oversimplification and that additional processes,
such as ion-pairing or follow-up equilibria need to be considered.

Table 5.1 Association constants, Ka, for compound 5.1a (M�1) for various anionic
substrates as measured by ITC at 30 °C using the corresponding tetra-
butylammonium salts

Anion Cl� Br� CN� NO2
� CH3CO2

� C6H5CO2
� H2PO4

�

Solvent CH3CN CH3CN CH3CN CH3CN CH3CN CH3CN DMSO
Ka 140,000 3400 9400 1700 290,000 120,000 5100
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Using a U-tube model membrane containing tetrabutylammonium chloride in the
organic phase (added to provide a hydrophobic, charge-neutralizing countercation),
good selectivity for 5′-GMP was seen for compound 5.2b with the absolute rate of
transport being 9.3 � 10�10 mol cm�2h�1. The use of carrier 5.2a served to lower
further the transport rate and led to selectivity for 5′-CMP rather than for 5′-GMP
(Table 5.2).6 These results were considered consistent with carrier 5.2b acting as a
bona fide ditopic receptor, capable of binding both the phosphate “head” and purine
“tail” of 5′-GMP in a “two-point” fashion as illustrated in Figure 5.2. By contrast, it
appears as if carrier 5.2a acts more as a non-selective “one-point” receptor, binding
both the phosphate and nucleobase portions of nucleotide monophosphates at the
calix[4]pyrrole NH-hydrogen bond donor site. 

The utility of calix[4]pyrroles has also been demonstrated in the area of chro-
matography-based separations. Towards this end, two calix[4]pyrrole-modified sil-
ica gels, 5.3 and 5.4, were prepared by Sessler et al.7 and studied as HPLC solid
supports. In initial studies, both gels were found to effect the selective retention of
fluoride, chloride, dihydrogen phosphate, and hydrogen sulfate anions (Table 5.3).
In the case of more complex phenyl-based oxyanions (i.e., phenyl arsenate, phenyl
sulfonate, benzoate, and phenylphosphate), good separation was only achieved in the
case of gel 5.3 (Figure 5.3a). As shown in Figure 5.3b, both gels, namely 5.3 and 5.4,
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Figure 5.2 Structure of the proposed supramolecular complex formed between cytosine
appended calix[4]pyrrole 5.2b and 5�-GMP

Table 5.2 Results of model through membrane transport experiments conducted
using receptors 5.2a and 5.2b. The concentration of the carriers in the
organic phase was 0.1 mM, and the pH of the initial and receiving aque-
ous phases were 6.0 and 12.5, respectively. The organic phase also
contained 0.1 M tetrabutylammonium perchlorate, a species added as
a charge-neutralizing agent. The tabulated kT values are in units of
10�11 mol cm�2h�1

Carrier Aq I (pH) Aq II kT 5�-GMP k5�-GMP/k5�-CMP k5�-GMP/k5�-AMP

5.2a 6.0 12.5 9.8 0.2 1.8
5.2b 6.0 12.5 93 7.8 1.9
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a) b)

c) d)

Elution time (min.) Elution time (min.)

e) f)

Figure 5.3 HPLC-based separation of (a) various phenyl-substituted anions with 5.3 (flow rate,
0.3 ml min�1; mobile phase, aqueous phosphate buffer (50 mM) at pH 7.0; UV
detection at 254 nm), (b) N-carbobenzyloxy (Cbz) protected amino acids with 5.4
(flow rate, 0.3 ml min�1; mobile phase, 3:1 (v/v) aqueous acetate buffer (30 mM) at
pH 7.0 acetonitrile (isochratic); UV detection at 254 nm), (c) AMP, ADP, and ATP
with 5.4 (flow rate, 0.3 ml min�1; mobile phase, aqueous sodium phosphate buffer
(105 mM) at pH 7.0 (isochratic); UV detection at 262 nm), (d) oligodeoxythymidy-
late fragments containing between 12 and 18 nucleotide subunits (dT12–18) with
5.3 (flow rate, 0.4 ml min�1; mobile phase, 1:1 (v/v) CH3CN/aqueous sodium chlo-
ride (250 mM)-sodium phosphate (50 mM) at pH 7.0 (isochratic); UV detection at
265 nm), (e) dT12–18 with 5.4 (flow rate, 0.25 ml min�1; mobile phase, 3:2 (v/v)
CH3CN/aqueous sodium chloride (50 mM)-sodium phosphate (40 mM) at pH 7.0
(isochratic); UV detection at 265 nm), and (f) oligonucleotide hexamers, TCTAGA,
GCATGC, and CCCGGG, on a modified silica gel column derived from 5.3 (flow
rate, 0.4 ml min�1; mobile phase, 1:1 CH3CN/50 mM sodium phosphate buffer at
pH 7.0 (isochratic); UV detection at 265 nm).
(Figure (d) reproduced with permission from P.A. Gale, J.L. Sessler and V. Král,
Chem. Commun., 1998, 1. Copyright 1998 Royal Society of Chemistry)
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could be used to effect the HPLC-based separation of more complicated Cbz-pro-
tected anionic amino acids (cf. serine, glutamine, alanine, phenylalanine, tryptophan,
aspartate, and glutamate). Such potentially useful separations were extended to
include the biologically important substrates ATP, ADT, and AMP. As shown in
Figure 5.3c, this set of 5′-adenosine phosphates could be separated under isocratic
conditions. The same proved true for even more complex mixtures involving various
representative oligonucleotides (cf. Figures 5.3d–f).

5.2.1 Extended Cavity Systems

In order to improve the anion-binding selectivity of calix[4]pyrrole, two kinds of the
so-called “deep” or “extended” cavity calix[4]pyrroles (5.5) have been prepared. In
both cases, the size of the cavity was enhanced by “appending” bulky groups,
namely substituted aryl8–11 and steroid subunits12 onto the four meso-positions. The
resulting sterically congested environment, enforced around the anion-binding site,
was found to improve the anion-binding selectivity. 

Both the meso-tetraaryl and tetrasteroidyl deep-cavity systems were prepared via
acid-catalysed condensations involving pyrrole and the requisite ketone. Such reac-
tions provide a mixture of four configurational isomers which are termed αβαβ,
ααββ, αααβ, and  αααα, respectively, in analogy to the porphyrin literature. 
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X-ray structural analysis of the two aryl systems 5.5a and 5.5b reveal receptor-sub-
strate complexes having high walls and well-defined binding cavities (Figure 5.4), at
least in the case of the αααα isomers.10,11

Not surprisingly, the presence of a well-defined binding cavity resulted in a
greatly enhanced selectivity for fluoride anion, relative to chloride anion and
dihydrogen phosphate anion. Presumably, this enhancement reflects the fact that
small guests such as fluoride can fit into the size-limited binding cavities. Consistent
with this assumption, a significant difference in the anion-binding affinities for com-
pounds 5.1a, 5.5a, and 5.5c was observed in acetonitrile solution, as determined by
standard 1H NMR titration methods (cf. Table 5.4). For example, the ααββ isomer
of 5.5a, the isomer having the most open binding cavity, was found to bind chloride
anion roughly four times as well as the other isomers. Data from this same solution-
phase binding study also revealed obvious electronic effects, in spite of the fact that
the distance between the pyrrolic NH-donor atoms and the aryl substituents is rather
considerable. For instance, each isomer of 5.5a displays a notably higher anion affin-
ity than do the corresponding isomers in the methoxy substituted series, 5.5c. 

In DMSO-d6, a more polar solvent system than acetonitrile, the αααα-isomers of
the two extended cavity receptors 5.5b and 5.5c were found to bind only fluoride
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Table 5.3 Retention times (min) for anions (studied as the corresponding tetrabutyl-
ammonium salts) on HPLC columns derived from modified silica gels 5.3
and 5.4a

F� Cl� H2PO4
� HSO4

�

5.3 16.4 15.2 20.1 16.2
5.4 16.9 17.9 22.0 16.2

aAnions were eluted as 1 mM CH3CN solutions of their tetrabutylammonium salts under the following
conditions (flow rate, 0.4 ml min�1; mobile phase, CH3CN; detection, conductivity).

Figure 5.4 (a) Single-crystal X-ray structure of the acetonitrile complex of calix[4]pyrrole
5.5a and (b) Single-crystal X-ray structure of the chloride-anion complex of
calix[4]pyrrole 5.5b
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anion within the limits of detection.8,10 However, even for this anion, the binding
affinities were low. For instance, in DMSO-d6, the fluoride-anion-binding affinity of
5.5b is ca. 74 M�1 as determined from 1H NMR spectroscopic titrations.

The steroid-based calix[4]pyrrole systems 5.5e and 5.5f were introduced by Král
and Sessler in 2002. In this case, a FAB-MS screening process was used to determine
the ability of these systems to effect the enantioselective recognition of tartaric acid
and mandelic acid (Figure 5.5).12 Evidence for enantioselective binding was found in
the case of the polyhydroxylated αααβ configurational isomer of 5.5f. This finding
is rationalized in terms of multiple substrate-receptor hydrogen-bonding interactions
that involve not only specific anion-pyrrolic NH contacts, but also less well-defined
steroid-substrate interactions. The importance of these latter ancillary contacts is
underscored by the fact that 5.5e proved far less effective than 5.5f, as judged by both
mass spectrometric (MS) screening and more direct extraction methods.

5.2.2 Higher Order Systems

Although not isolable from the normal acid-catalysed reaction of pyrrole and sim-
ple ketones, ever since Sessler’s 1996 report, there has been interest in preparing the
so-called higher order calix[n]pyrrole (n � 4) systems. Such systems, it could be
expected, might display altered anion-binding affinities or display selectivities for
larger anionic substrates. In recent years, several groups have, in fact, succeeded in
preparing higher order calix[n]pyrroles (i.e., 5.7–5.10), bipyrrole-derived analogues
(e.g., 5.11 and 5.12), bispyrroylcarbazole-derived analogues (5.13), and bispyrroyl-
benzene-derived analogues (5.14). 
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Table 5.4 Association constants (Ka, M�1) for compounds 5.1a, 5.5a, and 5.5c with
anionic substrates a as determined from 1H NMR spectroscopic titrations
carried out in acetonitrile-d3 (0.5% v/v D2O) at 22 °C

Compound

5.5a 5.5c

Isomer 5.1a ααββ αααβ αααα ααββ αααβ αααα

F� �10,000 �10,000 5000b �10,000c 460 1100b �10,000
Cl� �5000 1400d 260 320 �100 220 300
H2PO4

� 1300 520d 230 500 �100 �80 �100

aAcetonitrile-d3 (0.5% v/v D2O) solutions of receptors 5.1a, 5.5a, and 5.5c were titrated by adding
increasing aliquots of concentrated acetonitrile-d3 (0.5% v/v D2O) solutions of the anions in question (in
the form of their tetrabutylammonium salts). To account for dilution effects and simplify the analyses,
these latter solutions also contained 5.1a, 5.5a, and 5.5c at their initial concentrations. Estimated errors
were �15%. Binding stoichiometries, determined by Job plots, were 1:1 unless otherwise indicated. 
bFit by following the change of two different β-pyrrolic CH resonances.
cAt high [F�]/[calixpyrrole] ratios, a second binding process, involving presumably interactions between
the fluoride and the phenolic OH residues, is observed. 
dFit by following the change in both the meso-aryl CH and β-pyrrole CH resonances.
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The first synthesis of free-standing higher order calix[6]pyrroles was achieved by
Eichen and co-workers.13 The resulting receptors, compounds 5.7a and 5.7b, have
two more pyrrole units and possess an expanded core relative to calix[4]pyrrole.
Table 5.5 lists the published association constants of calix[4]pyrrole (5.1a) and
calix[6]pyrrole (5.7a), as derived from 1H NMR titration studies carried out in ace-
tone-d6/CDCl3 (1:9). In the case of the meso-octamethylcalix[4]pyrrole 5.1a, a clear
preference for fluoride is observed. In contrast, the extended calix[6]pyrrole system
5.7a shows a moderate preference for iodide anion (the binding order is I� � F� ��
Cl� � Br� rather than F� � Cl� � Br� � I� as seen for 5.1a). The fact that higher
affinities are found for larger anions in these systems underscores the importance of
having a proper geometrical fit between the host and guest. While the core size of
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Figure 5.5 Results of FAB-MS screening experiments designed to probe the interactions of
5.5f with selected anions. For these studies, a large excess (�100-fold) of the car-
boxylic acid in question was added to a MeOH solution of the receptor and sub-
jected to FAB-MS analysis. The ratios depicted are the ratios in percentages with
relation to the parent ion peak. It should be noted that these results give only a
semi-quantitative approximation of the relative concentrations of the species in
question under more normal solution phase conditions.
(Reproduced with permission from “Artificial Pyrrole-based Anion Receptors,” in
Functional Synthetic Receptors, J.L. Sessler, W.-S. Cho, T. Schrader and A.D.
Hamilton (eds), Wiley–VCH, Weinheim, 2005)
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the expanded system allows six pyrrolic NH to interact with the bound iodide anion,
the smaller anion, fluoride, is presumably unable to benefit from the full comple-
ment of such multiple interactions. Similar effects have been invoked to rationalize
the cation selectivities of crown ethers.14

Using a very different synthetic approach, but one that is also characterized by
extreme elegance, Kohnke and his co-workers reported the synthesis of the meso-
decamethylcalix[5]pyrrole and meso-dodecamethylcalix[6]pyrrole systems 5.8 and
5.9a. These compounds were prepared from calix[n]furan (n � 5, 6) by using first 
m-CPBA to open the furan heterocycles, and then ammonium acetate to form the
requisite pyrrole rings.15 Single crystals of both the chloride and bromide complexes
of 5.9a were obtained and elucidation of the corresponding X-ray diffraction struc-
tures revealed that the anions are coordinated at the centre of the macrocycle via six
hydrogen bonds (Figure 5.6). While these two structures are quite similar, in the case
of the chloride-anion complex the N···Cl distances range from 3.265 to 3.305 Å (vs.
a range of 3.264–3.331 Å in the corresponding calix[4]pyrrole-chloride structure2),
while the N···Br distances range from 3.344 to 3.404 Å.16

The result of anion-binding studies carried out with 5.8 and 5.9 are shown in
Table 5.6.15,17 It is difficult to make comparisons within this data set because not all of
the Ka values were obtained under identical conditions or using the same method.
Nonetheless, to the extent such comparisons may be made, it can be seen from
Table 5.6 that for simple halide anions, the association constants increase with the
number of pyrrolic NH units present in the macrocycles. Further, the inherent selec-
tivity is seen to change. In the case of calix[4]pyrrole 5.1a, for instance, the fluoride
to chloride Ka ratio is roughly 59 in D2O saturated dichloromethane. By contrast, the
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Table 5.5 Association constants (Ka, M�1) for the binding of anions to calix[6]pyr-
role 5.7a and calix[4]pyrrole 5.1a, as determined from 1H NMR spectro-
scopic titrations carried out in acetonitrile-d3-CDCl3 (1:9) at 298 K. The
anions were studied in the form of their tetrabutylammonium salts

F� Cl� Br� I� BF4
� CF3CO2

�

5.1a 23,800 6800 270 <10 <10 70
5.7a 1080 650 150 6600 2350 1150
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corresponding ratio for calix[6]pyrrole 5.9a is ca. 27, indicating a relatively lower flu-
oride selectivity than in the parent calix[4]pyrrole. On the other hand, receptors 5.8
and 5.9c exhibit enhanced selectivity for fluoride over chloride, with the relevant Ka

ratios being ca. 400 and 877, respectively.
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Figure 5.6 (a) Single-crystal X-ray structure of the chloride anion complex of calix[6]pyrrole
5.9a and (b) the single-crystal X-ray structure of the corresponding bromide
anion complex

Table 5.6 Association constants (Ka, M�1) for various 1:1 anion complexes. The
countercation was n-Bu4N

+ in all cases with the exact experimental con-
ditions being indicated in the footnotes

Anions 5.1a 5.8 5.9a 5.9c 5.9d

F� 2700a 14,000b ca. 320,000g 57,000g f

Cl� 46a 35b 12,000e 65a 5500e

Br� 10d – 710c �10a 69c

I� �10d – i i i

H2PO4
� 97d – h i i

HSO4
� �10d – ca. 10c i i

NO3
� �10d – 16c i �10c

CN� �10a – ca. 100a �100a h

aMeasured by NMR spectroscopic titration in D2O saturated CD2Cl2 at 20 °C.
bMeasured by NMR spectroscopic titration in D2O saturated CD2Cl2 at 22 °C.
cMeasured by NMR spectroscopic titration in “dry” CD2Cl2 at 20 °C.
dMeasured by NMR spectroscopic titration in “dry” CD2Cl2 at 25 °C.
eDetermined using the Cram extraction method at 16 °C using D2O/CD2Cl2.
fKa proved too large to be determined by NMR spectroscopic titration methods. Moreover, the compound
also proved ineffective as a phase transfer agent between D2O and CD2Cl2, meaning the Cram extraction
method could likewise not be used.
gMeasured by competition experiment using calix[4]pyrrole 5.1a as the competing species.
hAn interaction is observed, but the NH resonances disappeared upon addition of the salt; thus, a Ka value
could not be determined.
iNo detectable binding observed in either dry or wet CD2Cl2.
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In 2000, a direct synthesis of higher order calix[n]pyrroles (5.10b, n � 5; 5.10d,
n � 8) was discovered. It relied on the use of 3,4-difluoropyrrole rather than simple
pyrrole.18 Because 3,4-difluoropyrrole is less reactive than pyrrole, the standard
acid-catalysed macrocyclization reaction proceeds under kinetic, rather than ther-
modynamic control, at ambient temperature. For presumably related electronic rea-
sons, the higher order systems, which are always obtained in lower yields than the
calix[4]pyrrole species 5.10a, are also quite stable. Subsequent to the initial report,
it also proved possible to isolate the calix[6]pyrrole species (5.10c) from an analo-
gous condensation reaction carried out under modified conditions.19

X-ray diffraction analysis revealed that the fluoride-anion complex of the meso-
octamethyl-octafluorocalix[4]pyrrole 5.10a adopts a normal cone conformation in
the solid state (Figure 5.7a). Here, the average N···F distance is 2.766 Å, which is
nearly the same as that present in the fluoride-anion complex of calix[4]pyrrole
5.10a. By contrast, considerable distortion is seen in the crystal structure of meso-
decamethyl-decafluorocalix[5]pyrrole 5.10b, although it is to be noted that this
structure reflects the anion-free form (Figure 5.7b). A high level of distortion, cou-
pled with the presence of interannular CF···H hydrogen bonds also characterizes the
structure of 5.10d (Figure 5.7c). 

Quite recently, a comparable set of anion-binding affinities for the fluorinated
calix[n]pyrroles were determined using ITC titration in solution under well-defined
conditions. They were also studied via extraction experiments, which involved par-
titioning between an organic and aqueous layer. It was found that octafluoro-
calix[4]pyrrole 5.10a exhibits little discrimination among chloride, bromide, and
iodide anions. However, these halide anions were extracted more effectively than
nitrate and fluoride anions. On the other hand, the decafluorocalix[5]pyrrole 5.10b
was found to exhibit a preference for nitrate and fluoride anions.20

The ITC titration studies, carried out under very different conditions (e.g., dry ace-
tonitrile and DMSO) revealed slightly different trends.21 Here, it was found that the
relative association constants (Krel � Ka(Cl)/Ka(Br)) decrease with increasing macrocy-
cle size (Table 5.7). This represents a reversal of what was expected based on anion
electronegativity. Specifically, chloride anion, being more electronegative and pos-
sessing a higher charge density, was expected to be bound more strongly than bro-
mide anion. While this is true in an absolute sense, in the case of 5.10c, the Krel value
is rather small, presumably reflecting the fact that the relatively large cavity present
in calix[6]pyrrole is better able to accommodate bromide anion than chloride anion.
Interestingly, in the case of H2PO2

� anion, an inherently less spherical anion, the
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association constants were seen to increase as the number of β-fluorinated pyrrolic
subunits increased.

In order to make more efficient receptors for larger anions, several groups have
begun working recently on the generation of new extended calixpyrrole-type
systems that are based on various combinations of bipyrrole, furan, thiophene, and
pyrrole. Not all of these systems have been demonstrated as being useful anion
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Figure 5.7 X-ray structure of (a) the fluoride anion complex of octafluorocalix[4]pyrrole
5.10a, (b) acetate-anion complex of decafluorocalix[5]pyrrole 5.10b, and (c) neu-
tral hexadecafluorocalix[8]pyrrole 5.10d

Table 5.7 Association constants (Ka, M�1) determined in CH3CN or DMSO solution
by ITC at 30 °C using the n-Bu4N

+ salts of the indicated anionsa

Anions Solvent 5.10a 5.10b 5.10c

Cl� CH3CN 530,000 41,000 280,000
Br� CH3CN 8500 4500 110,000
I� CH3CN b b 610
H2PO4

� DMSO 17,000 9600 15,000
H2PO2

� DMSO 3300 13,000 35,000
C6H5CO2

�c CH3CN 1,390,000 83,000 580,000
CH3CO2

�c CH3CN 2,360,000 520,000 1,020,000

Krel = Ka(Cl)/Ka(Br) 62.4 9.1 2.5

aThe host (macrocycle) solution was titrated with the guest (anion) solution unless otherwise indicated.
bNo evidence of anion binding was observed.
cThe guest solution was titrated with the host solution (reverse titration).
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receptors. One set of compounds where this utility has been established is the bipyr-
role macrocycles 5.11a and 5.11b. In the case of the calix[3]bipyrrole 5.11a, X-ray
structural analysis of the chloride-anion complex revealed that the macrocycle
adopts a cone conformation, and that all six pyrrolic NHs are involved in hydrogen-
bonding interactions involving the chloride anion (Figure 5.8). The N···Cl distances
are in the range of 3.338–3.382 Å,22 which is longer than that observed in the case
of calix[4]pyrrole (viz. 3.264–3.331 Å2). 

Recently, the X-ray structure of the chloride-anion complex of calix[4]bipyrrole
5.11b was also solved. It reveals that a simple chloride anion is bound to the 
V-shaped cleft of this receptor and is held in place in the resulting “pocket” by inter-
actions involving all eight pyrrolic NHs (Figure 5.9).23 The N···Cl distances range
from 3.422 to 3.572 Å.

The observation of bound anions in the solid state structures of the various
calix[n]bipyrrole macrocyclic systems (n � 3, 4) led to considerations that these sys-
tems would be capable of acting as anion receptors in organic solution. It was also
anticipated that these receptors, to the extent they bound anions, would favour larger
species (e.g., bromide anion over chloride anion). Table 5.8 provides support for this

NH
H
N

NH HN

NH HN

n

5.11a n = 1
5.11b n = 2
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Figure 5.8 Single-crystal X-ray structure of the chloride-anion complex of calix[3]bipyrrole
5.11a
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latter notion. Specifically, it contains data which highlights the fact that receptor
5.11a displays bromide- and iodide-anion affinities that are greatly enhanced rela-
tive to those of calix[4]pyrrole. In the case of the larger calix[4]bipyrrole homologue
5.11b, a receptor containing eight potential pyrrolic NH-donor groups, the associa-
tion constant for chloride was observed to be much higher than that of bromide. The
absolute anion affinities of this system were also found, for the most part, to be
higher than those of calix[4]pyrrole. Presumably, this set of combined observations
reflects the fact that both size- and geometry-based matching between the macro-
cyclic receptor and anionic substrates, as well as the total number of hydrogen-bond
donors available for complexation (pyrrolic-NH in the present instance), are impor-
tant in terms of regulating anion-binding affinities. 

Recently, a new set of anion receptors, 5.12a–5.12c, based on bipyrrole “com-
bined” with either furan or thiophene was prepared.24 These systems display good
affinities for Y-shaped anions, such as benzoate and acetate, while binding such clas-
sic spherical anions as chloride and bromide less well. Two complementary single-
crystal X-ray structure analyses (cf. Figure 5.10) served to show that 5.12b adopts a
cone conformation in the presence of acetate, but adopts a 1,3-alternate conforma-
tion with chloride anion in solid state. In the case of the acetate complex, both bipyr-
role units bind to each oxygen atom of the bound acetate anion via NH···O
hydrogen-bond interactions (cf. N···O � 2.85–2.86 Å). However, only one bipyrrole
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Figure 5.9 Single-crystal X-ray structure of the chloride-anion complex of calix[4]bipyrrole
5.11b

Table 5.8 Association constants (Ka, M�1) for the interaction of 5.11 with various
anions in acetonitrile as determined from ITC titration carried out at 303 K

Receptors Cl� Br� I�a NO3
�a

5.1 140,000 3400 17 52
5.11a 110,000 100,000 9300 11,000
5.11b 2,900,000 110,000 56 450
aValue obtained from 1H NMR titration at 22 °C in CD3CN.
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unit has a direct hydrogen-bond interaction with the chloride anion, while the other
interacts through a bridging water molecule.

As can be seen from an inspection of Table 5.9, the association constants for the
binding of benzoate to 5.12a–5.12c are roughly 60 times higher than the corresponding
chloride-anion-binding affinities. On the other hand, calix[4]pyrrole 5.1a shows 
no benzoate-chloride-anion selectivity and calix[3]bipyrrole 5.12a displays only
intermediate selectivity behaviour (approximately nine-fold). Taken in concert, these
observations are consistent with the notion that controlling the internal cavity size,
as well as the overall shape of pyrrole-derived receptors, can lead to systems whose
selectivities are optimized for certain classes of anions.

In 2004, another type of expanded calixpyrrole, namely one containing carbazole
subunits (5.13), was prepared by the Sessler group.25 In the solid state, the benzoate
anion complex of receptor 5.13 was found to adopt a wing-like conformation as
shown in Figure 5.11. The complex structure was stabilized by four hydrogen-bond
interactions involving the receptor 5.13 and the bound benzoate anion. The anion-
binding properties in solution were then studied using a fluorescence-quenching-
based titration method. The Ka values obtained in this way are summarized in Table
5.10; taken in concert, they reveal a clear preference for oxyanions.

N
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N
H

X

H
N

H
N

Y

5.12a X = Y = O
5.12b X = Y = S
5.12c X = O, Y = S
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Figure 5.10 Single-crystal X-ray structures of (a) the nitrate-anion and (b) the chloride-
anion complex of compound 5.12b
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Table 5.10 Association constant (Ka, M�1) for the interaction of 5.13 with different
anions in dichloromethane as measured by fluorescence quenching

Acetate Benzoate Oxalate Succinate H2PO4
� HP2O7

3� Cl�

5.13 230,000 77,000 31,000 9500 72,000 64,000 35,000

Table 5.9 Association constants (Ka, M�1) for the interaction of 5.12 with various
anions in acetonitrile as deduced from ITC titrations carried out at 303 K

Receptors Cl� Br� HSO4
� H2PO4

� C6H5CO2
� CH3CO2

�

5.1a 140,000 3400 b 15,100 120,000 350,000
5.12a 960a 37a 130a 240a 63,000 78,000
5.12b 1540a 100a 28a >10,000a 100,000 140,000
5.12c 6700a 150a 36a b 670,000 710,000

aValue obtained from 1H NMR titration at 25 °C in CD3CN.
bNo evidence of anion binding is observed. 

Figure 5.11 Two views of the benzoate complex of calix[4]pyrrole[2]carbazole 5.13 as deter-
mined from a single-crystal X-ray diffraction analysis
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Quite recently, the 1,3-bispyrrolylbenzene was prepared as an alternative “building
block” for use in the synthesis of a new type of expanded calixpyrrole, namely the
calix[n]bispyrrolylbenzenes 5.14–5.16.26 In the case of calix[2]bipyrrolylbenzene,
5.14, two diffraction-grade crystals were analysed by X-ray structural analysis and the
resulting structures are shown in Figure 5.12. From these it can be seen that 5.14
adopts a cone conformation and binds anions (i.e., chloride and nitrate) via four hydro-
gen bond interactions (N···Cl � 3.31–3.40 Å for the chloride anion complex and N···O
� 2.96–3.41 Å for the nitrate-anion complex). While the four pyrrolic NH protons are
involved in binding with a single chloride anion, only two of the oxygen atoms from
the nitrate anion are involved in hydrogen bonds with the four pyrrolic NH protons.

A corresponding X-ray analysis of the PF6
� and NO3

� complexes of 5.15 revealed
that this system, calix[3]bispyrrolylbenzene, adopts a V-shape conformation when
bound to these anions in the solid state. Figure 5.13 reveals that the PF6

� is bound
through hydrogen-bond interactions involving five of the six pyrrolic NH protons
and three fluoro units (N···F � 3.26–3.52 Å). Interestingly, all three oxygen atoms
of the nitrate anion interact with the receptor via hydrogen bonds involving four of
the six pyrrolic NH protons (N···O � 3.11–3.30 Å).  

Quantitative association constants were measured using standard 1H NMR spec-
troscopic methods in CD2Cl2 as well as via ITC titrations using 1,2-dichloroethane
as the solvent. The results from both methods, summarized in Table 5.11, indicate
that 5.14 binds anions most strongly within the present series of bispyrrolylbenzene-
based expanded calixpyrrole systems. Additionally, the selectivity of 5.14 towards
bromide anion over chloride anion is fully consistent with the hypothesis that the
size of the cavity present in 5.14 provides a better fit for the bromide anion than does
its congeners.

5.2.3 Strapped Systems and other Related Receptors

One of the guiding themes in supramolecular chemistry is that increasing the
degree of preorganization can lead to receptors with improved selectivities,

NH HN

HNNH
n

5.14 n = 1 
5.15 n = 2 
5.16 n = 3
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enhanced affinities, or both. In the case of the calixpyrroles, this possibility has
been explored by creating deep cavities as detailed in Section 5.2.1 or by expand-
ing the core size as discussed in Section 5.2.2. It can also be achieved by increas-
ing the dimensionality of the receptors. This latter approach, which actually
defines one of the current frontiers in pyrrole-based anion-receptor design, is lead-
ing to the construction of strapped, capped, and cryptand-like systems. The first
example of a “strapped” or “capped” calix[4]pyrrole was reported by Lee and co-
workers27 in 2002. This system, 5.17, represents the vanguard of what is a grow-
ing class of calix[4]pyrrole receptors bearing trans-substituted straps on one face
of the molecule. Qualitative assessments of anion-binding affinity were made
using 1H NMR spectroscopy, following the chemical shift changes or integrated
intensity changes of various receptor-derived signals as a function of anion con-
centration.
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Figure 5.13 Single-crystal X-ray structures of (a) the PF6
� and (b) the NO3

� complexes of
calix[3]bispyrrolylbenzene 5.15

Figure 5.12 Single-crystal X-ray structures of (a) the chloride-anion and (b) the nitrate-
anion complexes of calix[2]bispyrrolylbenzene 5.14
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Quantitative assessments of anion-binding affinities were made for receptor 5.17
using ITC methods. From these studies, it was determined that the chloride-anion-
binding affinity is ca. 1.0 � 105 M�1 in DMSO. The corresponding fluoride-binding
affinity, obtained from an 1H NMR spectroscopic competition experiment, was
found to be approximately 3.9 � 106 M�1.27 On the other hand, no appreciable bind-
ing interactions were observed in the presence of bromide, iodide, sulfate, or dihy-
drogen phosphate anions. 

One year after Lee’s original report, the X-ray crystal structure of the chloride-
anion complex of 5.17 was obtained. The resulting structure, shown in Figure 5.14,
reveals a cone-like conformation for the calix[4]pyrrole core and the presence of a
chloride anion encapsulated within the three-dimensional binding cavity.

On a different level, it was recognized that by varying the nature of the strap, fun-
damental insights into the relationship between the structures of the receptor, the size
and shape of the anion, and the binding affinities might be obtained. In 2002, Sessler
and Lee28 reported the synthesis of a new set of strapped calix[4]pyrroles, 5.18, that
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Table 5.11 Association constant (Ka, M�1) for the interaction of 5.14, 5.15, and
5.16 with different anions as deduced from 1H NMR spectroscopic titra-
tions carried out in CD2Cl2 and ITC titrations carried out in 1,2-
dichloroethane

Method Anions 5.1a 5.14 5.15 5.16

1H NMR F� 17,000 �10,000 �10,000 a

Cl� 350 �10,000 3100 �10,000
Br� 10 �10,000 390 �10,000
I� <10 �10,000 150 a

HSO4
� <10 �10,000 850 a

H2PO4
� 97 6300 1700 a

NO3
� <10 �10,000 5100 �10,000

ClO4
� a 7900 30 110

ITC Cl� 18,000 5,600,000 82,000 240,000
Br� a 21,000,000 5600 44,000
HSO4

� a 1,200,000 11,000 76,000
NO3

� a 2,500,000 3800 220,000

aValue not determined.
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are bridged by ether-containing straps of varying lengths. They have recently extended
this approach to include the amide-strapped analogues 5.19.29 Table 5.12 summarizes
the affinity constants corresponding to the binding of chloride, bromide, and iodide
anions to various strapped calix[4]pyrroles as determined by ITC in dry acetonitrile.
Inspection of this table underscores the advantages that accrue as the result of “strap-
ping” one face of a calix[4]pyrrole. For instance, the use of a tight C-4 ether strap (sys-
tem 5.18a) gives rise to an extremely high chloride anion binding affinity. By the
contrast, the use of a C-6 ether strap (5.18c) produces a system with an enhanced bro-
mide anion binding ability, at least relative to the parent calix[4]pyrrole system 5.1a.
In the case of the C-3, C-4, and C-5 amide strapped calix[4]pyrroles 5.19a–5.19c, the
chloride anion binding affinities were found to be almost identical but still generally
higher than those of the other strapped systems. Rather, in contrast to what was found
in the case of the analogous ether-linked strapped systems, all three new amide-
strapped receptors, 5.19a–5.19c, give rise to more or less the same binding behaviour
and thus do not show any kind of anion-to-receptor size-matched selectivity. On the
other hand, the dramatic increase in affinity observed relative to 5.1a indicates that in
the case of 5.19a–5.19c, anion binding likely benefits from interactions involving both
the amide NH and pyrrolic NH protons. 

In 1996, Sessler and et al.30 reported the first structurally characterized three-dimen-
sional oligopyrrole system, namely the “tripod” 5.20. It was prepared from the acid-
catalysed condensation of mono-formylbipyrrole and mono-α-free bipyrrole. X-ray
crystal structure analysis revealed that tripod 5.20a exists as diastereogenic dimer in the
solid state, wherein each monomer possesses a right- or left-handed twist. This dimer-
ized structure is apparently stabilized by 12 hydrogen-bond interactions involving the

Neutral Pyrrole Systems 247

Figure 5.14 Single-crystal X-ray structure of the chloride-anion complex of strapped-
calix[4]pyrrole 5.17
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pyrrolic NHs and the benzoate oxygen atoms (Figure 5.15). In the gas phase, a dimer
peak was observed under the conditions of FAB-MS analysis. In protic solvents, 1H
NMR spectroscopic studies provided evidence that tripod 5.20a also exists as a dimer
in solution. The fact that such a self-assembled dimer was found to exist over such a
range of conditions, provided an incentive to try building corresponding three-dimen-
sional cryptand-like species wherein the top and bottom “halves”, analogous to 5.20,
would be linked via covalent bonds.

The first synthesis of an oligopyrrole-based cryptand was realized by Beer and
co-workers31 in 2001. Here, an α-formylated tripyrrolylmethane was condensed
with either ethylenediamine or butylenediamine to produce the imine-linked prod-
ucts 5.21. Single-crystal X-ray diffraction analysis revealed that the neutral
diamine, used as a reactant, was trapped inside the three-dimensional cavity of
cryptand 5.21a, being held there via two different sets of hydrogen-bonding inter-
actions involving the pyrrolic NHs, the Schiff base nitrogen atoms, and the diamine
hydrogens (Figure 5.16). The inclusion of the diamine led to the suggestion that this
species not only acts as a reactant but also as a template for the formation of the
cryptand. While this hypothesis is yet to be tested, quantitative determinations of
the stability constants for the binding of the diamine were made using 1H NMR
spectroscopic titration methods. Specifically, it was found that the neutral ethane-
1,2-diamine and ethane-1,2-diol were bound with affinities of ca. 1500 and 1060
M−1, respectively, in CDCl3.    
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NH HNHN
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CO2R1 R1O2C
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5.20a R1 = Bn, R2 = CH3
5.20b R1 = R2 = C2H5
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Table 5.12 Halide-anion association constants (Ka, M�1) for receptors 5.17, 5.18,
and 5.19. Determinations were made by ITC in acetonitrile at 30 °C
using the corresponding tetrabutylammonium salts

5.17 5.18a 5.18b 5.18c 5.19a 5.19b 5.19c

Cl� 1,380,000 3,630,000 1,370,000 1,370,000 3,890,000 3,350,000 3,240,000
Br� ∼ 0 30,000 31,000 120,000 1,410,000 1,250,000 700,000
I� – – – – – 2300 3000

N.D.: No evidence of anion binding observed.
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Nearly contemporaneous with the Beer report, Sessler and co-workers32 published
the first carbon—carbon-linked polypyrrole cryptand, namely the “3-D calixpyr-
role” 5.22a. Receptor 5.22a is too small to allow for the internal binding of
substrates (it contains essentially no cavity-like void). However, it presents
three identical binding surfaces and was found to bind solvents in the solid state as
shown in Figure 5.17. This led to the suggestion that it could stabilize anion-receptor
complexes of 1:1, 1:2, or 1:3 binding stoichiometry in solution. In point of fact,
1H NMR spectroscopic experiments, carried out in CD2Cl2 and THF-d8, revealed
host–guest stoichiometries that were even more complicated and depended directly
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HN
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N N

5.21a n = 1
5.21b n = 2
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Figure 5.15 Single-crystal X-ray structure of tripod 5.20a showing the dimer formed between
two molecules of 5.20a in the solid state. In this view, the benzyl and methyl
groups have been removed for clarity
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on the choice of anion. For instance, fluoride, when added to 5.22a as an anionic
guest, was found to bind to six of the nine pyrrolic subunits, in an apparent 1:1 fash-
ion. By contrast, analysis of the binding data revealed that a single chloride anion
interacts with two molecules of receptor 5.22a in solution (1:2 anion:receptor stoi-
chiometry), being bound with a stability constant of 3.1 � 106 M�2 in CD2Cl2.
Finally, a 2:1 anion:receptor stoichiometry was observed upon addition of tetrabutyl-
ammonium nitrate. In this case, the stability constants, Ka1 and Ka2, were estimated
to be ca. 1700 and 420 M�1, respectively, in CD2Cl2 solution, as judged from 
1H NMR spectroscopic analyses. 

Quite recently, the oxidized form of this receptor, 5.22b, was also reported by
Sessler and co-workers.33 This interesting structure contains sp2 bridging carbon
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Figure 5.17 (a) Single-crystal X-ray structure of the cryptand-like calixpyrrole 5.22a show-
ing the three bound water molecules and one bound molecule of
dichloromethane and (b) single-crystal X-ray structure of the 3-D calixphyrin
5.22b showing the one bound water molecule, one bound ethanol molecule, and
the one bound ethyl acetate molecule

Figure 5.16 Single-crystal X-ray structure of the ethane-1,2-diamine complex of
bis(tripyrroyl)cryptand 5.21a
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atoms at the bridge-head positions. It may thus be viewed as being a “3-D calix-
phyrin”. As yet, however, the ability of this new system to act as a possible anion
receptor has not been probed.

5.3 Linear Receptors 
While the anion-binding affinities of cyclic oligopyrrole receptors have been exten-
sively studied over the last decade, until recently little attention was paid to linear
(acyclic) pyrrole-based anion receptors due to a perception that they would show low
anion-binding affinities. Belying this misconception, Gale and his group, building on
precedent from Schmuck and Crabtree,34 reported a series of highly effective acyclic
mono- and dipyrrole-based anion receptors.35

This series of receptors, represented by structures 5.23–5.25, were synthesized by
the reaction of pyrrolic diacid chlorides and various amine derivatives. The crystal
structure of the benzoate complex of the linear receptor 5.23a was published in
2002. It revealed that all three hydrogen-bond donors are indeed involved in hydro-
gen bonding to this particular anionic guest (Figure 5.18a).36 More recently, the sin-
gle-crystal X-ray diffraction structure of the chloride-anion complex of the
deprotonated receptor 5.23d was reported. In this case, it was found that the depro-
tonated receptor binds the bound chloride anion via two amide-NH hydrogen bonds
and two phenyl CH···Cl interactions (Figure 5.18b).37

Table 5.13 summarizes the various anion-binding affinities of receptors 5.23 and
5.24, as inferred from 1H NMR spectroscopic analyses.38 These data reveal that 5.23
and 5.24 act as selective receptors for oxo-anions in polar organic solvents (e.g.,
CD3CN or DMSO-d6). However, within each receptor series some differences in the
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individual binding characteristics were observed. For instance, 5.23a displayed a
higher benzoate-anion association constant than its congeners.38 In the case of 5.23c
and 5.23d, receptors bearing attached-electron withdrawing groups on the amide-
phenyl subunit, anion-binding affinities were recorded that are generally higher than
those of 5.23b (viz. Ka � 1250, 40, and 4150 M�1 for fluoride, chloride, and ben-
zoate, respectively, in the case of 5.23c and Ka � 53 and 4200 M�1 for chloride and
benzoate in the case of 5.23d; DMSO-d6-0.5% water).37

Receptors 5.25a and 5.25b contain two pyrrole units and, not surprisingly, display
anion-binding behaviour that differs from that of 5.23 and 5.24. For instance, the
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Figure 5.18 (a) Single-crystal X-ray structure of the benzoate-anion complex of 2,5-
diamidepyrrole 5.23a and (b) single-crystal X-ray structure of the chloride-
anion complex of the deprotonated form of the linear pyrrole-based anion
receptor 5.23d.

Table 5.13 Anion affinities (Ka, M�1) of linear receptors as determined from
1H NMR spectroscopic titrations carried out at 25 °Ca

5.23a 5.23b 5.24a 5.24b 5.25a 5.25b

Anion CD3CN DMSO-d6 DMSO-d6 DMSO-d6 DMSO-d6
d DMSO-d6

d

F� 85 74 – – 7560 8990
Cl� 138 11 �20 �20 23 43
Br� �10 �10 b b 13 10
H2PO4

� 357 1450 2050c 525 e e

C6H5CO2
� 2500 560 47.6 152 354 424

HSO4
� – – �104 b 44 128

aAnions added in the form of the corresponding tetrabutylammonium salts. Acetonitrile water content is
0.03% and DMSO water content 0.5%.
bNo binding observed.
cHigh errors were obtained when fitting this data to a 1:1 binding model for titrations carried out in
DMOS-d6-0.5% water. Therefore, this titration was repeated in DMSO-d6-5% water solution. Although a
better fit was seen, the error (29%) remained large.
dMeasured in DMSO-d6-5% water.
eAn adequate fit could not be obtained.
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halide anion association constants are higher and the oxyanion association constants
are lower for both 5.25a and 5.25b than for receptors 5.23 and 5.24. Further, these
receptors were found to disply high selectivities for fluoride anion in partially mixed
organic-aqueous solutions.39

Further modifications of the basic diamide pyrrole motif were reported by Gale
and Brooker. In this study, receptors 5.26a–5.26d, possessing a more flexible hydro-
gen-bonding array, were introduced. These systems were found to display anion-
binding properties that made them more attractive as receptors than the parent
system 5.23a. As shown in Table 5.13, receptors 5.26a–5.26c exhibit anion selectiv-
ity in the sequence benzoate � dihydrogen phosphate � chloride.40 However, recep-
tor 5.26a, with extra saturated amine units, shows significantly enhanced affinities
towards anions containing a proton source (i.e., dihydrogen phosphate and hydrogen
sulfate anions). These results can be rationalized in terms of proton transfer from
these latter anions to the amine moieties in receptor 5.26a, leading to enhanced elec-
trostatic interactions between the then-protonated receptor and the resulting doubly
negative anions (see Table 5.14).

Most recently, P.A. Gale and B.D. Smith have designed and synthesized an imi-
dazole-functionalized amidopyrrole designed to cotransport HCl across lipid bilayer
membranes. Receptor 5.27 contains two NH-hydrogen-bond donors and a pendant
basic methylimidazole moiety and was designed as a synthetic analogue of prodi-
giosin. The structure of 5.27·HCl revealed the formation of a “2+2” dimer in the
solid state with each chloride bound by three hydrogen bonds; two from the pyrrole
(N…Cl 3.24(2) Å) and amide (N…Cl 3.29(2) Å) groups of one receptor and one from
the imidazolium group of another (N…Cl 3.10(2) Å) (Figure 5.19). With regard to the
potential for membrane transport, a notable feature of the crystal structure is that all
the polar and ionic functionality is inside the dimer, whereas the exterior projects
primarily lipophilic groups. Studies in palmitoyl-oleoyl-phosphatidylcholine
(POPC)/cholesterol vesicles under a range of different pH regimes have demon-
strated that both chloride and protons are released from the vesicles upon addition of
5.27. The fastest release of chloride was observed to occur from vesicles with a low

H
N

O
HN

O
NH

R R
5.26a R = CH2N(CH3)2
5.26b R = CH2(2-pyridyl)
5.26c R = 2-pyridyl
5.26d R = Ph
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Table 5.14 Anion affinity constants of linear receptors (Ka, M�1) as determined from
1H NMR spectroscopic titrations carried out in acetonitrile-d3 at 25 °Ca

F� Cl� C6H5CO2
� H2PO4

� HSO4
�

5.26a 430 135 1450 �104 �104

5.26b 425 150 3370 1080 420
5.26c 6060 190 5270 1590 250
5.26d 1500 190 2500 460 80

aAnions added as their tetrabutylammonium salts. Errors estimated to be less than 15%.
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pH (high HCl concentration) inside the vesicle and a near neutral pH outside the
vesicle.41

Since Gale’s report, the anion-binding studies of simple linear pyrrolic systems
5.28–5.32 have begun to be studied in ernest.24,26,42,43 For instance, two recent crys-
tal structures of 5.30a, in the form of its complex with fluoride and chloride anions 
(cf. Figure 5.20), have provided support for the notion that even simple linear
pyrrolic systems can bind anions via pyrrolic NH-anion hydrogen-bond interactions.

Receptors 5.29 and 5.30a have also been studied in the solution phase. As can be
seen from the findings summarized in Table 5.15, these systems display selectivity
for benzoate anion over spherical halide anions or tetrahedral-shaped anions.
Interestingly, it was observed that receptor 5.31, a system containing a rigid 1,3-ben-
zene spacer between the two constituent pyrrolic subunits, binds chloride anion more
strongly than bromide anion, in spite of possessing a size and shape that would per-
haps favour binding of the latter. This result, which will require further study to
analyse properly in the context of this class of receptors, nonetheless serves to under-
score the potentially rich nature of this approach to anion recognition. In fact, the
ease of synthesis associated with these and other open-chain pyrrole-based systems
leads to the prediction that this is a direction of study that will be receiving consid-
erable emphasis in the years to come.

Quite recently, Eichen and co-workers43 described 1,3-di(2-pyrrolyl)azulene 5.32
as an efficient luminescent probe for fluoride anion. The addition of increasing

H
N

H3C
O

HN

NN

Ph Ph

5.27

Me
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Figure 5.19 The X-ray crystal structure of the dimer (5.27-HCl)2
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amounts of fluoride anion to a solution of 5.32 in CH2Cl2 leads to the formation of
complex inducing the change of absorption spectrum. Quantitative binding studies,
the results of which are summarized in Table 5.15, illustrate the strong fluoride-
anion selectivity of receptor 5.32.

NH HN N
H

N
H

NH HN

N
H

N
H

R1 R1

R2 R2

NH HN

5.30a R1 = R2 = H
5.30b R1 = CH3, R2 = H
5.30c R1 = H, R2 = Br
5.30d R1 = Br, R2 = H

5.28 5.29

5.31 5.32
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Figure 5.20 Single-crystal X-ray structures of (a) the 1:2 complex formed between fluoride
anion and receptor 5.30a and (b) the chloride-anion complex of 5.30a

Table 5.15 Anion affinities of linear receptors 5.28–5.32 (Ka, M�1) as determined
using the corresponding tetrabutylammonium salts

F� Cl� Br� C6H5CO2
� H2PO4

� HSO4
�

5.28a 2100 110 19 – 310 �10
5.29 – 246b 53c 4090b – 35c

5.30ad 50,000 32,000 – 200,000 79,000 –
5.31a 2300 4300 1100 – 1300 290
5.32e 11,000 110 100 – – –

aIn CD2Cl2 as deduced from 1H NMR spectroscopic titrations carried out at 298 K.
bIn acetonitrile as determined by ITC titrations at 303 K.
cIn CD3CN as deduced from 1H NMR spectroscopic titrations carried out at 298 K.
dIn acetone as determined from UV–Vis spectroscopic titrations carried out at 298 K.
eIn CH2Cl2 as determined from UV–Vis spectroscopic titrations carried out at 298 K.
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5.4 Summary Remarks
The fact that pyrrole, unlike amides and ureas, does not contain a hydrogen-bond
acceptor group allows it to be used in the construction of simple yet highly effective
anion receptors as there is no potential ‘self-competition’ for the hydrogen-bond
donor groups. As we have seen, in the last 10 years, the anion-binding properties of
many new neutral pyrrole-based receptors have been explored. As these systems
have increased in complexity, we have seen remarkably high stability constants with
anions in the more pre-organized receptors. This area of anion complexation chem-
istry is still at an early stage and as time progresses we predict we will see new gen-
erations of three-dimensional neutral pyrrole systems with high selectivity and
affinity for anionic guests. This is, therefore, a very exciting area in which to work
with new opportunities for growth and application expected to emerge in the coming
years.
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CHAPTER 6

Receptors for Ion-Pairs

6.1 Introduction
Anions are always accompanied by their counter cations, and one approach to the
design of new selective anion receptors is to synthesize a receptor that encapsulates
both the cationic and anionic components of a salt. As mentioned in the introduction,
competition from ion-pairing must be considered when designing these types of
receptor. This is because such effects can be quite substantial. One example of the
importance of ion-pairing comes from the work of B.D. Smith and co-workers,1

which involved the study of the urea containing anion receptor 6.1. They found that
the complexation of dihydrogen phosphate by 6.1 in CD3CN differs in the presence
and absence of potassium tetraphenylborate (KBPh4). As illustrated by the NMR
spectroscopic titration shown in Figure 6.1, in the presence of KBPh4, the potassium
ions in solution sequester the initial aliquots of dihydrogen phosphate and no shift is
seen in the aryl NH resonance. However, when the free cations have been exhausted,
the added anions interact with the urea and the NH resonance shifts downfield.

Several receptors containing appended crown ethers were also synthesized by Smith
and co-workers1 (6.2–6.4). In this case, it might be expected that the presence of a
cation bound to the crown ether portion of these receptors would serve to enhance the
anion-binding affinity due to the presence of a positive charge. However, Smith et al.
found that the binding ability of the receptor was either suppressed or enhanced
depending upon the ion-pairing ability of the cationic guest and the nature of the par-
ticular receptor. The ion-sequestering ability of the Group 1 metal cations was in the
order Cs� � K� � Na�, matching their ion-pairing ability. Thus, very careful design-
ing is required to produce successfully a receptor capable of binding an ion-pair.
Indeed, receptors that seem to contain the necessary components to bind an ion-pair
will often fail to function as desired due to this ion-pairing competition.

This generally undesirable competition is illustrated by receptors 6.5–6.6,2 which
although containing both cation-binding crown ether groups and pyrrolic anion com-
plexation sites, fail to function successfully as ion-pair complexation agents.

In this chapter we will look at receptors designed to bind cation–anion pairs (ditopic
receptors), generate cascade complexes, and complex zwitterionic guests. While con-
siderable overlap often exists in practice, the basic design concepts underlying these
receptor systems generally differ, as illustrated in Figure 6.2.
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Figure 6.1 Chemical shift for aryl-NH proton in 6.1 (initially 10 mM) as observed by
1H NMR spectroscopy in CD3CN and 295 K upon addition of tetrabutylammonium
dihydrogen phosphate: presence (solid square), and absence (outline square) of
potassium tetraphenylborate (initially 10 mM). The signal for the alkyl-NH in 6.1
shows the same behaviour. (Reproduced with permission from ref. [1]. Copyright
2000, American Chemical Society.)
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6.2 Ditopic Receptors
Reetz and co-workers3 reported one of the first examples of an ion-pair receptor.
These workers synthesized a crown ether with a Lewis-acidic boron centre (6.7a) that
was found to complex potassium and fluoride ions simultaneously. The crystal struc-
ture (Figure 6.3) reveals the potassium ion bound within the macrocyclic cavity, while
the Lewis-acidic boron atom is bound to the fluoride anion. Evidence for the exis-
tence of the complex in solution was provided by 13C- and 11B-NMR spectroscopy.
They also showed that the 18-membered phenolic crown ether analogue of 6.7a can
be metalated with trimethylaluminium to give 6.7b, which was shown to form a
ditopic complex with LiCl, both in solution and the solid state.4

In 1993, Kilburn and co-workers5 reported the synthesis and binding properties of
the pyridine-strapped bis-amide 6.8. It was found that this cryptand-like system does
not bind the ammonium salts of amino acids, but rather that it binds the mono-potas-
sium salts of dicarboxylic acids well, presumably as the result of acting as a ditopic
(cation � anion) receptor. Qualitative binding studies were carried out by observing
the shifts in the amide NH peak in the 1H NMR spectrum engendered by the addition
of mono-potassium dicarboxylic acid salts; these studies were supported by extrac-
tion experiments and by FAB mass spectrometric analyses.

As part of a focused effort to prepare amide-based ditopic receptors, the new mac-
robicyclic systems 6.9a and 6.9b were synthesized and evaluated for their ability to
bind concurrently both alkali halide salts and neutral molecules by B.D. Smith and co-
workers.6 X-ray diffraction analysis revealed that in the case of the sodium chloride
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      Ditopic receptors              Cascade complexes         Zwitterion receptors

Figure 6.2 Three types of ion-pair receptors: ditopic receptors, cascade complexes, and
receptors for zwitterions
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complex of 6.9a the sodium cation is held within the dibenzo-18-crown-6 core, while
the chloride anion is hydrogen bonded to the two amide NH residues (Figure 6.4). A
chloroform solvent molecule was found between the cation and the anion separating
the ion-pair in the solid state. The association constants of 6.9a, determined by 1H
NMR spectroscopic titrations carried out in DMSO-d6/CD3CN (3:1), proved to be 50,
9, and �1 M�1 for chloride, bromide, and iodide anions, respectively, in the absence
of an added metal anion (the counter cation in these studies was tetrabutylammonium).
However, in the presence of 1 equiv. of metal cation, added as the corresponding
tetraphenylborate salt, the anion-binding affinities in the same solvent system were
increased dramatically (Ka � 410, 470, and 60 M�1 for the formation of the 6.9a-chlo-
ride anion complex in the presence Na�, K�, and Cs�, respectively). These results pro-
vide support for the notion that cooperative anion plus cation binding takes place in
solution and that these systems are bona fide ditopic receptors.
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Figure 6.3 Single-crystal X-ray structure of the potassium fluoride complex of receptor 6.7a
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B.D. Smith and co-workers7 have also reported the synthesis of ion-pair receptors
capable of binding contact ion-pairs. Receptor 6.10 contains a slightly smaller cavity
than receptors 6.9a and 6.9b. The association constant corresponding to the binding
of chloride by receptor 6.10, (i.e., 35 M�1) in DMSO-d6 at 295 K, is enhanced to
460 M�1 in the presence 1 equiv. of potassium tetraphenylborate. Addition of sodium
to the receptor only serves to increase the chloride anion affinity to a Ka of 50 M�1

under the same conditions. X-ray crystal structures of the NaCl and KCl complexes
reveal that the ion-pairs are in contact in the solid state (Figure 6.5) and that the
sodium cation is bound more closely to the crown ether than is the potassium cation.
Presumably, this serves to increase ion-dipole repulsions between the chloride anions
and the crown ether oxygen atoms, thus lowering the affinity for NaCl.

The interactions of 6.10 with the potassium and sodium salts of trigonal oxyanions
(e.g., nitrate and acetate) were also characterized using NMR spectroscopy in the
solution phase and single-crystal X-ray diffraction analysis in the solid state.8

Transport experiments, involving the use of a liquid organic membrane, were also car-
ried out, as were solid–liquid extraction studies.9 Taken in concert, this work provided
further evidence for ion-pair binding in the case of this receptor system.

In 2003, P.A. Gale, B.D. Smith and co-workers10 reported an analogue of 6.10 that
contains a 2,5-diamidopyrrole unit instead of the isophthalamide moiety present in
the original receptor. The pyrrole containing receptor 6.11 binds chloride anions with
a stability constant of 109 M�1 in DMSO-d6 at 298 K. In the presence of 1 equiv. of
potassium tetraphenylborate the chloride binding is enhanced to 540 M�1, while 1
equiv. of sodium tetraphenylborate enhances the chloride affinity by only a small
amount (KCl � 128 M�1). The enhancement in affinity of 6.11 as compared to 6.10
is presumably due to the extra hydrogen bond donor present in the pyrrole-based
receptor (as shown in Figure 6.6a).

An alternative modification was reported by Tuntulani and co-workers. In this
instance, the pyrrole and/or benzene units were replaced by the electrochemically active
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Figure 6.4 Single-crystal X-ray structure of the solvent separated sodium chloride complex of
receptor 6.9a. A chloride anion is bound to the isophthalamide moiety, while a
sodium cation is bound to the crown ether. A chloroform molecule is bound between
the cation and anion, held in place by a single hydrogen bond to the chloride
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ferrocene “reporter group”. It was found that the ditopic receptor 6.12, a species that con-
tains a crown ether as well as amidoferrocene groups, shows high selectivity towards bro-
mide anion in the presence of a bound sodium cation, but only weak binding in its
absence.11 The association constant for the cooperative binding of bromide in the pres-
ence of sodium cation was found to be Ka � 16,100 M�1, as judged from 1H NMR spec-
troscopic titrations carried out in CDCl3 containing 5% CD3CN. Unfortunately, the
corresponding study with chloride anion could not be carried out due to ion-pair forma-
tion between the bound sodium cation and the chloride anion. A solid-state analysis of
the putative NaCl complex revealed encapsulation of the sodium cation within the crown
ether unit, while the chloride counter anion is seen to be bound, as expected, to two amide
NH protons via hydrogen bond interactions (Figure 6.6b).
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Figure 6.5 Single-crystal X-ray structures of (a) the sodium chloride and (b) the potassium
chloride complex of 6.10

Figure 6.6 Single-crystal X-ray structures of (a) the sodium chloride complex of 6.11 and (b)
the sodium chloride complex of 6.12
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Solution phase cyclic voltammometric studies (CH3CN/CH2Cl2 (40:60) containing
0.1 M TBAPF6) were also carried out. These served to confirm that, as expected, the
presence of metal cations results in a cathodic shift in the redox potential upon binding
anions (∆E (mV) � 107(28), 122(46), and 153(not determined)) for 6.12, 6.12•Na�, and
6.12•K�, respectively, in the presence of Cl� and Br� (values in parentheses).

In 1999 Beer and co-workers12 reported the synthesis of a compound 6.13, a tripo-
dal tris(amido benzo-15-crown-5). In the presence of 1 equiv. of sodium picrate, 6.13
acts as a ditopic receptor, showing enhanced anion binding for Cl�, I�, and ReO4

�

ions. Receptor 6.13 was also found to be capable of extracting sodium pertechnetate
(NaTcO4) efficiently under conditions designed to simulate aqueous waste streams
containing this radioactive species. Other related tripodal systems have also been
reported. The interested reader is referred to reference 13.

Teramae and co-workers14 have demonstrated cooperative binding for a series of
anions in the presence of sodium cations utilizing a thiourea-functionalized benzo-15-
crown-5 system (6.14a). In the presence of 2 equiv. of Na(BPh4) (conditions under
which Na� is over 95% bound) receptor 6.14a in acetonitrile-d3 exhibits an approxi-
mate 10-fold increase in anion-binding affinity for NO3

� (KNO3
� 6.0 M�1 vs.

KNO3(Na) � 66 M�1) and Br� (KBr � 25 M�1 vs. KBr(Na) � 260 M�1), and a five-
fold increase for I� (KI � 4.3 M�1 vs. KI(Na) � 20 M�1). 

Slightly later, the anion- and cation-binding properties of ditopic receptor 6.14b,
analogues of 6.14a, were studied by Barboiu and co-workers15 using single-crystal
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X-ray diffraction analysis. As shown in Figure 6.7a, the crystal structure of
(6.14b)2•NaCl reveals that the sodium cation is sandwiched by two crown ether units
and that the chloride anion is bound to four urea NH groups. The long distance
between the Na� and Cl� ions is consistent with little or no interaction between the
two species. In the case of NaNO3, the structure of the 2:2 complex confirmed that
the sodium cation is not only complexed within the crown ether but also is coordi-
nated by an axial NO3

� (Figure 6.7b). In this case, therefore, a strong degree of ion-
pairing is observed, at least in the solid state.

The ferrocene-based ditopic receptor 6.15a containing a urea group was found to
undergo an easy-to-see colour change that is controlled by the dual “inputs” of anion
and cation.16 For instance, the addition of fluoride anion to receptor 6.15a in acetoni-
trile induces a colour change from colourless to yellow (i.e., it is switched on). The
subsequent addition of potassium cation, however, leads to the generation of a colour-
less solution. The binding constant (Ka) for the interaction between fluoride anion and
6.15a was determined to be 9340 M�1 in acetonitrile as judged from UV–Vis spec-
troscopic titrations. The binding constant (Ka) for the interaction between 6.15a and
K� in the presence of 10 equiv. F� was found to be 1460 M�1 in acetonitrile (again,
as determined from UV–Vis spectroscopic titrations). By contrast, analogue 6.15b was
observed to bind K� with an affinity of only 230 M�1 under identical conditions. The
higher value of binding constant for potassium seen in the case of 6.15a is thought to
reflect a direct interaction between the potassium cation and the crown ether unit,
which serves to enhance the intrinsic ion-pairing effects that contribute to binding in
the case of 6.15b. A similar strategy was used to design several other ostensibly anal-
ogous ditopic receptors, as detailed in the recent literature.17
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Figure 6.7 Single-crystal X-ray structures of (a) the 2:1 complex of 6.14b with NaCl and (b)
the 2:2 complex of 6.14b with NaNO3
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Crown ethers have been widely studied as receptors for cations. In 2000, Kubo and
co-workers18 used a crown ether as a backbone for attaching two thiourea groups. In this
way, he generated the ditopic receptor 6.16, a species that was designed to bind anions
through interactions with the thiourea subunits, while concurrently complexing a potas-
sium cation within the dibenzo-diaza-30-crown-10 core (Figure 6.8). It was found that
the addition of K� induced an overall upfield shift in the signals ascribed to the crown
ether moiety when the addition process was studied by 1H NMR spectroscopy in
CD3CN solution. By carrying out these studies in a quantitative manner and employing
a standard non-linear curve-fitting procedure, the association constant for K� complex-
ation was calculated to be 5600 M�1. Receptor 6.16 was also found to exhibit a high
selectivity for certain oxyanions, binding such species in a 1:2 host-guest ratio. Further,
as would be expected in light of the design suggestions, this anion-binding ability was
found to be tunable via the addition of potassium cation. For instance, the association
constant for diphenyl phosphate binding in the presence of potassium cation was found
to be higher than in its absence by a factor of 19. Presumably, the addition of K� and
its expected complexation by the crown ether moiety, not only induces a conformational
change that produces a structure more favourable for anion binding, but also increases
the acidity of the thiourea protons as the result of electrostatic effects. Schröder and
Steed19 have also reported similar ditopic receptors.
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Figure 6.8 Energy minimized structure of the complex formed between 6.16 and
K(PhO)2P(O)O.
(Reproduced with the permission from reference [17]. Copyright 2000 Elsevier.)
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An early example of an ion-pair receptor for ammonium fluoride was reported by
the Sessler group in 1995. The HCl salt of the sapphyrin-crown ether conjugate 6.17
was shown to complex simultaneously ammonium and fluoride ions, in the crown and
sapphyrin units, respectively.20 Unfortunately, the proposed concurrent cation- and
anion-binding behaviour could not be substantiated by X-ray structural analyses.
Thus, this approach to ion-pair receptor generation has not received much in the way
of follow-up attention.

Reinhoudt and co-workers21 have described the use of compounds 6.18a and 6.18b as
ditopic receptors that simultaneously recognize potassium and dihydrogen phosphate
ions. The first of these receptors consists of a Lewis-acidic uranyl (UO2

2�) centre bound
to two benzo[15]crown-5 units, while the second contains the crown ether moiety in the
form of a modified calix[4]arene. In both cases, the uranyl group functions as a binding
site for the anion, while the potassium cation is bound by the crown ether moieties. As
discussed later (cf. Chapter 8), Reinhoudt and co-workers22 have shown that uranyl-con-
taining clefts are capable of binding dihydrogen phosphate and chloride anions.
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Compound 6.18b, which contains a rigid Cs�-selective calix[4]arene crown-6 plat-
form, was also synthesized.22 This receptor was assessed for its ability to transport cae-
sium chloride and caesium nitrate through a supported liquid membrane (SLM).
Although chloride is much more hydrophilic than nitrate, a higher rate of flux was
observed through the hydrophobic membrane for the chloride salt (1.20�10�7 mol
m�2 s�1) than for caesium nitrate (0.89�10�7 mol m�2 s�1) in the presence of
6.18b. However, not only was the substrate selectivity demonstrated more significantly
but also the caesium chloride transport rate was found to exceed greatly that observed
when mono-functional analogues of compound 6.18b were used. Such findings were
considered consistent with both binding sites being necessary to achieve efficient com-
plexation and transport. A more detailed investigation into the facilitated transport of
salts through SLMs revealed that the bis(thiouredio)-calix[4]-crown-6 6.19a serves to
effect the symport of caesium and chloride more efficiently than its mono-functional
calix[4]-crown-6 analogue 6.20a.23 However, with higher concentrations of caesium
chloride in the source phase ([CsCl] � 0.3 M), a mixture of cation-binding 6.20a and
anion-binding bis(thiouredio)calix[4]arene 6.21 receptors was found to give higher
CsCl transport rates than the ditopic carrier 6.19a. Similar results were obtained for
KCl transport with the calix[4]-crown-5, 6.19b; again, this system was found to be less
effective than a mixture of its mono-functional analogues 6.20b and 6.21. These find-
ings were ascribed to a lower diffusion coefficient for the ditopic carriers than the
monotopic systems. Similar conclusions were also drawn recently by Tuntulani and
Pappalardo and Parisi.24

Ungaro and co-workers25 prepared the (thio)urea functionalized calixarene-based
ditopic receptors 6.22. These systems were designed to complex cations at their lower
rim through interactions with the four appended amide groups, while recognizing
anions at the upper rim via the attached (thio)urea groups. The results of 1H NMR
spectroscopic titrations, carried out in DMSO-d6, revealed that the complexation of
sodium ion at the lower rim produced different anion-binding behaviour in the case of
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receptors 6.22a and 6.22c. In particular, 6.22c displayed an increased affinity for var-
ious anions in the presence of Na�, whereas receptor 6.22a was found to bind anions
slightly less well in the presence of this cation, with the reference point in each case
being the corresponding free receptor. These results were rationalized in terms of the
methylene unit between the calixarene phenyl moieties and the thiourea subunits pres-
ent in 6.22a serving to “insulate” the electron-withdrawing effect of the bound metal
cation. The spacer thus serves to mitigate the anion-binding enhancing effects that
cation complexation might otherwise be expected to provide.

Slightly before the report of 6.22 by Ungaro and co-workers, the synthesis of the
bis- and tetraurea functionalized calixarenes 6.23 was reported by Reinhoudt and co-
workers.26 It was found that in the absence of a coordinating cation, system 6.23a
did not bind anions with appreciable affinity at room temperature in CDCl3.
Presumably, this reflects the fact that in the absence of added guests this system
exists in the form of a “pinched” conformation that is stabilized via strong intramol-
ecular hydrogen bond interactions between the urea groups. However, a conforma-
tion change from this pinched to a more normal cone conformation was inferred in
the presence of sodium ion. Specifically, in the presence of this cation, 1H NMR
spectral shifts were observed upon the addition of anions to solutions of 6.23a in
CDCl3. In the case of 6.23b, quantitative measurements of several anion affinities
were carried out in the presence and absence of Na� using standard 1H NMR spec-
tral methods. From these, it was determined that 6.23b binds chloride and bromide
with association constants (Ka) of �1.1 � 104 and 1.3 � 103 M�1 in CDCl3, respec-
tively, in the presence of Na�. On the other hand, no evidence of anion binding was
observed in the absence of added cation (i.e., with the free receptor 6.23b).

In 2001, a new rigid calixarene-based receptor, 6.24a, containing four hydroxyl
groups, was introduced by Pochini and co-workers.27 This heterotopic receptor con-
tains a cavity suitable for the complexation of cationic quaternary ammonium cations,
as well as four hydroxyl groups attached to the upper rim designed to support anion
binding. This receptor was thus expected to be capable of binding tetramethylammo-
nium (TMA) salts of, e.g., tosylate, chloride, acetate, trifluoroacetate, and picrate
readily, without breaking fully the ion-pair interactions seen in the salts themselves.
To the extent this proved true, cation binding per se would benefit from a positive
allosteric effect arising from the pair-wise binding of a counter anion.
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Support for the proposed inside-the-cage cation binding came from a ROESY spec-
tral analysis; here, a close correlation between the protons of the calixarene upper ben-
zene subunits and the methyl protons of the TMA cation was seen. Evidence consistent
with the binding of TMA salts was then obtained from standard NMR spectroscopic
titrations carried out in CDCl3. These experiments revealed that receptor 6.24a has a
strong preference for TMA-acetate ion (Ka � 10,000 M�1) relative to other species. In
this solvent, the anion-binding order was found to be acetate � tosylate � chloride �
trifluoroacetate � picrate. The addition of polar deuterated solvents, such as CD3OD,
CD3CN, or DMSO-d6 to the host–guest complex in CDCl3 solution, was found (as
expected) to result in the release of the TMA cation from within the receptor cavity. In
the case of 6.24b having four methoxy groups instead of OH group, little evidence of
cation binding was seen, a result that was taken in support of the proposed positive
anion-induced allosteric effect seen in its analogue, 6.24a.

Atwood and Szumna28 have reported the synthesis of a molecular capsule for the
recognition of TMA halide salts that function in competitive solvents such as
methanol. A first-generation system, compound 6.25a, was originally reported in
2002. In this case, the TMA cation was found to sit within the aromatic cavity of the
receptor, being held in place as the result of multiple CH–π interactions. Meanwhile,
the anion was seen to be bound to the appended amide groups. Atwood and Szumna29

then synthesized the second-generation receptors 6.25b and 6.25c in which the
phenyl groups attached to the amide serve to isolate the anion from the solvent. This
structural modification allows the ion-pair (TMACl or TMABr) complex formed with
receptor 6.25b to remain stable in solutions containing high concentrations of
methanol – conditions under which the halide bound to 6.25a–TMA� would dissoci-
ate from the complex. The crystal structure of the TMACl complex of 6.25c reveals
encapsulation of the ion-pair in a manner that largely shields it from the environment
outside the capsule (Figure 6.9). Subsequent to this initial work, related studies were
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carried out by other research groups. The interested reader is referred to the original
literature for further details.30

J.T. Davis and co-workers31 have recently reported the synthesis and complexation
properties of a self-assembled ion-pair receptor. This receptor, the functionalized
calix[4]arene 6.26, was found to be only slightly soluble in dry CDCl3. It thus gave
rise to a poorly resolved 1H NMR spectrum, consistent with non-specific aggregation.
However, in wet CDCl3 a set of well-resolved resonances was observed correspon-
ding to the dimeric species shown in Scheme 6.1. This water-stabilized dimer con-
tains a G-quartet capable of alkali metal complexation and amide groups capable of
anion recognition. Indeed, the dimer is capable of extracting alkali metal halide salts
such as NaCl from water into organic solution. Moreover, the bound salt appears to
increase the thermal stability of the assembly.
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Figure 6.9 Single-crystal X-ray structure of 6.25c-TMACl (obtained from a mixture of CHCl3
and nitrobenzene as 6.25c-TMACl.4.5PhNO2). (a) Side view with receptor mole-
cule in stick representation, guest as van der Waals sphere and (b) top view –
space filling
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Beer and co-workers32 have reported a variety of different ion-pair receptors and sen-
sors containing transition metal cations. One representative system, the bis-calixarene
6.27, was found to bind alkali metal cations at the lower rims of the two calix[4]arene
units and to complex an anion in the amide cleft of the ferrocene or bipyridyl sub-
units. The binding of the metal cations serves to enhance the anion affinity of the
receptor. For example, the affinity of 6.27 for iodide increases from 40 to 305 M�1

upon the addition of lithium cations in acetonitrile-d3. This enhanced affinity was
attributed to metal complexation inducing rigidity into the calixarene scaffold,
thereby preorganizing the central cavity for iodide binding.
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6.26

Scheme 6.1 Schematic representation of the ion-pair complex presumed to be formed from the
functionalized calix[4]arene 6.26 under conditions of, e.g., NaCl extraction
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Beer and Dent33 have shown how potassium binding to an ion-pair receptor can not
only enhance anion affinity but effect a change in anion selectivity. In the absence of
K�, compounds 6.28a and 6.28b exhibit a selectivity preference for H2PO4

� over
Cl� with a 1:1 stoichiometry (for 6.28b, KH2PO4

� 205 M�1 vs. KCl � 55 M�1 in
DMSO-d6). However, after the addition of potassium cations, both receptors exhibit
a reverse selectivity. Specifically, a decrease in the affinity for H2PO4

� is seen con-
current with an increase in that for Cl� (for 6.28b, in the presence of K�, KH2PO4

�
35 M�1 vs. KCl � 300 M�1 in DMSO-d6).

Tasker and co-workers34 have produced a family of ditopic receptors, such as 6.29
and 6.30, that contain a dianionic-binding site for transition metal cations and a dica-
tionic-binding site for anions. Receptor 6.29 (Scheme 6.2) contains a salen-based bind-
ing site capable of coordinating to transition metal cations such as Cu(II) or Ni(II).
Upon complexation, the phenolic protons transfer to the morpholine nitrogen atoms and
the receptor is forced into a conformation such that the protonated morpholine groups
come into close proximity, thus defining an anion-binding site. As a consequence of this
presumed motion, metal binding enhances dramatically the anion-binding affinity of
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the receptor. Extraction experiments at pH 3.8 demonstrated that system 6.29 is capa-
ble of extracting CuSO4 into chloroform with a near 100% receptor loading efficiency.
The crystal structure of the nickel sulfate complex of 6.29 is shown in Figure 6.10.

Very recently, Tasker35 has reported the synthesis of macrocyclic analogues of the
above systems. The resulting compounds receptors 6.30a and 6.30b, both contain an
hexyl linker between the two amine groups. In anion transport experiments, metal com-
plexes of these receptors were found to successfully extract sulfate anion from aqueous
solution to organic solvents. Under different conditions, organic solutions of these sys-
tems were found to effect the stripping of Cu(II) from test materials in the presence of
sulfate. In the case of the copper complex of receptor 6.30b, it was found that more than
90% exists in the form of [Cu(6.30b)(SO4)] over a pH range of 3–5. However, less than
10% of the corresponding free ligand exists as the sulfate complex in this pH range.
These results were attributed to the cooperative effects of metal(II) and sulfate anion
binding, which, in turn, provides an explanation for the efficient sulfate anion transport
observed in the extraction experiments.

We have seen in Chapter 5 that calix[4]pyrroles such as 6.31 bind anions via four
NH…anion hydrogen bonds. The anion complexes adopt the so-called cone conforma-
tion wherein the pyrrole NH groups are oriented towards the anionic guests preorga-
nizing the pyrrole rings to form an electron-rich cup-shaped cavity. Recently, Moyer,
Sessler, Gale and co-workers36 have shown that large charge diffuse cations such as cae-
sium and imidazolium may be included in the anion-induced bowl in both solution and
the solid state. For example, the caesium carbonate complex of 6.31 is shown in Figure
6.11a. Here two calixpyrroles encapsulate the carbonate anion via eight hydrogen
bonds, while the caesium counter cations are bound in the electron-rich calixpyrrole
bowl. Crystal structures of a variety of caesium halides have also been elucidated which
demonstrate ion-pair complexation by 6.31. Preliminary evidence from titration NMR
experiments supports the suggestion that caesium inclusion also occurs in solution.
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Similarly, organic cations have been shown to bind in the anion-induced calixpyrrole
cup. A variety of imidazolium halide and oxo-anion complexes have been prepared and
crystallographically characterized, demonstrating that 6.31 can also encapsulate organic
salts. For example, the crystal structure of the 1-butyl-3-methylimidazolium chloride
complex of 6.31 is shown in Figure 6.11b and shows the 4- and 5-positions of the imi-
dazolium cation included in the cup. Solution studies with a variety of imidazolium salts
shows that in the presence of a preorganizing anion such as chloride, imidazolium bind-
ing occurs in the calixpyrrole cup, while in the presence of “innocent” anions such as
BF 4

�, which do not bind to 6.31 and hence do not preorganize the calixpyrrole cavity,
imidazolium cation inclusion is not observed.

Recent studies by Gale have shown that alkylammonium salts are also bound by 6.31.
The crystal structures of the tetramethyl-, tetraethyl- and tetrabutylammonium chloride
salts are shown in Figure 6.12. The TMA cation is oriented in the cavity such that one
methyl group points down towards the bound chloride anion. The remaining three
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Figure 6.11 Single-crystal X-ray structures of (a) the Cs2(CO3) complex and (b) the imida-
zolium chloride salt complex of 6.31

Figure 6.10 Single-crystal X-ray structure of the complex formed from receptor 6.29 as
determined from crystals grown in the presence of NiSO4
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methyl groups are disordered. The tetraethylammonium complex shows the cation ori-
ented differently such that the S4-axis present in the cation lies along the C4-axis through
the calix[4]pyrrole complex. One measure of the degree of cation inclusion in the cup
is to define the centroid between the four nitrogen atoms in the macrocycle and meas-
ure the distance between the centroid and the nitrogen atom in the ammonium cation.
These distances for the TMA, tetraethylammonium, and tetrabutylammonium chloride
complexes are 3.906, 4.361, and 4.445 Å, respectively illustrating that as the size of the
alkyl groups increases the positively charged ammonium centre is included in the cal-
ixpyrrole cup to a progressively lower degree.37
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Figure 6.12 Single-crystal X-ray structures of (a) (Me)4N
�Cl� complex, (b) (Et)4N

�Cl� com-
plex, and (c) (nBu)4N

�Cl� complex of 6.31
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6.3 Cascade Complexes
One of the earliest classes of encapsulated ion-pairs are cascade complexes. These
complexes consist of a macrocycle containing two or more metal binding sites. The
bound metal ions define between them a binding site for an anion. Thus, in the
absence of a metallic guest cation, no anion complexation is expected to occur.

An example of this type of complex was reported by Drew et al.38 in 1979. In this
case, the starting metalated receptor was the copper perchlorate complex of macro-
cycle 6.32a. This species was found to bind azide or hydroxide, with the crystal struc-
ture of the azide complex showing the anion bound between the two copper centres
(Figure 6.13a). In subsequent work, Drew and Nelson39 reported the bis-azide adduct
of the cobalt complex formed from ligand 6.32b (Figure 6.13b). Over the years, a
variety of other macrocyclic ligands whose coordination chemical and anion recog-
nition properties were predicated on the same concept have been described by Drew
and co-workers.40

In 1979 R. Weiss and co-workers41 also reported the synthesis and binding studies
of macrocycle 6.33a. While this work was primarily directed towards the production
of active-site mimics of copper containing proteins, it has historical implications in
terms of anion-binding chemistry. Weiss showed that when a solution of sodium azide
in water was added to one of 6.33a and Cu(NO3)2 in methanol, dark-green crystals of
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Figure 6.13 Single-crystal X-ray structures of (a) the mixed copper azide complex of 6.32a
and (b) the mixed cobalt azide – acetonitrile complex of 6.32b
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the bis-copper tetrakis-azide cascade complex were obtained. X-ray analysis of the
crystals revealed that two of the azide anions are bridged between the copper ions,
while the other two azides are bound, one to each copper, in a monodentate fashion
(Figure 6.14a). In contrast to what is observed in this latter structure, Lehn et al.42

found that macrocycles 6.33b and 6.33c bind copper azide with two bridging azide
anions end-on, i.e., coordinated to the two coppers through the same atoms as seen in
the structure of the cobalt-derived cascade complex 6.32b discussed above. Crystal
structures of the copper azide cascade complexes of 6.33b and 6.33c are shown in
Figure 6.14b and c.

Another interesting cascade complex from Lehn’s group was published in 1985. In
this complex, derived from macrocycle 6.34, three copper ions serve to define a bind-
ing site for two hydroxide anions (Figure 6.15).43 Later, Martell and co-workers44

described similar macrocyclic ligands and their corresponding complexation properties.

In 1995, Fabbrizzi and co-workers45 reported the anion-binding properties of the
dicopper(II) complex of the bistren cage 6.35a in aqueous solution buffered at pH 8 (0.1
M CF3SO3H/morpholine buffer). According to the results of spectrophotometric titra-
tions, the dimetallic cryptate [Cu26.35a]4� provided a binding site that was well suited
for the subsequent binding of the linear anions N3

� and NCO� (log Ka � 4.78 and 4.60,
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respectively). A year later, a solid-state X-ray crystallographic analysis revealed that the
azide anion is indeed encapsulated within the cavity of the corresponding bis-nickel(II)
crypate 6.35a (Figure 6.16a).46,47 The log Ka, corresponding to azide (added as the
sodium salt) binding to this bis-Ni complex, was determined to be 3.1 at pH 9.6 (0.1 M
HClO4/N-methyl piperazine buffer) via spectrophotometric titrations.46

In subsequent work, the crystal structure of a bis-copper(II) complex of the furan-
containing cryptand 6.35b was obtained (Figure 6.16b).48 The crystal structure reveals
a bromide anion bound between the two copper ions. Association constants were deter-
mined by UV/Vis titrations carried out in buffered (pH 5.2) aqueous solution. On this
basis, the bis-copper complex was found to be selective for chloride anion binding this
particular anionic substrate (added as the sodium salt) with a log Ka � 3.98.
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Figure 6.14 Single-crystal X-ray structures of the azide complexes of (a) 6.33a-2Cu2�

(b) 6.33b-2Cu2� and (c) 6.33c-2Cu2�

Figure 6.15 Single-crystal X-ray structure of the cascade complex formed from 6.34, namely
6.34-(Cu3(OH)2)(ClO4)2
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In the context of this general program, the cryptand 6.35c, containing a thiophene
spacer, was prepared and studied. The crystal structure, shown in Figure 6.16c,
reveals the presence of an azide anion that bridges the two copper cations in a linear
fashion in the solid state.49 The anion-binding properties in solution were determined
by means of spectrophotometric titrations carried out at pH 6.9. These latter revealed
that the bis-copper complex shows a preference for linear anions (log Ka � 6.75, 4.79,
and 2.72 for N3

�, NCO�, and NCS�, respectively).
In a set of complementary studies, involving an analogous ligand set, the groups of

Nelson and McKee50 investigated the interaction of various metal complexes with
several oxyanions, including carbonate for which several structures were obtained (cf.
Figure 6.17) and the cyanide anion.

An example of an unusual type of cascade complex was reported by Puddephatt and
co-workers51 in 1993. In this work, reaction of ligand 6.36 (a phosphonite-derivatized
resorcinarene) with (AgCCPh)n or AgNO3 in the presence of pyridinium chloride gave
complex 6.36, in which a central chloride is bound by four silver ions (Figure 6.18).
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Figure 6.16 Single-crystal X-ray structures of various cascade complexes: (a) [6.35a-
Ni(II)2N3OH]3�, (b) [6.35b-Cu(II)2Br]3�, and (c) [6.35c-Cu(II)2N3]

3� (perchlo-
rate counter anions are omitted for clarity)
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Recently, a new type of cascade complex has been reported in the literature. In these
systems, the cation binds to an organic ligand containing NH hydrogen bond donor
groups that are, in turn, capable of anion complexation. Anion complexation only
occurs in the presence of the metal cation. In the examples described here, the
metal–ligand complex is kinetically labile and hence a dynamic equilibrium exists in
solution between the different components of the assembly and the assembly itself.
Steed and co-workers have reported the solid state and solution-binding properties of
the pyridylureas 6.37a and 6.37b in the presence of silver(I) nitrate, sulfate, and triflate
salts.52 These researchers found that when the counter anion was nitrate, a 1:1 recep-
tor:salt complex was formed (Figure 6.19), while the sulfate and triflate salts serve to
stable extended structures in the solid state with the pyridyl urea ligands. On the basis
of 1H NMR spectroscopic studies, the authors concluded that the simple silver nitrate

282 Chapter 6

Figure 6.17 Single-crystal X-ray structures of various cascade complexes: (a) [6.35a-
Ni2CO3(CH3OH)2]

2�, (b) [6.35a-Zn2CO3]
2�, and (c) [6.35b-Co2CO3]

2�

(counter anions are omitted for clarity)

Figure 6.18 Top view of the molecular structure of 6.36 as determined from single-crystal
X-ray diffraction analysis showing the central chloride anion bound between
four silver ions
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complex also forms in solution. These same researchers subsequently put forward
other examples of this paradigm.53

6.4 Receptors for Zwitterions
Perhaps the most important zwitterions are the amino acids, which exist in predomi-
nantly zwitterionic forms under physiological conditions. Not surprisingly, therefore,
considerable work has been directed towards the recognition of these species. Many of
the receptors developed for this purpose are themselves zwitterionic with the resulting
charge complementarity being used to effect binding of the guest. Alternatively, a num-
ber of amino acid receptors are positively charged; these systems rely for the most part
on a neutral cation-binding group, such as crown ether, to bind the positively charged
terminus of the guest. As most amino acids are chiral, enantioselective recognition has
been a recurring theme in this area of supramolecular chemistry. Transport experiments,
where a receptor is used to extract an amino acid or short peptide from an aqueous solu-
tion through an organic phase, to an aqueous receiving phase are often used to assess
the complexation ability and selectivity of this type of receptor. Alternatively, liposomes
or vesicles may be prepared and the release of an encapsulated species from within the
vesicle monitored as a zwitterionic receptor is introduced into the membrane.

N

NN

O

R

H H

6.37a R = p-tolyl
6.37b R = n-octyl
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Figure 6.19 Single-crystal X-ray diffraction structure of the discrete [Ag(6.37a)2]NO3
.MeOH

complex formed between 6.37a and silver nitrate
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An early example of amino acid transport by a zwitterionic receptor was reported
by Sunamoto and co-workers54 in 1982. Receptor 6.38a ring opens upon UV irradi-
ation to give the zwitterion 6.38b (Scheme 6.3). This zwitterion can then bind to an
amino acid as the charges are complementary. The overall complex is neutral and
hence is soluble in liposome membranes. UV irradiation of liposomes containing
6.38 and phenylalanine was then used to effect release of the amino acid to the exter-
nal solution (receiving phase). This transport and release process did not occur in the
absence of 6.38 or in the dark.

A charge complementarity strategy was also used by Rebek and co-workers55 to
bind and extract a variety of amino acids from water into chloroform solution using
receptor 6.39.

Quite early on, Tabushi and co-workers56 employed the hydrophobic cavities of
cyclodextrins to create zwitterionic receptors for amino acids. These researchers
demonstrated that D-tryptophan was bound by a modified β-cyclodextrin 6.40 (shown
schematically in Figure 6.20) with a stability constant of 54�8 M�1 at 25°C in aque-
ous solution. In the resulting complex, the indole ring is thought to be encapsulated
within the cavity of the cyclodextrin, while the carboxylate and ammonium groups of
this amino acid guest are bound by the protonated ammonium and carboxylate groups
appended to the cyclodextrin, respectively.

Schmidtchen57 has combined his tetrahedral quaternary ammonium cages that
were discussed in Chapters 1 and 2 with a triaza-18-crown-6 to give the ditopic recep-
tor 6.41. This receptor binds zwitterionic γ-amino butyric acid (GABA) with the car-
boxy terminus of the guest held within the tetrahedral positively charged cage and the
ammonium group bound by the triaza-18-crown-6 group.

Barboiu and co-workers58 used an interesting approach to complex amino acids in
the solid state. Specifically, these researchers prepared receptor 6.42 (Scheme 6.4),
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Scheme 6.3 Inter-conversion of 6.38a to the ring opened zwitterionic form 6.38b
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which contains an intramolecular ammonium-crown ether complex. In the presence
of a suitable amino acid guest, the ammonium group is displaced from the crown
ether by the NH3

� moiety of the amino acid. However, once displaced this ammo-
nium “tail” helps stabilize the resulting amino acid complex by interacting with the
anionic carboxylate portion of the amino acid. The net result is a supramolecular
complex wherein both charged ends of the amino acid are bound by the receptor, as
illustrated in Scheme 6.4.

As we have seen in Chapter 2, bicyclic guanidinium groups can be used for enan-
tioselective recognition of carboxylates. Aware of this, de Mendoza and co-workers59

appended an anthracene and a mono-aza-18-crown-6 subunit to a chiral bicyclic
guanidinium group to produce receptor 6.43, the (S,S)-isomer of which is shown in
Scheme 6.5. Receptor 6.43 was designed to bind L-tryptophan or L-phenylalanine via
a three-point interaction, involving (1) π stacking with the aromatic amino acid side
chain, (2) binding of the carboxylate group to the bicyclic guanidinium moiety, and
(3) interactions between the ammonium group of the amino acid and the crown ether.
This receptor was thus expected to be capable of effecting enantioselective amino
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Figure 6.20 Schematic representation showing the presumed binding interactions between
D-trypophan and the cyclodextrin receptor 6.40
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acid recognition. In fact, extraction experiments demonstrated that this receptor can
extract these two L-amino acids (tryptophan and phenylalanine) from aqueous into
dichloromethane solution (removing around 40% in a single extraction). In contrast,
only negligible amounts of the corresponding D-enantiomers were extracted under
these same conditions. In addition, the enantioselective transport of zwitterionic aro-
matic amino acids across a bulk model membrane (i.e., Pressman-type U-tube set-up)
was achieved using receptor 6.43 as an artificial carrier.60

The Sessler group has also synthesized receptors for amino acids. Specifically, a
sapphyrin–lasalocid conjugate 6.44 was synthesized and shown to be capable of selec-
tively transporting aromatic α-amino acids across an organic “layer” in U-tube type
model membrane experiments.61 The amino acid residue was shown to influence
strongly the transport rate, i.e., different transport rates were observed for L-phenyl-
alanine, L-tryptohphan, and L-tyrosine (kt(�10�5 mol cm�2 h�1): L-Phe � 20.0, L-
Trp � 5.0, L-Tyr � 0.02). Enantioselectivity was also observed e.g., (kt(�10�5 mol
cm�2 h�1): L-Phe � 20.0 vs. D-Phe � 12.7). The binding constants calculated pro-
vided support for the conclusion that L-Phe was indeed bound more strongly thanL-Trp
or L-Tyr. On the other hand, equilibrium analyses revealed that L-Phe and D-Phe were
bound with roughly the same affinity. It was thus suggested that off rates play a criti-
cal role in modulating the transport dynamics and that carrier-based transport selectiv-
ity cannot necessarily be correlated with the corresponding binding constants.

Recently, a ferrocene-based receptor, 6.45, containing built-in multipoint recogni-
tion sites was synthesized by Roy and co-workers. This system was found to effect the
recognition of the zwitterionic forms of Gly and Gln at pH 8.0. Under these conditions,
the ester unit in receptor 6.45 not only binds to the NH3

� end of the amino acid, the
two hydroxyl groups also act as hydrogen bond donors, stabilizing interactions with
the amino acid carboxylate moieties. Cyclic voltammetric (CV) titration experiments,
carried out in a mixture of MeCN–H2O (55:45, v/v), allowed the association constants
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for Gln and Gly to be determined; the resulting Ka values were found to be 1,540,000
and 890,000 M�1 for these two amino acids, respectively.62

6.5 Dual-Host Extraction of Salts
The so-called dual-host approach to salt extraction is one of the more attractive
means of effecting the ion-pair-based extraction and transport of inorganic salts. This
approach relies on the judicious combination of individual anion and cation recep-
tors that are presumably more accessible synthetically than more elaborate ditopic
systems. In one important study, published in 1999, Hayashita and Teramae63

demonstrated an efficient synergistic effect when the thiourea receptor (6.46) was
used in conjunction with dicyclohexyl-18-crown-6 (6.47) to effect the ion-pair
extraction of potassium salts. Typical results for potassium salt extraction from aque-
ous solution to nitrobenzene observed in the presence and absence of 6.46 are sum-
marized in Table 6.1. As can be seen from inspection of this table, a greatly increased
apparent extraction constant (Kex), indicating an enhanced level of potassium extrac-
tion, was observed upon the addition of 6.46.
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The groups of Moyer and Bowman-James have used a dual-host approach to effect
the extraction of CsNO3 from aqueous solution into 1,2-dichloroethane. These
researchers relied on the use of the simple tripodal systems, 6.48 and 6.49, as recep-
tors for nitrate and tetrobenzo-24-crown-8 (6.50) as a complexant for Cs�.64 By mon-
itoring the distribution of 137Cs�, it was found that the efficiency of CsNO3 (10 mM
in aqueous solution) extraction by 6.50 (10 mM in 1,2-dichloroethane) was improved
by a factor of 1.9 and 1.3 in the presence of 1 M equivalent of 6.48a and 6.48b,
respectively. As expected, the extent of this enhancement increases as the concentra-
tion of anion receptors 6.48a and 6.48b is raised. Independent 1H NMR spectroscopic
titration studies were carried out and confirmed that both receptors are capable of
forming a nitrate complex in 1,2-dichloroethane-d4. In fact, the association constants
for the binding of nitrate (tetrabutylammonium salt) by 6.48a and 6.48b were deter-
mined to be 250 and 23 M�1, respectively. Further studies with more flexible tripo-
dal systems 6.49a and 6.49c were performed using the same extraction method. In
this case, the extraction of CsNO3 (10 mM in aqueous solution) was found to be
enhanced by a factor of 2.4, 1.7, and 4.4, respectively, when 50 mM solutions of
6.49a, 6.49b, and 6.49c in 1,2-dichloroethane were used.

Kavallieratos and Moyer65 have also reported the use of a calix-crown – disulfoamide
dual-host combination to effect the extraction of caesium salts into 1,2-dichloroethane.
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Table 6.1 Ion-pair extraction of potassium salts (0.01 M) from an aqueous phase
into nitrobenzene containing 6.47 (1.0 mM)

[K�] back-extracted (mM)

Anion species 0 mM 6.46 10.0 mM 6.46 Kex (6.46)/Kex

NO3
� 0.66 � 0.07 (194.1) 0.78 � 0.08 (354.5) 1.8

Br� 0.43 � 0.04 (75.4) 0.72 � 0.05 3.4
Cl� 0.04 � 0.006 (4.2) 0.40 � 0.01 (66.7) 15.9
OAc� Negligible (�) 0.03 � 0.01 (3.1) –

Note: The value inside the parenthesis is Kex, which is defined as [6.47�K��X�]org/[6.47]org[K
�]aq[X

�]aq,
where the terms “org” and “aq” refer to the organic and aqueous phases, respectively.
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As shown in Table 6.2, the receptors in question, namely 6.51–6.53, all displayed a
propensity to bind more charge-dense anions, such as chloride and acetate, over less
charge-dense anions (e.g., nitrate and perchlorate). Strong anion dependent extraction
results were thus expected. The actual extraction studies, carried out by monitoring the
partition of a radioactive Cs� tracer between an aqueous phase consisting of 0.10 M
NaX (not extractable) and 5 � 106 M�1 CsX (X � Cl, Br, I, OAc, NO3, and ClO4) and
an organic phase containing 0.01 M of 6.54 and 0.035 M of 6.51–6.53, served to con-
firm this expectation. The disulfonamide anion receptor 6.51 was found to be particu-
larly effective, acting to synergize strongly the extraction of CsCl and CsOAc when
used in conjunction with cation receptor 6.54 (cf. Table 6.3). Similar dual-host systems
have also been described by Parisi66 and Reinhoudt.23,67
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Table 6.2 Association constant (Ka , M�1) for the formation of 1:1 and 1:2 complexes
6.51, 6.52, and 6.53 with anions (tetrabutylammonium salts) in 1,2-
dichloroethane-d4, as determined from 1H NMR spectroscopic titrations

6.51 6.52 6.53

Ka1 Ka2 Ka1 Ka2 Ka1

OAc� 19,500 73 13,500 70 750
Cl� 50,000 5.8 32,500 3.6 410
Br� 10,600 1.7 8900 1.2 150
NO3

� 4300 2 1800 1.2 55
I� 1400 – 690 – 19
ClO4

� 81 – 48 – �3

Table 6.3 Caesium distribution ratios for calixarene 6.54 and for calixarene 6.54
plus sulfonamides 6.51–6.53

6.54 6.54�6.51 6.54�6.52 6.54�6.53 6.54/(6.54�6.51)

OAc� 0.471 291 62.3 1.45 618
Cl� 0.357 42.2 11.8 0.88 118
Br� 2.64 125 48.5 6.32 47.3
NO3

� 8.44 180 73.0 17.0 21.3
I� 77.6 644 284 113 8.3
ClO4

� 850 1770 1070 1020 2.1

RSC_ARC_Ch006.qxd  2/8/2006  7:04 AM  Page 289



6.6 Summary Remarks
In this chapter, an effort has been made to detail a number of approaches that have
proved effective for the binding of zwitterionic substrates or anion–cation salt sys-
tems within the confines of a single receptor. Although impressive results are seen for
a number of the systems, especially for certain, appropriately selected guests, it is
nonetheless clear that there is a tremendous amount that is left to be done. Thus, this
is viewed as an area of anion recognition that is likely to see exceptional attention and
growth in the years to come.
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CHAPTER 7

Metal and Lewis Acid-Based
Receptors

In addition to the cascade complexes discussed in the previous chapter, there is a
wide range of anion-binding receptors that contain metal atoms. These include sys-
tems that contain Lewis acidic anion-binding sites as electron-withdrawing groups
or as organizational elements in the structural framework. Metal centres have also
been used extensively as redox-active groups or as luminescent reporter sites within
complexes designed to sense the presence of an anion. These latter two cases will be
discussed in Chapter 8, which will cover a variety of approaches to anion sensing.
Here, we will look at receptors that employ metals as organizational elements, elec-
tron-withdrawing groups, and systems that use Lewis acidic metals (and non-metals)
as anion coordination sites. 

7.1 Lewis Acidic Receptors
As mentioned in the introduction, Shriver and Biallas (1967)1 reported the anion
complexation properties of simple boron chelates. Receptor 7.1 was found to
have a higher affinity for methoxide anions than monodentate boron trifluoride.
Piers and co-workers2 have reported the synthesis of the highly electrophilic
borane 7.2 that contains perfluorinated aryl groups. The distance between two
boron atoms (i.e., 3.138 Å) in this receptor makes it ideal as a chelate for small
anions, such as F� and OH�. The complexation of these two anions was verified
by the 11B NMR spectra (signals at 14.0 and 2.8 ppm for 7.2·F� and 7.2·OH�,
respectively).

Prior to Piers’ report, Katz3–5 reported a variety of chelating boron-based recep-
tors, 7.3 and 7.4, designed for anion complexation. For example, the anion-coordi-
nating ability of receptor 7.4a (with hydride, fluoride, and hydroxide) was compared
with the monodentate analogue 7.3. It was found that the “hydride sponge” ligand
7.4a could extract hydride or fluoride that was bound to compound 7.3.4 The crystal
structure of the hydride complex of 7.4a revealed that the anion is bound between
the boron atoms (Figure 7.1a). Receptor 7.4b provided the first example of a
chelated chloride by a di-boron receptor (Figure 7.1b).3
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In order to obtain quantitative assessments of binding constants, the bright-yellow
bidentate diborane 7.5 containing 9-thia-10-boraanthracene was prepared by Solé and
Gabbaï.6 The addition of fluoride anion led to loss of the yellow colour, while no
colour change was observed in the presence of chloride, bromide, and iodide anions.
As judged by UV–Vis titration studies, the strength of complexation with fluoride
anion was found to be high (Ka � 5 � 109 M�1 in THF).

Quite recently, a heteronuclear bidentate Lewis acid 7.6 was prepared as a phos-
phorescent fluoride sensor.7 As deduced from an X-ray structural analysis, the fluoride
anion is bound to both Lewis acid atoms (i.e., B and Hg), as shown in Figure 7.1c.
Receptor 7.6 displays high selectivity for fluoride (Ka � 108 M�1 in THF) over other
halide, acetate, nitrate, sulfate, and phosphate anions in THF solution.

Mercury has been used as a Lewis acidic centre in a number of anion-receptor species.
Wuest and Zacharie8 demonstrated that simple mercury chelates (1,2-phenylene mercury

BR2 BR2

F2B BF2

H BMe2

7.1

7.4a R = Me
7.4b R = Cl

7.3

Mes2B HgC6F5

7.6

(C6F5)2B B(C6F5)2

F

F F

F

7.2

Mes2B B

S

7.5

Figure 7.1 Single crystal X-ray structures of (a) the hydride complex of receptor 7.4a, (b) the
chloride complex of receptor 7.4b, and (c) the fluoride complex of receptor 7.6
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dihalides), such as 7.7a–7.7c, could form complexes with halide anions in solution and
the solid state. 199Hg NMR spectroscopy was used to follow halide binding in DMSO,
revealing that the affinity of these receptors was greatest for the smaller halides (Cl� �
Br� � I�), with 1:1 complexes predominating in solution. However, 2:1 receptor/anion
complexes could be precipitated from solution. X-ray quality crystals of the chloride
complex of 7.7a were obtained, and the resulting structure is shown in Figure 7.2.8,9

Shur and co-workers10 have studied the anion complexation properties of mercury
containing macrocyclic species, such as 7.8 and 7.9. Receptor 7.9 is notable in that
it provided the first example of an anion sandwich complex. In particular, crystal-
lization of the tetraphenylphosphonium bromide complex of 7.9 from dibro-
momethane allowed diffraction grade crystals to be obtained. The resulting structure,
shown in Figure 7.3, revealed that each bromide anion is in contact with six mercury
atoms of two neighbouring molecules of macrocycle 7.9. The net result is an alter-
nating stack of macrocycles and bromide anions, which provides a sandwich-like
arrangement about the bromide centres. Shur and Tikhonova11 have recently
reviewed the application of macrocycles such as 7.9 in catalysis.

Peringer and co-workers12 have prepared the sub-valent mercury clusters Hg3(µ-
dppm)3(SiF6)2 7.10 and Hg3(µ-dppm)3(PF6)4 7.11 (Scheme 7.1) and shown that the
mercury-containing cations in these clusters coordinate their counter anions. The
crystal structures of these salts were determined in addition to the structures of Hg3(µ-
dppm)3(O3SCF3)4, Hg3(µ-dppm)3(O3SCF3)4·MeOH, Hg3(µ-dppm)3(O3SCH3)4, and
Hg3(µ-dppm)3 (O3SCH3)4·4H2O. In all cases two anions were found to reside inside
the cavity formed by the 12 phenyl groups (e.g., see Figure 7.4). Solution phase NMR
spectroscopic studies of the salts in dichloromethane-d2 revealed a counter anion
dependent shift in the 31P resonance (Table 7.1).

Hg

Hg

Hg

Hg

Hg

Hg

F

F

F

F

F

F

F

F

F

F

F

F

7.8 7.9

HgX

HgX

7.7a X = Cl
7.7b X = Br
7.7c X = I
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Some of the most elegant examples of mercury-based receptors are the mercu-
racarboranes produced by Wedge and Hawthorne.13 Hawthorne’s mercuracarborands
consist of carborane cages linked via Lewis acidic mercury atoms. For example,
macrocycle 7.15 was synthesized in 75% yield by reacting 1,2-dilithio-1,2-C2B10H10

Metal and Lewis Acid-Based Receptors 297

Figure 7.2 Single crystal X-ray structure of the 2:1 complex formed from dichloro-1,2-
phenylenedimercury (7.7a) and tetraphenylphosphonium chloride. The tetra-
phenylphosphonium cation and all hydrogen atoms have been omitted for clarit

Figure 7.3 Single crystal X-ray structure of the tetraphenylphosphonium bromide complex of
receptor 7.9

Hg

Ph2P

Ph2P

P
Ph2

Hg
P
Ph2

PPh2

Hg

PPh2
2HgO + 2H2SiF6 + 3 dppm + Hg

2HgO + 4HPF6 + 3 dppm + Hg

anions: 2(SiF6
2-) (7.10) or 4(PF6

-) (7.11)
Ph2P PPh2 = dppm

4+

Scheme 7.1 Synthesis of sub-valent mercury clusters, Hg3(µ-dppm)3(SiF6)2 (7.10), and 
Hg3(µ-dppm)3(PF6)4 (7.11)
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with mercury(II) chloride in ethereal solvent (Scheme 7.2).14 The X-ray crystal
structure of this material shows that a chloride anion is bound in the plane of the
macrocycle with Hg–Cl distances of 2.94 Å, equidistant from the four mercury
atoms (Figure 7.5a).14,15 It was later found that mercury(II) iodide could also be used
in this reaction resulting in a complex with two core-bound iodides perching on each
face of the macrocycle (Figure 7.5b).16 In the absence of halide anions (e.g., if mer-
cury(II) acetate is used as the source of mercury(II)), a trimeric macrocycle 7.13
forms in 65% yield,17 with no formation of the tetramer. Thus, it is likely that the
halide anions are functioning as templates in the formation of the tetrameric macro-
cycle. The fluoride-anion complex 7.16 was formed by the treatment of the macro-
cycle 7.15 with tetrabutylammonium fluoride (Figure 7.5c). The anion free
macrocycle was obtained by treating 7.15·(LiI)2with silver tetrafluoroborate.18 The
Hg–F distances were found to be in the range 2.56–2.66 Å. The four Hg atoms and
F are coplanar but, interestingly, the four cages adopt a 1,2-alternate arrangement
(i.e., alternately arranged up-down-up-down with respect to the four Hg atom plane).

In fact, Hawthorne and co-workers have recently shown that trimeric mercu-
racarborands can form sandwich complexes with anions. Specifically, a sandwich
complex consisting of two trimeric hexamethyl-9-mercuracarborand-3 [9,12-
(CH3)2-C2B10H8Hg]3 receptors (i.e., 7.14) and halide anions (i.e., chloride, bromide,
and iodide)19 were formed by reaction of the receptor with bis(triphenyl phosphor-
anylidene) ammonium chloride (PPNCl) MePPh3Br, or LiI. The crystal structure of
the complex, shown in Figure 7.6, reveals that the iodide anion is bound to six mercury
atoms with Hg···I distances ranging between ca. 3.25 and 3.27 Å.

298 Chapter 7

Table 7.1 31P NMR chemical shifts of the cluster [Hg3(µ-dppm)3]
4� with different

oxy- and fluoro-anions (solvent dichloromethane-d2)

Anion SO4
2� CH3SO3

� SiF6
2� CF3SO3

� PF6
�

δ 31P 44.7 49.4 49.9 54.7 60.5

Figure 7.4 Single crystal X-ray structure of the cluster Hg3(µ-dppm)3(SiF6)2 (7.10)
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A variety of Lewis acidic group 14 elements have also been used in macrocyclic and
macrobicylic anion receptor systems. Newcomb and co-workers pioneered this area
with an exploration of the synthetic anion receptor chemistry of tin containing macro-
cycles and macrobicycles in the 1980s. In early work, Azuma and Newcomb20 reported
the synthesis of a series of tin-based macrocycles 7.17n and 7.18n. Coordination studies
were conducted on some of these systems (7.178, 7.1710, and 7.1712) using 119Sn NMR;
such analyses revealed that this family of macrocycles is capable of forming 1:1 and 1:2
host/anion complexes with chloride in acetonitrile solution.21 For example, 7.178 was
found to bind two equivalents of chloride with Ka1 � 814 M�1 and Ka2 � 863 M�1.

Metal and Lewis Acid-Based Receptors 299

7.15 R = H (X = Cl, Br, LiI2)
7.16 R = CH3, X = F

Hg

Hg

Hg

HgX-

Hg

HgHg

BH

C

H

H

Li+

Li+

7.13 R = H
7.14 R = CH3

2 n-BuLi

HgX2

Hg(OAc)2

Li+ or Me4N+

7.12

BR

a

Scheme 7.2 Synthesis of mercuracaborands (a: 1. AgBF4, 2. Me4NF)

Figure 7.5 Single crystal X-ray structures of (a) the chloride anion complex of 7.15, (b) the
iodide anion complex of 7.15, and (c) the fluoride anion complex of 7.16
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Newcomb and co-workers22 have also synthesized a series of cryptand-like tin con-
taining macrobicycles 7.19n and 7.20n. Anion binding by these cage systems was
found to be kinetically slower than that observed in the case of the macrocyclic recep-
tors 7.17n and 7.18n, with exclusively 1:1 host/anion stoichiometry being observed.23

119Sn NMR spectroscopic studies showed that fluoride anions were bound five orders
of magnitude more strongly than chloride anions in chloroform solution.24

Crystallography later revealed that the fluoride anion was bound within the cavity of
7.206 and coordinated to both the tin atoms (rSn–F � 2.12 and 2.28 Å) (Figure 7.7).
The structure of chloride bound within the cavity of 7.208 was also elucidated. In this
case, the anion was located much closer to one tin atom than to the other.25 Low tem-
perature 119Sn NMR studies of this complex in CFCl3 revealed the chloride “jump-
ing” from one tin atom to the other with an activation energy of 22.2 kJ mol�1.

By hydrolysing [CH2[SnPh2CH2Si(OiPr)Me2]2] under acid conditions and sub-
sequently treating with mercuric chloride, Jurkschat and co-workers26 succeeded in iso-
lating a new bis-tin bis-silicon macrocycle 7.21 (Scheme 7.3). The crystal structure of
this material is shown in Figure 7.8. The macrocycles form dimers in the solid state
linked via a weak Cl–Sn interaction (3.684(1) Å). The chloride complexation proper-
ties of the receptor were followed by means of 119Sn{1H} NMR spectroscopic titration

(CH2)n

SnPh2

(CH2)n

Ph2Sn
(CH2)n SnX

(CH2)n

XSn

(CH2)n
Ph2Sn

(CH2)n

(CH2)n SnPh2

(CH2)n

SnPh2(CH2)nPh2Sn

n = 4, 5, 6, 8, 10, 12 n = 6, 8, 10, 12

7.17n 7.18n
7.19n X = Ph
7.20n X = Cl
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Figure 7.6 Single crystal X-ray structure of the iodide sandwich complex (7.14)2I
�
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in dichloromethane. On the basis of these studies, the formation of a 1:1 complex in
solution was inferred. The crystal structure of the chloride complex, shown in Figure
7.8b, confirmed this stoichiometry in the solid state and provided the following bond
distances: Sn(1)–Cl(5) 2.891(1) Å and Sn(2)–Cl(5) 2.781(1) Å.

A variety of silicon-containing chelates have been synthesized and their fluoride-
binding abilities compared to those of the corresponding monodentate silanes. The
results shown in Table 7.2 reveal that the most Lewis acidic chelating ligand, 7.26,
shows a remarkably high affinity for fluoride in acetone-d6 (log Ka � 9).27

Metal and Lewis Acid-Based Receptors 301

Figure 7.7 Single crystal X-ray structures of (a) the fluoride complex of 7.196 and (b) the
chloride complex of 7.208

[CH2{SnPh2CH2Si(OiPr)Me2}2]

Cl2Sn

Me2Si

SnCl2

SiMe2O

7.21

Scheme 7.3 Synthesis of the eight-membered ring 7.21 (i) 0.5 M H2SO4, Et2O (�2
i�PrOH); (ii) 4 HgCl2, acetone (�4 PhHgCl)

Figure 7.8 Single crystal X-ray structures of (a) 7.21 showing dimerization via a Cl···Sn
interaction and (b) the 1:1 chloride complex of 7.21
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In 1988, Jung and Xia28 prepared 12-silacrown-3, 7.27, as an anion complexing
agent. In U-tube experiments using a saturated aqueous solution of the tetramethy-
lammonium halide in one arm, pure water in the other, and a dichloromethane solu-
tion of the receptor as the central phase, this cyclic polysilane receptor (7.27) was
seen to transport chloride and bromide efficiently. In contrast, no transport of fluo-
ride and iodide anions was observed. These results support the postulate that chlo-
ride and bromide salts form strong complexes with 7.27, as shown in Scheme 7.4, at
least in dichloromethane solution. 

Germanium-based macrocycles e.g., 7.28 and 7.29 have also been prepared,29

with receptor 7.28 having been demonstrated as transporting chloride anions more
efficiently than bromide across organic phases.30

Metal-anion interactions can be used in order to sense the presence of anionic
species. Both the Martínez-Máñez and Kikuchi groups have reported the chromogenic
anion receptors 7.30 and 7.31 that contain either p-nitrophenyl or coumarin dyes and
metal complexes as anion-binding sites.31,32 In the case of the copper complex of
receptor 7.30a, the anion affinities were found to follow the trend: F� � H2PO4

� �
NO3

� � Cl� � I� � HSO4
� � Br� in acetonitrile solvent. By contrast, receptors 7.30b

and 7.30c both show a more selective optically detectable response in the presence of
nitrate, forming the nitrate complex presumed responsible for this signalling with asso-
ciation constants that are in the same order as those of the copper receptors 7.30a.
Specifically, for the binding of nitrate in acetonitrile, log Ka values of 6.2, 6.2, and 5.7
for 7.30a, 7.30b, and 7.30c, respectively, were determined on the basis of UV–Vis
spectroscopic titrations. Under these same experimental conditions, no appreciable
response was observed when complexes 7.30b or 7.30c were exposed to other anions
with the exception of 7.30c � I�, which produced a complex formed with a stability
constant of log Ka � 4.8.31

The anion-binding properties of the macrocyclic polyamine-Cd2� complex 7.31
were measured in aqueous solution containing 100 mM HEPES buffer. The interaction

Ge Ge
R1

R2

R1

R2

7.28 R1 = R2 = Me
7.29 R1 = Cl, R2 = Me
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Table 7.2 Order of fluoride ion binding affinity as determined in acetone-d6

log Ka 3.3 (291 K) 4.2 (188 K) 5.8 (183 K) � 7.8 (183 K) � 9.0 (193 K)

SiF3

SiPh2F

SiPhF2

SiPhF2

SiPhF2

SiPh2F

Ph2SiF2PhMeSiF2 < < < <
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between Cd2� and anions was found to perturb the fluorescence of the metal complex.
Quantitative association constants of complex 7.31 were measured using fluorescence
spectroscopic titration methods; these analyses revealed that this receptor displays a
preference towards citrate and phosphate anions (Ka � 1.1 � 104, 1.3 � 104, 7.1 � 104,
and 3.8 � 104 M�1 for citrate, pyrophosphate, ATP, and ADP, respectively, in the form
of their potassium salts).32

DuBois and co-workers33 described the dinuclear Ni(II) complexes, 7.32 and 7.33,
and showed that they bind the bicarbonate anion strongly. In aqueous media, the
addition of bicarbonate to solutions of the receptor 7.32 induced an increase in the
intensity of the absorption bands at 350 and 545 nm, a finding that was rationalized
in terms of the formation of a µ�η2,η2−carbonate complex. Quantitative analyses,
using UV–Vis titrations, allowed the association constant for the complexation of
7.32 with bicarbonate to be obtained, yielding log Ka � 4.39 at pH 7.4. In contrast,
no evidence of bicarbonate or carbonate complexation in aqueous solution was seen
in the case of receptor 7.33. However, the reaction of 7.33 with bicarbonate was
found to lead rapidly to the µ�η1,η1−carbonate complex, as evidenced by X-ray
crystallographic analysis of the reaction product (Figure 7.9). 

In the context of extending metal-containing receptors to the recognition of tri-
carboxylate anions, three copper-cycloamine subunits were attached synthetically to
a 1,3,5-trimethylbenzene unit. The resulting sexicationic receptor, 7.34, was found
to form strong 1:1 complexes with tricarboxylate anions in an aqueous solution
buffered to pH 7 (HEPES 0.01 M), including citrate (log Ka � 5.59), 1,3,5-
benzene-tricarboxylate (log Ka � 5.81), and cis,cis-1,3,5-cyclohexanetricarboxylate

7.30a M = Cu2+

7.30b M = Hg2+

7.30c M = Fe3+
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-
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Scheme 7.4 Schematic representation of proposed anion-binding events
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(log Ka � 5.00), displaying a preference for these analytes over dicarboxylate
anions (log Ka � 4.5, 4.1, and 3.8 for maleate, tartrate, and succinate, respec-
tively).34 Other examples of this type of receptor are listed in the bibliography.35

Murase and co-workers36 have reported the crystalline dinuclear complex of
[7.35(CH3CO2)2]·ClO4 and [7.35(CH3CO2)]·(ClO4)2, while Chin and co-workers37

have described phosphonate anion binding to the dinuclear complex 7.36. In the solid
state, the structure of [7.36(O3P(Ph)(OH2)(OH)]·(ClO4)2, shown in Figure 7.10a,
revealed the presence of two inequivalent cobalt units. At one of the cobalt centres,
the tertiary alkylamine is coordinated trans to the coordinated phosphonate oxygen,
while at the other cobalt centre the alkylamine is coordinated trans to the water or
hydroxy group.

Inspired by Chin’s work, M.S. Han and D.H. Kim prepared the dinuclear Zn(II)
complex, 7.37·(ClO4)2, as a phosphate-anion sensor for use in aqueous solution.
Using the receptor in a displacement assay with pyrocatechol violet as a reporter dye,
the addition of phosphate anions to an aqueous solution of the ensemble resulted in a
colour change from blue to yellow. The thermodynamic parameters and quantitative
association constant of 7.37·(ClO4)2 and HPO4

2� were determined in aqueous solution
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Figure 7.9 Single crystal X-ray structure of receptor 7.33 complexed to a carbonate anion
and two perchlorate anions
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of pH 7.0 (HEPES) using ITC methods at 303K; these analyses revealed ∆H �
�31.6 kJ mol�1, T∆S � �7.48 kJ mol�1, and Ka � 1.1 � 105 M�1.38

In an effort to develop a Zn complex-based anion sensor, 7.38·(NO3)2, that would
function without the need for a displacement assay, a colour-inducing p-nitrophenylazo
group was appended covalently onto the para position of the azophenol moiety.39 The
interaction between pyrophosphate and 7.38 was confirmed by X-ray crystallography.
As shown in Figure 7.10b, the pyrophosphate anion is bound to the dinuclear Zn(II)
complex (7.38) by bridging between the two metal cations. In 10 mM HEPES buffered
aqueous solution (pH 7.4), changes in the absorption spectrum of receptor 7.38·(NO3)2

were observed upon the addition of P2O7
4�, from which a Ka � 6.6 � 108 M�1 could

be derived. However, no appreciable colour change was detected with other anions (i.e.,
CH3CO2

�, F�, HCO3
�, Cl�, HPO4

2�, and H2PO4
�). Inspired by the powerful anion-bind-

ing abilities of Zn2�–pyridine complexes, several research groups have designed simi-
lar style receptors,40 some of which employ different metal–pyridine complexes.41

The Li�–metallocrown complex 7.39 displays good selectivity for fluoride anions
over other putative halide (chloride and bromide) and oxyanions (cf. nitrate, hydro-
gen sulfate, and perchlorate) guests. This selectivity was rationalized via the hypoth-
esis that the cavity of receptor 7.39 only provides the small fluoride anion to access
the Li� centre, the other anions being too large to coordinate to the metal centre. 

R

O NN

N N

NN
M M

7.35 R = CH3, M = Co2+

7.36 R = CH3, M = Co3+

7.37 R = CH3, M = Zn2+

7.38 R =         M = Zn2+

N
N

NO2
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Figure 7.10 Single crystal X-ray structures of (a) the complex of 7.36 with phenylphosphate
and (b) the complex of 7.38 with pyrophosphate
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X-ray crystallographic analysis revealed an Li–F distance of 1.755 Å in the solid
state (Figure 7.11).42

Interestingly, simple lanthanide tris(fluorinated β-diketonates) complexes,
7.40a–7.40d, function as effective chloride-anion receptors and luminescent sensors
via metal centred coordination.43 In CDCl3,

1H NMR titration methods revealed that
the estimated Ka values for chloride anion depended on the nature of lanthanide cen-
tres while exhibiting a trend, which deviates from those that are expected based on
the considerations of ionic radii. For instance, association constants, Ka, � 450, 600,
610, and 94 were determined for 7.40a, 7.40b, 7.40c, and 7.40d, respectively.
However, the ionic radii of the lanthanide centres in an octacoordinated environment
is: Pr3� (1.13 Å) � Eu3� (1.07 Å) � Dy3� (1.03 Å) � Yb3� (0.99 Å). Presumably,
the smaller lanthanide centres provided a shorter coordination bond but higher degree
of steric repulsion between the β-diketonates and the chloride anion.

Quite recently, Puddephatt and co-workers demonstrated that the bis-silver(I)
complex 7.41 can bind oxyanions. In the solid state, the shortest distance between
the Ag ion and the bound oxygen atom of the chelated nitrate was found to be 2.53
Å (Figure 7.12a).44 In the case of the trifluoroactate complex, the structure of which
is shown in Figure 7.12b, the shortest distance was found to be 2.61 Å (in this case
two unchelated anions are associated with the receptor). While this latter distance is
slightly longer than that seen in the case of the nitrate complex, solution-phase
anion-exchange experiments, complemented by ESI–MS analyses, revealed that the
anion affinities followed the sequence CF3CO2

� � NO3
� � CF3SO3

�. 
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7.2 Metals as Organizers
Palladium and platinum metal ions have been used by Lippert and co-workers45 to con-
struct a highly charged (�12) anion receptor. The crystal structure of 7.4212� reveals
that the platinum atoms form an equilateral triangle with side lengths of 7.88(1) Å.
The top and side views of the cation are shown in Figures 7.13a and b respectively, and
reveal that the Pd(en) groups define calixarene-like cavities on both the top and bot-
tom faces of the receptor. The X-ray crystal structure also reveals a nitrate ion bound

N

O

N

O

N

N Ag

Ag

N

N

N

N

O

O

(X-)2

7.41
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Figure 7.11 Single crystal X-ray structure of the fluoride anion complex of 7.39. A water
molecule has been removed for clarity

Figure 7.12 Single crystal X-ray structures of (a) the nitrate complex of 7.41 (only the bound
nitrate anion is shown) and (b) the trifluoroacetate complex of 7.41

RSC_ARC_Ch007.qxd  2/9/2006  8:51 AM  Page 307



at the bottom of the cavity with its oxygen atoms pointing directly at the platinum
metal centres (Figure 7.13c; bond distances: Pt–O 3.49(1), 3.26(1), 3.39(1) Å). A
hexafluorophosphate anion is bound above the nitrate ion, with three of its fluorine
atoms directed at the platinum metals (Figure 7.13d). Proton NMR spectroscopic titra-
tion analyses of the pure hexanuclear nitrate salt of 7.42 in water revealed a selectivity
for the doubly charged anion SO4

2� over monoanionic guests (Table 7.3).
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Figure 7.13 Single crystal X-ray structures of (a) and (b) top and side views of the crystal
structure of cation 7.42; (c) space filling model of the cation 7.42 with an NO3

�

ion at the bottom of the calixarene-like cavity, and (d) spacefilling model of the
encapsulation of a PF6

� ion within the cavity of 7.42 (NO3
� omitted for clarity)
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In a different approach to ditopic receptor construction, Hamilton and co-work-
ers46 used a metal centre as a template to combine two thiourea functionalized ter-
pyridine units, thus creating a recognition site for dicarboxylate anions. In the case
of receptor 7.43b, the addition of dicarboxylate anions caused a displacement of
the terpyridine ligands of the Fe(II) complex. Therefore, reliable association con-
stants were not obtained. More accurate association constants were thus deter-
mined in 5% D2O-DMSO-d6. In this solvent, it was observed that receptor 7.43a
binds several alkyl dicarboxylate anions, such as glutarate, adipate, pimelate,
isophthalate, and 1,3-phenylenediacetate strongly (i.e., Ka values in the range of
2.9–8.3 � 103 M�1). This strong binding is thought to reflect the stabilizing elec-
trostatic effect of the doubly charged metal on a bound dianionic guest. Because
of its high affinity and its perceived potential utility, the ruthenium(II)-derived
receptor 7.43a has also been applied to the design convergent combinatorial
libraries.47

A different metal-based assembly approach was reported by J. Weiss and I. Prevot-
Halter48 who reported the synthesis of receptor 7.44. In this case, the final anion
receptor is prepared from two catechols bearing thioureas that are brought together
via complexation with a transition metal such as molybdenum(VI). The ability of
receptor 7.44 to bind dicarboxylate anions was probed via UV–Vis spectroscopic
titrations. The resulting binding isotherms, as well as absorbance diagrams, were con-
sistent with a 1:1 binding stoichiometry and, on the basis of these analyses, the asso-
ciation constants (log Ka) were determined to be in the range of 5.7–6.9 in
acetonitrile for various alkyl biscarboxylates whose size was varied sequentially from
succinate to pimelate.
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Table 7.3 Association constants (Ka, M�1) for receptor 7.42 (nitrate salt) with a vari-
ety of anions in water at 20 °C pD � 2.9. TSP � Sodium-3-(trimethylsilyl)
propanesulfonate

Anions PF6
� ClO4

� BF4
� SO4

2� TSP

Ka (M�1) � 3σ 10.6 � 3.9 9.6 � 4.5 4.1 � 1.1 255.8 � 57.3 0.0
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The synthesis and anion-binding studies of the ruthenium(II) tris(5,5�-diamide-
2,2�-bipyridine) functionalized receptor 7.45 were reported by Beer and co-work-
ers.49 It was demonstrated that the anion-binding strength and selectivity depends
critically on the solvent mixture ratio (CH2Cl2/CH3OH) and the nature of the amide
substituent. In the solid state, an X-ray crystal-structure analysis of 7.45a served to
reveal that two chloride anions are encapsulated within two triangular-faced cavities
that, in turn, are defined by the three bidentate ligands, as illustrated in Figure 7.14.
Quantitative measures of the association constants were made by carrying out
UV–Vis titrations in dichloromethane/methanol at different solvent ratios. All asso-
ciation constants were found to decrease as the methanol fraction increased.
However, the selectivites were found to change. For instance, in both 9:1 and 7:3
CH2Cl2/CH3OH solvent mixtures, the selectivity of receptor 7.45 was found to fol-
low the sequence Cl� � NO3

� � AcO�. However, receptor 7.45c was found to dis-
play a different preference, namely NO3

� � Cl� � AcO� when the CH2Cl2/CH3OH
ratio was 1:1. This difference was rationalized in terms of solvation effects. The
hydration enthalpies of nitrate, chloride, and acetate anions are calculated to be 293,
335, and 402 kJ mol�1, respectively. To the extent such hydration enthalpies reflect
the relative ease of desolvation in the more polar mixture, an inherent selectivity of
NO3

� � Cl� � AcO� would be expected absent other effects (e.g., compensating
solvation involving the receptor or complex). This limiting approximation should be
more valid in the case of receptor 7.45c, where the large lipophilic substituents serve
to limit the access of solvent to the amide groups. By contrast, such differential sol-
vation effects are likely to be less important for the more open receptor systems,
especially when studied in less polar media; in such cases, the binding selectivities
are expected to reflect more closely such “normal” considerations as receptor–anion
matching in terms of, e.g., size, shape, and number of expected hydrogen bonds.

Bondy, Gale and Loeb have used platinum(II) cations to organize amide-hydrogen-
bond donors to create effective anion-binding receptors.50 For instance, in receptor 7.46,
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four ligands containing amide residues are brought together via coordination to a square
planar Pt(II) metal center. Complex 7.46, in the form of its PF6

� salt, was found to adopt
a 1,2-alternate conformation in the solid state (Figure 7.15a). Interestingly, hydrogen-
bonding interactions between PF6

� and amide were not observed; however, electrostatic
interactions with the metal were inferred. The X-ray structure of 7.46·ReO4

� was also
solved (cf. Figure 7.15b) and it strongly supports the notion that receptor 7.46 should
be able to bind anions in solution. In fact, association constants, determined by standard
1H NMR spectroscopic titrations carried out in CD3CN or CD3CN/DMSO-d6 show that
receptor 7.46 is an effective receptor for oxyanions, such as CH3CO2

� (Ka1 � 230 M�1

and Ka2 � 491 M�1 in CD3CN/DMSO-d6 � 1/9 v/v), HSO4
� (Ka � 149 M�1 in

CD3CN/DMSO-d6 � 3/1 v/v), ReO4
� (Ka � 150 M�1 in CD3CN), NO3

� (Ka1 � 562
M�1 and Ka2 � 132 M�1 in CD3CN), and CF3SO4

� (Ka � 129 M�1 in CD3CN). 

Quite recently, this group reported the synthesis of a new type of metal-organic anion
receptor, 7.47, that displays a high affinity for sulfate.51 In this case, a single crystal X-
ray structure analysis shows that the receptor 7.47 can adopt two different conforma-
tions in the solid state when bound to anions. In particular, the solid-state structure of
the bis-chloride anion complex reveals that receptor 7.47 exists in a 1,2-alternate
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Figure 7.14 Single crystal X-ray structure of the bis-chloride anion complex of receptor 7.45a
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conformation and stabilizes the bound chloride anions via two different types of hydro-
gen-bonding interactions, namely NH···Cl� and CH···Cl� (Figure 7.16a). However, in
the corresponding sulfate-anion complex, receptor 7.47 exists in a cone conformation,
which permits more complete encapsulation of the bound anion (Figure 7.16b). In this
case, there are eight stabilizing hydrogen-bonding interactions between the eight-urea
NH protons and three of the sulfate oxygen atoms. 

The anion-binding properties of receptor 7.47 were also studied in solution via 1H
NMR spectroscopic titrations carried out in DMSO-d6. These studies provided sup-
port for the notion that receptor 7.47 is a highly effective receptor for both sulfate
and dihydrogen phosphate, binding these anions with Ka values in excess of 105

M�1 and in a 1:1 receptor/anion ratio. By contrast, this receptor was found to bind
halide anions far less effectively and with a 1:2 receptor/anion ratio (e.g., Ka1 �
11,693 M�1 and Ka2 � 2223 M�1 for Cl�). 

Halcrow and co-workers52 have employed a similar strategy in the production of
anion receptors from zinc 3{5}-tert-butylpyrazole (HpztBu) complexes. Complexation
of ZnX2 (X � Cl, Br, I) by HpztBu yields zinc complexes [ZnX(HpztBu)3]X (X �
Cl(7.48), Br(7.49), I(7.50)). Crystal structure elucidations of these complexes reveal a
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Figure 7.15 (a) Single crystal X-ray structure of the bis-PF6
� salt of receptor 7.46. Two

dichloromethane molecules are also included in the binding cavities defined by
the receptor and are shown in this structure. (b) Single crystal X-ray structure of
ReO4

� anion complex of receptor 7.46

RSC_ARC_Ch007.qxd  2/9/2006  8:51 AM  Page 312



distorted Zn(II) complex cation with the tert-butyl groups of the attached ligands ori-
ented such that the zinc complex offers a convergent array of three NH-hydrogen-bond
donors to the non-metal coordinated halide anion (Figure 7.17). The hydrogen-bonded
chloride in 7.48 may be exchanged for other anions by treatment with Ag(I) or Tl(I)
salts affording the BF4

�, ClO4
�, NO3

�, CF3SO3
�, and PF6

� complexes, all of which were
crystallographically characterized. Recently, Pérez and co-workers53 also reported
fac–tris(pyrazol) complexes as anion receptors.

Quite recently, Raptis and co-workers54 reported the results of a single crystal X-
ray diffraction analysis of the chloride-anion complex of the neutral supramolecular
ensemble formed from the cyclic Cu(II) complexes 7.51, a species designated as
7.51a·7.51d-chloride. The metal-containing ensemble, which contains both 7.51a and
7.51d as subunits, is stabilized by the interaction between the six inward-pointing
hydroxyl group of 7.51d and all six Cu-centres of the inner six-membered ring 7.51a
(Cu⋅⋅⋅O � 2.399(6)–2.464(6) Å). The resulting dimer 7.51a·7.51d, is neutral in the
absence of a bound anion, and contains six hydroxyl (hydrophilic) and pyrazole
(hydrophobic) groups. This complex entity, in turn, is able to encapsulate a bound
chloride anion by forming a sandwich-type dimer that is stabilized by 12 hydrogen-
bond interactions (Cl⋅⋅⋅O � 3.306(7)–3.698(7) Å), six on each side (Figure 7.18).
These same authors also described two other complex, anion-containing structures,
namely 7.51a·7.51d-carbonate-7.51c and 7.51b·7.51e-sulfate-7.51c. In conjunction
with the description of metallacyclic isomers, the formation of these complexes
clearly supports the notion that a µ-OH subunit constrained within neutral receptors
is able to act as a good hydrogen-bond donor and anion recognition element. 
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Figure 7.16 (a) Single crystal X-ray structures of (a) the bis-chloride-anion complex and (b)
sulfate-anion complex of receptor 7.47

RSC_ARC_Ch007.qxd  2/9/2006  8:51 AM  Page 313



N

N
Cu

Cu

N

N

OH

N

N

N

N
Cu

Cu

N

N

HO

N

N

Cu

Cu

O O

O O

H H

HH n

7.51a n = 6
7.51b n = 8
7.51c n = 9
7.51d n = 12
7.51e n = 14

314 Chapter 7

Figure 7.17 Single crystal X-ray structure of complex 7.48. Certain hydrogen atoms have
been omitted for clarity

Figure 7.18 Single crystal X-ray structure of the chloride-anion complex formed from the
metal-ligated mixed receptor dimer 7.51a–7.51d. Hydrogen atoms have been
omitted for clarity
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7.3 Other Anion Receptors Containing Metals
Atwood and Steed55 have synthesized a family of calixarene and cyclotriveratry-
lene-based anion receptors in which transition metals have been appended 
to the outside of the aromatic cavity in order to reduce the electron density pres-
ent in the “cup” making it more amenable to anionic guest species (e.g.,
7.52–7.53). “Extended cavity” systems, such as 7.54, have also been synthe-
sized.56

A variety of anion complexes have been isolated and crystallographically
characterized. For example, the tetrafluoroborate and iodide salts of 7.52, are
shown in Figure 7.19. In both cases, one of the counter ions is encapsulated
within the cup of the calixarene. The extended cavity system 7.54 also encap-
sulates anionic guests (the hexafluorophosphate salt of this receptor is shown in
Figure 7.20). 
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7.4 Summary Remarks
As we have seen, metals offer coordination sites for anions or for organic ligands,
which can then participate in other interactions involving anionic guests. The huge
variety of available metal ions with  preferred coordination geometries allows for the
conception of numerous new systems where specific anion-binding environments
are established through rational design. This ability to create systems with unique
and interesting anion-binding properties should make this an area of special interest
to both inorganic- and organic-oriented supramolecular chemists alike.
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Figure 7.19 Single crystal X-ray structure of the tetrafluoroborate complex of receptor 7.52
(left) and the iodide salt (right)
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CHAPTER 8

Sensors

8.1 Introduction
Sensors for anions must not only bind an anionic guest selectively but also report the
anion-recognition event via an electrochemical or optical macroscopic physical
response. Several different strategies have been employed for the electrochemical
detection of anions; two of the most important involve (1) extraction of a charged
guest into a membrane by a non-electroactive host and detection of the resulting
membrane potential (ion-selective electrodes (ISEs) and chemically modified field
effect transistors (CHEMFETs)) and (2) synthesis of a receptor containing a redox-
active group and detection of a current/potential perturbation on complex formation
(voltammetric/amperometric sensors). Similarly, a number of different strategies have
also been employed in the production of optical sensors for anions. Included among
these are optodes, which may be regarded as the optical equivalent of ISEs in that a
change in the properties of a receptor-doped membrane film is used to signal the pres-
ence of a targeted guest species. Distinct from optodes are discrete molecular recep-
tors containing fluorescent groups that serve to signal the presence of an anion via a
change in the emission (colour or intensity) as the result of, e.g., photo-electron-trans-
fer quenching. Simple colorimetric sensors have also been reported that undergo a
colour change in the presence of a particular anion – a change that is detectable by
the use of a spectrometer or, more preferably by eye. Ensembles of molecules have
also been used as “displacement assays” wherein, for example, a dye is bound to a
receptor that is displaced by the anionic guest. The displaced dye has different opti-
cal properties from the bound dye and hence anion complexation may be detected.
Aggregation effects have also been used to affect anion sensing. Chemical systems
that signal the presence of an anion through discrete bond-making or bond-forming
processes (i.e., by undergoing a generally irreversible chemical reaction) are also
known. In this chapter an effort is made to review these strategies in some detail.

8.2 Devices that Employ Anion-Selective Membranes
ISEs are electrodes that contain a guest-selective membrane between the analyte
solution and the electrode, and give a selective response to the presence of a partic-
ular species. A two-electrode set-up for a generic ISE is illustrated in Figure 8.1.
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The ISE measures the potential of the target ion in solution, and compares this
potential to that of a reference electrode. The potential difference is related to the
activity of the ion in solution, which in turn is related to its concentration. Hence this
type of device may be used to measure ion concentrations. The selectivity of the
electrode is dictated by the membrane, which is designed to extract with high speci-
ficity the target guest from solution. For example, a widely used fluoride ISE con-
sists of a lanthanum fluoride (LaF3) crystal membrane (which may be doped with a
small quantity of europium fluoride (EuF2) to reduce resistivity).1 The shorthand
notation for a typical fluoride electrode is Ag/AgCl/0.1 M KCl, 0.1 M NaF/LaF3.

The crystal contains fluoride vacancies (the number of which is increased by the
EuF2 dopant); hence, fluoride anions can be conducted through the crystal to the elec-
trode. Other anions are too large to pass through the crystal membrane hence there is
no interference from other anionic species. The exception is hydroxide, a species that
can interfere by reacting with the lanthanum fluoride, thereby releasing fluoride
anions. This unwanted release may be countered by buffering the solutions that are
the subject to analysis so as to limit the effective hydroxide-anion concentration.

Many commercially available chloride selective electrodes are based upon silver
chloride/silver sulfide solid-state membranes. Unfortunately, these systems suffer
from interference from silver and sulfide ions as well as from common anions that
may be present in the environment (e.g., iodide and bromide).

Other types of ISE contain polymer membranes that contain an ionophore. These
membranes consist mainly of poly(vinyl chloride) (PVC) mixed with a plasticizer
such as bis(2-ethylhexyl) sebacate or 2-nitrophenyl octyl ether.2 While problems can
arise in these systems as a result of either the plasticizer or ionophore leaching from
the membrane into the test solution, inspiring current work on the development of
new types of more durable membrane system,3 these kinds of systems remain among
the most useful and promising of known anion-sensing systems. Early polymer mem-
brane anion-selective electrodes were based on anion-exchange principles. In these
systems, as well as many currently under development, the ionophore has generally

Sensors 321
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Figure 8.1 A generic ion-selective electrode set-up with reference electrode
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been an ammonium cation, with salts such as tridodecylmethylammonium chloride
(TDDMACl) being used extensively. The selectivity of these electrodes is deter-
mined by the hydrophobicity of the anionic guests and hence by their relative dehy-
dration energies and ease of exchange into the membrane. As discussed earlier, anion
hydrophobicity is reflected in the Hofmeister series4:

organic anions � ClO4
�� SCN��I�� salicylate�� NO3

�� Br�� Cl�� HCO3
��

H2PO4
�� F�, SO4

2�� HPO4
2�

Detection of all but the most lipophilic anions could not be achieved completely
successfully with these types of ammonium ionophore-based electrodes as attempts
to use them in to detect the more hydrophilic anions in mixtures of anions (e.g., in
blood) were characterized by strong interference from the more lipophilic species in
solution, such as bromide and salicylate.5 Hence, ISEs containing synthetic-anion
receptors have been extensively investigated. These devices often show “anti-
Hofmeister” behaviour as the result of the selectivity of the receptor, which if prop-
erly chosen can serve to modulate or even overcome the intrinsic bias towards
lipophilic anionic analytes. These types of membrane may also contain positively
charged additives such as alkylammonium cations to aid extraction of the anion into
the lipophilic membrane. This is essential if the ionophore is neutral. For a compre-
hensive overview of this area up to 1998 the reader is directed to Bühlmann and co-
workers’6 excellent review in Chemical Reviews. Antonisse and Reinhoudt’s7 review
of potentiometric anion sensors in Electroanalysis in 1999 is also recommended.

To date, a wide variety of both charged and neutral-anion receptors have been incor-
porated into polymer matrix membrane ISEs. For example, Umezawa and co-workers
have reported a number of ISEs that employ amide- and urea-containing anion receptors
and which show selective responses with a variety of different anionic guests. For
instance, receptor 8.1 was incorporated into PVC membranes containing 2-nitrophenyl
octyl ether as a plasticizer and TDDMACl as an additive. The resulting ISEs were found
to respond selectively to sulfate anion and display little interference from SCN�, NO3

�,
Br�, or Cl�.8 In contradistinction to these results, ISEs prepared with similar membranes
containing 8.2 showed chloride-selective behaviour.9 In these systems, the selectivity
preference of the ionophore is the determining factor in the selectivity of the membrane.
Bachas and co-workers10 have also studied the anion-detection properties of ISEs based
on urea-containing receptor (8.3),11 which contain aminochromenone moieties linked to
various scaffolds. A comparison of electrodes containing these receptors showed that
membranes incorporating compound 8.3 displayed a remarkable selectivity for sulfate.

Umezawa and co-workers also pioneered the use of expanded porphyrins as sensor
elements in ISEs. For instance, in early work, these researchers showed that the organic
soluble sapphyrin 8.4, when incorporated in a dioctyl phthalate (DOP)–polyvinylchloride

N

NH HN
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NH
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O

HN
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O

NH

O

R
O

O

O

NH
Bu

t-Bu
R =
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(PVC) membrane (3:75:22 8.4/DOP/PVC wt% ratio) gave an anionic response for both
5�-GMP and 5�-AMP from a concentration of 1 � 10�3 M at pH 6.6, displaying a slight
selectivity for the latter species.12 More recently, the Umezawa group has shown that
both sapphyrin 8.5 and rubyrin 8.5 can be used to produce ISEs that are selective for
3,5-dinitrobenzoate anion at or below neutral pH.13 In all cases, the key to the observed
response is that the expanded porphyrins are partially protonated under the conditions
of the experiment and thus function as anion-selective lipophilic cations.

Ion-selective membranes have also been employed in CHEMFETs to give selec-
tive sensing devices. Reinhoudt and co-workers have incorporated a variety of uranyl
salophane derivatives, such as 8.6a–8.6i, into CHEMFET membranes and shown
that these devices are capable of detecting a range of anions selectively (e.g., fluo-
ride may be sensed in the presence of a 150-fold excess of thiocyanate). These sys-
tems offer the further advantage that they are built on receptors with tunable binding
properties, i.e., whose selectivity is dependent on the nature of the lipophilic and
hydrogen-bond donor/acceptor substituents present near the uranyl-binding site.2,14

Radecki and co-workers15 have employed aza-crowns 8.7–8.10 in PVC-mem-
brane electrodes and used these systems to sense a variety of carboxylate anions.
These compounds showed responses based on the shape of the carboxylate anion in
question, with differing responses being observed for maleate and fumarate, as well
as for isophthalate and terephthalate.

C12H25O OC12H25

N N

R2

R1

O O

R1

R2

UO2

8.6a R1 = R2 = H
8.6b R1 = OMe,R2 = H
8.6c R1 = NHC(O)Me, R2 =t-Bu
8.6d R1 = F, R2 = H
8.6e R1 = C6H5, R2 = H
8.6f R1 = R2 =t-Bu
8.6g R1 = OCH2C(O)NH(4-Me-C6H4), R2 = H
8.6h R1 = NHC(O)C7H15, R2 = t-Bu
8.6i  R1 = NHC(O)NHC3H7, R2 =t-Bu

N
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H
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H

N
H

H
N

H
N

N N

8.4 8.5
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The first ISEs containing a neutral pyrrole-based anion-receptor element were
reported by Král and co-workers in 1999.16 In this study, it was found that the poten-
tiometric sensitivity towards anions of PVC membrane-type ISEs based on
calix[4]pyrrole 8.11 and its pyridine analogues17 (i.e., dichlorcalix[2]pyrrole[2]pyri-
dine 8.12a and tetrachlorocalix[4]pyridine 8.12b) is pH dependent. While ISEs con-
taining compound 8.11 displayed an anionic response for F� and HPO4

2� at pH 3.5,
5.5, and 9.0, this same system was found to produce a cationic response to chloride
and bromide at higher pH. Presumably, such findings reflect the fact that 8.11 has a
high selectivity for OH� and a rather low affinity for Cl� or Br� at higher pH.
Consistent with such a hypothesis, a selectivity order of Br�� Cl�� OH� ≈ F��
HPO4

2�, which represent a deviation from Hofmeister behaviour, was observed at pH
9.0. This result supports the notion that calix[4]pyrrole 8.11 acts as a pure anion
receptor at lower pH, whereas it shows two different responses, reflecting both anion
and counter-cation binding, at higher pH.

ISEs derived from 8.12a and 8.12b display selectivities that are fully reversed (F��
OH�� Cl�� Br�) compared to those based on 8.11 at higher pH. However, at lower pH,
both systems (8.12a and 8.12b) produce a strong response when exposed to fluoride and
phosphate anions. Such findings are consistent with the inherent anion-binding ability of
8.12a derived from neutral pyrrolic NH-hydrogen-bonding interactions being augmented
by electrostatic interactions involving the protonated pyridine units, at least at lower pH.
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In an effort to design nucleotide-specific ISEs, the nucleoside-functionalized
calix[4]pyrroles 8.14 and 8.15 were tested as membrane elements.18 However, prior to
studying these systems, the potentiometric sensitivities and selectivities of ISEs con-
taining the analogous unfunctionalized compounds (8.11 and 8.13) were tested without
added tridodecylmethylammonium chloride (TDDMACl). At pH 6.6 (a pH at which the
phosphate moiety exists mostly in its dianionic form) both systems (i.e., those derived
from 8.11 as well as those derived from 8.13) were found to display an inherent selec-
tivity for 5�-AMP � 5�-GMP ≈ 5�-CMP � 5�-UMP ≈ 5�-TMP, as judged from the
observed anionic response. On the other hand, it was found that system 8.11 shows a
slightly different selectivity pattern (5�-AMP � 5�-UMP � 5�-CMP � 5�-GMP) once
the electrically charged species TDDMACl is added to the PVC membranes (Table 8.1).
The fact that this additive has such an effect reflects the need to neutralize the negative
charge present in the calix[4]pyrrole–nucleotide complex.

In the case of the more hydrophobic cyclohexyl-substituted calix[4]pyrrole 8.13,
a selectivity pattern of 5�-AMP (no carbonyl) � 5�-CMP (one carbonyl) � 5�-GMP
� 5�-TMP (two carbonyl) ≈5�-UMP was observed using a membrane made up with
TDDMACl. This result led to the suggestion that ISE-response selectivity is domi-
nated by interactions between the nucleobase and the calix[4]pyrrole, even when the
substrate is a nucleotide containing a negatively charged phosphate subunit (that
could be a source for an independent anionic response).

Functionalized calix[4]pyrroles 8.14 and 8.15 were found display 5�-CMP and 5�
-GMP selectivities in model membrane transport experiments involving an initial
aqueous phase (Aq I) held at pH 6.0 and a receiving phase of pH 12.5 (Aq II). From
these and related studies, it was surmised that the pH of the aqueous phases could play
an important role in defining the transport selectivity. Therefore, for ISEs made up
from these receptors, it was considered important to measure the potentiometric
response at both low and high pH. Table 8.1 summarizes the potentiometric selectiv-
ity of PVC membranes that are derived from 8.14 and 8.15 and which also contain
TDDMACl. In the case of system 8.14, a selectivity order of 5�-AMP � 5�-GMP �
5�-CMP was observed at both pH 6.6 and 8.5. On the other hand, the selectivity
sequence for system 8.15 was found to be a more sensitive function of pH (viz. 
5�-CMP � 5�-AMP � 5�-GMP at pH 6.6; 5�-GMP � 5�-AMP � 5�-CMP at pH 8.5).19

The high selectivity for 5�-GMP observed at lower pH supports the notion that ditopic
interactions play a key role in mediating the receptor-nucleotide binding events at or
below pH 6.6. On the other hand, at high pH, the nucleobase is expected to exist as a

Sensors 325

Table 8.1 Potentiometric selectivity of PVC membranes containing unfunction-
alized calix[4]pyrrole 8.11 (log K sel

5�-AMP/5�-XMP), the cytosine-func-
tionalized calix[4]pyrroles 8.14 (log K sel

5�-UMP/5�-XMP), and analogue
8.15 (log K sel

5�-CMP/5�-XMP). These membranes contained TDDMACl

At pH 6.6 At pH 8.5

5�-AMP 5�-CMP 5�-GMP 5�-AMP 5�-CMP 5�-GMP

8.11 0.00 �0.24 �0.76 � � �
8.14 �0.07 �0.97 �0.89 �0.20 �0.58 �0.10
8.15 �1.53 0.00 �2.23 �0.68 0.00 �1.23
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dianion, making the selectivity advantage imparted by the Watson–Crick base-pairing
interactions less significant. While not yet fully established, such rationales can help
explain the low potentiometic selectivity for 5�-GMP that is observed at pH 8.5.

Optodes are similar to ISEs in that they employ a guest-selective membrane.
However, unlike ISEs, the change that is detected is not in electrochemical potential
but rather in the optical properties of the membrane. Metalloporphyrins or corrins
have been used in a number of anion-selective electrodes and optodes.20,21 For exam-
ple, a number of nitrite selective optodes containing a vitamin B12 derivative (aquo-
cyano-cobyrinic acid-heptakis-(2-phenyl ethyl ester))22 (nitrite ionophore I) are
known. Likewise, several chloride selective optodes have been made based on
indium(III)tetraethylporphyrin chloride.21,23 Kopelman and co-workers24 have
employed both these systems as nitrite- and chloride-selective nano-optodes and
applied them to the in vitro analysis of bio-samples.

Bachas and co-workers25 have made chloride selective optodes that contain
Hawthorne’s mercuracarborand chloride receptors. A PVC optode membrane was
prepared by combining the chloride-selective [9]mercuracarborand-3 macrocycle
8.16 with a proton-sensitive molecule, proton chromoionophore VI (8.17), together
with a plasticizer and TDDMACl. When chloride is extracted into the membrane and
bound by 8.16, protons are also extracted to maintain charge neutrality. This leads to
the protonation of compound 8.17 and produces an optical response. This optode is
particularly selective for chloride, and does not suffer from interference from sali-
cylate, thiocyanate, bromide, or nitrate.
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8.3 Discrete Molecular Electrochemical-Anion Sensors
Molecular electrochemical sensors consist of a redox-active subunit linked to a guest-
binding site. When a guest binds to the receptor, the electrochemical properties of the
redox-active entity (or “reporter” group) change and may be detected using cyclic
voltammetric or other electrochemical techniques (Scheme 8.1). It is essential at the
design stage of this type of sensor to ensure that the binding site and reporter group
are arranged such that the binding event perturbs the redox properties of the receptor.

Such systems can be described by the scheme of one square as shown below
(Scheme 8.2).

As noted in the caption to this scheme, H, G, and HG in normal or subscript posi-
tions represent the host, guest, and complex species, respectively; the subscripts “ox”
and “red” indicate that the corresponding molecules or parameters are in their oxidized
or reduced states; E° is the formal potential of the electron-transfer reaction and K is the
stability constant. From this scheme it is possible to derive the following expression:

(E°H�E°HG)nF/RT � ln(Kox/Kred) (8.1)

This equation (Equation (8.1)) links the stability constants Kox and Kred of a complex
in two different oxidation states with the experimentally measurable redox potentials
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Scheme 8.1 A guest-binding event triggers an electrochemical response in a redox-active
receptor
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Scheme 8.2 Electrochemical cycle which defines the intrinsic behaviour of redox-active-anion
sensors. This cycle, the terms of which are defined in the text, is often referred to
as the “scheme of one square”. Here, H, host; G, guest; and HG, complex
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EH and EHG. Therefore, it provides an easy means of obtaining the ratio of Kox/Kred,
which is a useful parameter known as the binding enhancement factor (BEF) or reac-
tion-coupling efficiency (RCE). This expression also allows the calculation of Kox if
Kred is known or vice versa.

Receptors designed to recognize guest molecules electrochemically must couple
the complexation process to the redox reaction, i.e., the two reactions must mutually
influence each other. Addition of an electron (reduction) to, or its withdrawal (oxi-
dation) from, a host molecule will change the stability constant of the complex
formed, leading to a change in the ratio of Kox/Kred. Equation (8.1) predicts that this
change in stability constant will cause a change in the redox potential of the host.
The magnitude and the direction of the potential change will depend primarily on the
reaction-coupling mechanism and the properties of the complexed guest molecule.
The expected variations in the redox properties of the system as a whole can be
measured, for example, by voltammetric means.

Beer and co-workers have been pioneers in this area of supramolecular chemistry.
They have used ferrocene, cobaltocenium, ruthenium bipyridyl, and other redox-
active groups to produce anion receptors that display an electrochemical response.
Further, these workers have identified five mechanisms by which the binding of a
guest species may perturb a redox-active centre in a redox-active receptor (Figure
8.2). These include through space (the binding site is very close to the redox-active
group), direct coordination (the guest binds directly to the redox centre), through
bond (a conjugated bond pathway exists between the binding site and redox-active
group which is perturbed by the bonding event which in turn perturbs the redox-
active group), conformational change (the binding event triggers a conformational
change which perturbs the redox potential of the reporter group), and an interference
mechanism (the interaction between several redox-active groups is perturbed by
guest binding).

In 1989, Beer and co-workers26 reported the synthesis of several cobaltocenium
ester macrocycles 8.19–8.22 and an acyclic model compound 8.18. Addition of tetra-
butylammonium bromide to solutions of receptor 8.20 in acetonitrile was found to
produce a maximum cathodic shift of 45 mV of the cobaltocenium redox couple.
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Figure 8.2 Mechanisms identified by Beer and co-workers
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This discovery inspired the Beer27 group to develop more stable redox-responsive
anion receptors containing amide-linked cobaltocenium subunits. These second-gen-
eration systems combined electrostatic interactions with hydrogen bonding to pro-
duce a variety of receptors. In the case of receptor 8.23, a downfield shift in the NH
peak was observed upon the addition of halide anions (studied as their corresponding
tetrabutylammonium salts) in DMSO-d6. A significant cathodic shift in the reduction
potential was also observed in the presence of anions, as judged by cyclic voltam-
metry.

Later on, the Beer group reported the synthesis of several bis-cobaltocenium
diamide-bridged receptors (i.e., 8.24).28 As part of this work, the anion-binding
affinities were determined in CD3CN using standard 1H NMR spectroscopic titration
methods. On this basis, it was concluded that receptor 8.24a, linked by an ethylene-
diamine-derived spacer, exhibits a preference for chloride anion over bromide and
iodide anions (Ka � 2500, 330, and 450 M�1 for chloride, bromide, and iodide,
respectively). Increasing the length of the linker (cf. 8.24b and 8.24c) leads to a dra-
matic reduction in both the anion-binding affinity and selectivity. For instance, chlo-
ride and bromide are bound to 8.24b with affinities of 1300 and 270 M�1,
respectively, vs. 280 and 260 M�1 for 8.24c. As found for system 8.23, substantial
cathodic shifts in the cobaltocenium/cobaltocene redox couple were observed in the
presence of chloride and bromide anions (∆E(Cl�) � 60, 45, and 40 mV for 8.24a,
8.24b, and 8.24c, respectively, in CH3CN).

The electrochemical properties of the triscobaltocenium receptor 8.25 were also
studied in organic solvents.27,29 In the case of fluoride anion, a cathodic shift (∆E �
60 mV in DMSO) was observed upon the addition of the corresponding tetrabutyl-
ammonium salt. In accord with such findings, downfield shifts for the amide protons
were seen in the 1H NMR spectrum of 8.25 upon the addition of chloride, bromide,
and nitrate anions. 
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In 1997, these workers reported a new upper-rim cobaltocenium diamide-bridged
calix[4]arene, 8.26.30 This receptor exhibits a high affinity for carboxylate anions, in
particular for acetate, in DMSO-d6. Presumably, this binding affinity reflects the
rigidity of the upper rim, enforced by the bridging cobaltocenium subunit, which
serves to enforce a ditopic “binding pocket” geometry that is well suited for biden-
tate anions, such as carboxylate anions. Electrochemical-anion studies, carried out in
acetonitrile, also revealed a substantial cathodic shift in the cobaltocenium/cobal-
tocene reduction potential in the presence of carboxylate anions. These results led to
the suggestion that receptor 8.26 is a prototype of a generalized class of amper-
ometic sensing agents that are selective for carboxylate anions.

First reported in 1999, the bis-cobaltocenium systems 8.27a and 8.27b are elaborated
analogues of 8.26.31 These two isomeric receptors display different anion selectivities
and stability constants. As a general rule, receptor 8.27b was found to give rise to lower
binding constants than 8.27a. Other differences were also observed. For instance, while
receptor 8.27b was found to exhibit a preference for dihydrogen phosphate in 
DMSO-d6, receptor 8.25a was found to display a high selectivity towards acetate anion.
Molecular modelling calculations and analysis of CPK models indicated that the dis-
tance between the amide groups is closer in 8.27a than in 8.27b, a result that is ascribed
to the presence of the two lower-rim bulky tosyl groups para to that of the upper-rim
amide group. Independent of this rationalization, these results are important because
they provide important experimental support for the notion that the inherent selectivi-
ties of receptors can be varied by making appropriate geometric changes. Reports of
further examples of cobaltocenium receptors are listed in the reference section.32
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In addition to their work on cobaltocenium-containing anion receptors, the Beer
group has played a pioneering role in developing ferrocene-based systems that can
sense anions in both organic and aqueous media through electrochemical means.33

As part of this effort, a family of compounds containing ferrocene units appended
to secondary amides were prepared. In contrast to the cobaltocenium-containing
receptors described above, these receptors have no inherent electrostatic attraction
for anions. This makes their inherent affinity for anions lower than the analogous
positively charged systems. However, oxidation of the ferrocene group to ferroce-
nium can “switch-on” electrostatic interactions and consequently these molecules
function as redox sensors for anions. For example, compounds 8.28–8.32 were
found capable of sensing H2PO4

� anions in acetonitrile solution via the large
cathodic shifts (up to 240 mV) produced in the presence of a 10-fold excess of
either HSO4

� or Cl� ions. In contradistinction to these results, receptor 8.28 was
found to bind HSO4

� selectively in the presence of H2PO4
�. The basic amine func-

tionality of 8.28 is protonated by the hydrogen sulfate anion and the resulting pos-
itively charged receptor strongly binds the SO4

2� anion produced as the result of this
proton transfer.

Astruc and co-workers have produced dendrimers containing 3, 9, and 18 fer-
rocene groups (systems 8.33, 8.34, and 8.35, respectively). Electrochemical studies
provided evidence for a dendritic effect playing a role in anion recognition.34 The
largest induced cathodic shifts were observed upon the addition of H2PO4

�, with the
perturbation caused by this and other anions increasing as the size of the dendrimer
increased. For instance, in the presence of excess H2PO4

�, the ferrocene/ferrocenium
redox couple was seen to shift by 110, 220, and 315 mV for compounds 8.33, 8.34,
and 8.35, respectively.
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Beer and co-workers have also synthesized a series of acyclic and macrocyclic fer-
rocene amine ligands, e.g., 8.36 and 8.37, that can selectively bind and electrochem-
ically detect phosphate and sulfate (in various states of protonation) and nucleotide
anions in aqueous solution.35 For example, compound 8.36 under neutral conditions
senses phosphate via a cathodic shift of 50 mV whereas sulfate does not trigger an
electrochemical response. However, for receptor 8.37 in aqueous THF solution at pH
4 the reverse is true; this latter system serves to discriminate sulfate over phosphate
electrochemically via the production of a cathodic shift of 54 mV. Calibration curves
of the change in the half-wave potential ∆E vs. [A�]/[L] ratio constructed at well-
defined pH values for 8.36 and 8.37 allowed the concentrations of phosphate and sul-
fate to be determined quantitatively in the presence of competing anions.

Ferrocene-containing receptors bearing fully charged positive centres have also
been prepared as electrochemical-anion sensors. For example, the ferrocene
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appended guanidinium receptor 8.38 selectively senses pyrophosphate in
methanol/water mixtures, exhibiting limiting cathodic shifts of 70 mV in the pres-
ence of this anion.36

Shinkai and co-workers37 have shown that very simple ferrocene species can func-
tion as selective sensors. Specifically, this group has shown that ferroceneboronic
acid 8.39 is capable of acting as a redox sensor for fluoride. This receptor has excel-
lent selectivity for fluoride in the presence of other halides and anions such as SCN�,
SO4

2�, and H2PO4
�. A Kox value of 1000 M�1 in MeOH–H2O (1:9) for fluoride, com-

pared to values of less than 2 M�1 for chloride and bromide, was found. The inter-
action between the boronic acid group and fluoride is attributed to the hardness of
the boron atom, which strongly interacts with fluoride (a hard base). Upon oxidation,
the ferrocene group becomes more electron withdrawing. This decreases the electron
density of the boron atom and increases the strength of the fluoride-anion complex.

Jurkschat  and co-workers38 have incorporated ferrocene groups into silicon- and
tin-containing macrocycles forming new electrochemical-anion sensors such as, e.g.,
8.40. In CH2Cl2, receptor 8.40 displays anion-dependent cathodic shifts in the pres-
ence of certain anions (e.g., Cl� ∆E � 130 mV, F� ∆E � 210 mV; H2PO4

� ∆E � 480
mV). Here, in analogy to other metal- and metalloid-based anion receptors (cf.
Chapter 7), it is thought that the presence of the electron-deficient centres abets the
anion-recognition process.

In 2002 Tucker and Moody39 reported the synthesis of the homochiral redox-
active receptors 8.41a and 8.41b, systems that were designed to effect the recogni-
tion of chiral carboxylate anions. Both 8.41a and 8.41b were prepared from the same
non-racemic primary α-ferrocenylalkylamine and were found to display a strong
affinity for the 2-phenylbutyrate anion. In the case of 8.41a, the association constant
for racemic 2-phenylbutyrate was calculated to be 2080 M�1 in CD3CN, as judged
from standard 1H NMR spectroscopic titrations. On the other hand, receptor 8.41b
was found to bind this substrate too strongly in this solvent to allow an accurate
binding constant to be determined by NMR methods. Therefore, quantitative assess-
ments of the association constants were made via UV–Vis spectroscopic titrations
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carried out in DMSO. It was found that 8.41b binds the (S) and (R) antipodes of 2-
phenylbutyrate with Ka values of 2350 and 2910 M�1, respectively, in this solvent at
293 K. While not a particularly large difference in absolute terms, this degree of dif-
ferentiation was noteworthy in that it showed the potential power of this approach.

One year later, the bis-urea substituted ferrocene receptor 8.42 was reported by
Pratt and Beer.40 It was prepared in a straightforward manner by the condensation of
ferrocenemethyldiamine and n-hexylisocyanate and was shown to possess a prefer-
ence for relatively basic anions such as dihydrogen phosphate, as judged from initial
binding studies carried out in CD3CN. Such a preference was found to be in good
agreement with the results of an electrochemical study that revealed a significant
cathodic shift (∆E � 150 mV; CH3CN/0.1 M TBABF4) in the presence of dihydro-
gen phosphate.

Most recently, a new aza-ferrocenophane receptor, 8.43, was synthesized by the
Molina group. It was designed to include both electrochemical (ferrocene unit) and
fluorescent chemosensor (naphthalene unit) subunits and show selectivity towards
fluoride anion.41 The results from quantitative binding studies, carried out in DMSO-
d6 using standard 1H NMR spectroscopic titration methods, revealed that fluoride ion
formed a considerably stronger complex (Ka�104 for a 1:2 host/guest binding stoi-
chiometry), than dihydrogen phosphate (Ka � 405 M�1 for a 1:1 complex). In addi-
tion, no appreciable interaction was observed with chloride, bromide, and hydrogen
sulfate anions. These results match the results from cyclic voltammetric studies. In
the presence of two equivalents of fluoride and dihydrogen-phosphate anions, a clear
cathodic shift was observed for both anions (∆E1/2 � 190 and 125 mV for F� and
H2PO4

�, respectively, in DMSO/0.1 M TBAPF6), with the BEFs being calculated as
1628 (F�) and 130 (H2PO4

�). Consistent with these results was the finding that the
addition of fluoride and dihydrogen phosphate induced a strong fluorescence
enhancement (up to 1186% and 172%, respectively) in DMF. Such a “switching on”
of fluorescence represents an easy-to-detect response that is considered highly
favourable in the context of substrate-specific sensor development.

Ferrocene “read out” elements have also been attached to calixpyrroles by Gale
and Sessler42 to produce the redox-active anion-receptor systems 8.44 and 8.45. The
solution-phase anion-association constants of 8.44 and 8.45 were determined in
CD2Cl2 using standard 1H NMR titration methods and are summarized in Table 8.2.
In general, these systems were found to display affinities and selectivities (i.e., F� �
Cl� � H2PO4

�) analogous to those seen for other alkylated calix[4]pyrroles in
dichloromethane. The electrochemical properties of 8.44 and 8.45 were determined
using cyclic voltammetry (CV). For instance, reversible ferrocene/ferrocenium
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waves were observed at E1/2 � 503 and 511 mV (vs. Ag/AgCl) for 8.44 and 8.45a,
respectively. Upon the addition of excess dihydrogen phosphate and fluoride ion to
receptor 8.44, cathodic shifts of 31 and 63 mV, respectively, were observed in the
Fc/Fc� couple. However, addition of chloride anion was found to engender an
anodic shift of –22 mV. Further complicating a straightforward analysis was the
finding that cathodic shifts of 14 and 207 mV, respectively, were produced upon the
addition of fluoride and chloride anions to receptor 8.45b, while the addition of
excess dihydrogen phosphate was found to lead to an anodic shift of �9 mV.42 By
contrast, the Fc/Fc� couple of receptor 8.45a underwent an anodic shift after the
addition of fluoride, chloride, bromide, and dihydrogen-phosphate anions.43 Thus,
while receptors 8.44 and 8.45 serve to demonstrate that metallocene elements may
be combined with calixpyrroles to produce redox-active sensors, these first-genera-
tion systems fall short of being fully functional in this regard.

The ansa-ferrocenes 8.46, containing two pyrrolic NH and two amidic NH
groups, represent a different class of ferrocene–pyrrole conjugates produced by the
Sessler group.44 In this case, quantitative 1H NMR spectroscopic titration studies
revealed that receptor 8.46a binds fluoride, chloride, and dihydrogen phosphate with
high affinity in CD3CN (cf. Ka � 105, 9030, and 11,300 M�1 for F�, Cl�, and H2PO4
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Table 8.2 Affinity constants corresponding to the interaction of anionic substrates
with 8.44 and 8.45 with anionic substrates and electrochemical parame-
ters obtained from CV measurements

No anion F� Cl� Br� H2PO4
� HSO4

�

8.44a Ka (M�1) N/A 1496 444 � 40 �
E1/2 (mV)b 503 566 481 � 534 �
	E (mV) N/A 63 �22 � 31 �

8.45ac Ka (M�1) N/A 3375 3190 50 304 �
E1/2 (mV)d 444 368 408 432 350 436
	E (mV) N/A �76 �36 �12 �100 <10

8.45ba Ka (M�1) N/A � 202 � 40 �
E1/2 (mV)b 511 525 718 � 502 �
	E (mV) N/A 14 207 � �9 �

aMeasured in dichloromethane (deuterated solvent for Ka determinations).
bDetermined in dichloromethane containing 0.1 M n-Bu4NPF6 as the supporting electrolyte. The poten-
tials were determined with reference to Ag/AgCl.
cMeasured in CH3CN/DMSO 9:1 (deuterated solvents for Ka determinations).
dValues obtained from square-wave voltammograms.
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respectively). These results were found to be consistent with electrochemistry stud-
ies, carried out concurrently, and led to the suggestion that this receptor acts as an
effective redox-based sensor for F� (	E � 80 mV) and H2PO4

� (	E � 136 mV).44

In working with this series of receptors, it was observed that the binding affinities
for H2PO4

� increased in a stepwise fashion as the number of oxygen atoms in the
linking bridge was increased from 0 to 2 (cf. Ka � 4050, 13,200, and 81,400 M�1,
respectively, for 8.46b, 8.46c, and 8.46d in CD2Cl2 containing 2% DMSO-d6). Such
an observation is consistent with the ether-type oxygen atoms being involved
directly in the anion-binding process. On the other hand, the degree of the anion-
induced cathodic shift in the Fc/Fc� potentials was not found to correlate fully with
the number of oxygen atoms in the bridging tether (cf. 	E � 128, 140, and 140 mV
for the binding of dihydrogen phosphate to 8.46b, 8.46c, and 8.46d, respectively).45

As a result, the interplay between structure and electrochemical sensing function in
these systems remains less than fully understood.

Quite recently, Gale and co-workers46 reported two new ferrocene-appended amido-
pyrroles that show considerable promise as electrochemical-anion sensors. The electro-
chemical behaviour of receptors, 8.47, in the presence and absence of a variety of anions
were determined by CV methods in dichloromethane using a platinum microdisc elec-
trode. Upon the addition of fluoride anion to 8.47b, a large anodic shift in the Fc/Fc�

couple was seen (cf. 	E � �130 mV). In the case of 8.47a, addition of fluoride anion
was found to yield two waves while producing significant anodic shifts (	E � �125 and
�255 mV). Interestingly, receptor 8.47a was found to display a strong affinity for ben-
zoate anion (1820 M�1) and addition of this anion produced a significant shift in the first
redox wave (	E � �120 mV). Taken together, such findings are fully consistent with
the proposal that the electrochemical oxidation of the receptors is affected by the bound
anion. There are many other examples of ferrocene-containing redox sensors and the
reader is directed to the reference section for further information.47,48
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Another strategy that has attracted attention as part of an effort to prepare anion sen-
sors has involved the synthesis of systems containing ruthenium bipyridyl moieties,
such as 8.48a–8.48d.49,50 The ability of these receptors, prepared by Beer and Maestri
groups, to sense chloride, acetate, and dihydrogen-phosphate anions was tested via
electrochemical, optical, and spectroscopic means. The X-ray crystal structure of
8.48a–2AcO� was also determined (cf. Figure 8.3).50 It shows that the receptor con-
tains a 26-membered macrocyclic core and that two acetate anions are associated with
it. These latter are held in place via two sets of multiple hydrogen-bonding interac-
tions, wherein each oxygen atom forms three hydrogen bonds, one to an amide NH
group and two to an aromatic CH moiety. The results of 1H NMR spectroscopic titra-
tions, carried out in DMSO-d6, led the authors to suggest that the anion selectivities of
receptors of general structure 8.48 is determined by the cavity size and shape. For
example, receptors 8.48a, 8.48b, and 8.48d, possessing a relatively large core, were
found to be selective for H2PO4

� over Cl�. By contrast, receptor 8.48c, containing a
smaller core, displays little if any affinity for dihydrogen phosphate anion, yet binds
chloride anion with an association constant of 40,000 M�1 in this solvent (DMSO-d6).
It was also found that receptor 8.48a, with its built-in phenyl spacers, binds two acetate
anions in DMSO-d6 solution (i.e., forming a 2:1 anion:receptor complex), which is in
good agreement with the results of the solid-state X-ray diffraction study.
Electrochemical studies of 8.48c, carried out in acetonitrile, in the presence and
absence of added anions reveal a similar anion selectivity trend, with the observed
∆E1/2 being 110, 15, and � 5 mV for Cl�, AcO�, and H2PO4

�, respectively. Other
examples of this type of receptor are listed in the reference section.48,51

4PF6
-

N

NN

N

N

N

Ru2+

N
H

O

H
N

O

N

N N

N

N

N

Ru2+

H
N

O

N
H

O
8.48b X =

8.48c X = 8.48d X =

8.48a X =
X

X

Sensors 337

Figure 8.3 Single crystal X-ray structure of the bis-acetate complex of receptor 8.48a
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A different electrochemical sensor element was introduced by Becher and co-work-
ers52 in 2003 when they reported the synthesis of the mono-tetrathiafulvalene (TTF)
calix[4]pyrrole, 8.49a. This system displayed an affinity constant for bromide anion
of 7.6 � 103 M�1 in CD3CN containing 0.5% D2O, as determined from standard 1H
NMR titrations. In the case of chloride and fluoride anion, the corresponding Ka val-
ues were determined via 1H NMR spectroscopic competition experiments and were
found to be 1.2 � 105 and 2.1 � 106 M�1, respectively. The electrochemical proper-
ties of receptor 8.49a, containing a TTF unit, were monitored by CV methods in ace-
tonitrile solution. In the presence of anions, this system displays cathodic shifts, with
these values being �34 and �43 mV for chloride and bromide anions, respectively.

Recently, Sessler and Becher53 demonstrated controlled complexation and decom-
plexation of electron-deficient neutral guests using the tetra-TTF calix[4]pyrrole
8.49b. In the solid and solution states, this receptor stabilizes the formation of
charge-transfer complexes involving trinitrobenzene (TNB), tetrafluoroquinone
(TFQ), and tetrachloroquinone (TCQ). These species are bound in a 1:2 (host:guest)
ratio within the two “pockets” defined by the calix[4]pyrrole in its 1,3-alternate
form, as deduced from X-ray structural analyses and 1H NMR and UV�Vis spec-
troscopy. In the presence of neutral guests, the colour of 8.49b in dichloromethane
underwent a change from yellow to green, presumably as the result of the proposed
charge-transfer interaction. The associated complexation also induced peak shifts in
the 1H NMR spectrum in CDCl3, which both helped confirm the structure of the
complex in solution and permitted quantitative association constants to be deter-
mined (Ka1 � 20 M�1 for TNB, TFQ and Ka2 � 900 and 3500 M�1 for TNB, TFQ).

A particularly noteworthy feature of these systems is that the addition of chloride
anion to chloroform solutions containing the host–neutral guest complex induced
decomplexation, as the result of the strong interaction between this anionic substrate
and the calixpyrrole (Ka � 2.5 � 106 M�1 for TBACl in dichloroethane as deter-
mined by ITC), an interaction that served to induce a conformational switching from
the 1,3-alternate form capable of binding the electron-deficient substrates to the clas-
sic cone form known to be stabilized in the presence of anions (Scheme 8.3). This
latter form is unable to stabilize effectively charge-transfer interactions with the
electron-deficient neutral guests. The net result is the release of these latter species
and a change in colour from green to yellow. Interestingly, washing with water,
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Scheme 8.3 Colour of the 1:2 complex formed between receptor 8.49b and trinitrobenzene in
chloroform solution (left) and change in colour produced upon the addition of
tetrabutylammonium chloride (right). Also shown in schematic form are the limit-
ing conformations, 1,3-alternate and cone, seen in the presence and absence of
chloride anion. Guests are represented by the distorted rectangle, where the
shaded ellipse is meant to denote the TTF substituents on the calix[4]pyrrole
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which serves to effect decomplexation of chloride anion from calix[4]pyrrole, serves
to restore the green colour of the 1:2 receptor–neutral substrate complex. The reader
is also referred to Fourmigué and Batail’s54 work for another approach to TTF-based
anion-receptor design.

8.4 Discrete Molecular Optical Anion Sensors
There are two main approaches to the design of discrete molecular optical sensors.
One is similar to the electrochemical sensors described above, in that a receptor con-
taining a fluorescent or coloured group is synthesized that upon guest binding under-
goes a change in fluorescence emission or visible colour as the result of
anion-induced perturbations to the electronic (or other) features of this response
element. The other is to synthesize a compound, which reacts with the targeted anion
to form a new compound possessing different fluorescence properties or a different
colour. This latter non-reversible “chemodosimeter” approach often permits very
selective anion determinations.

Several optical anion-sensor systems are commercially available at present. For
example, Molecular Probes, Inc. sells a number of indicators that may be used to
monitor intracellular and extracellular chloride.55 These sensors include 6-methoxy-
N-(3-sulfopropyl)quinolinium, N-(ethoxycarbonylmethyl)-6-methoxyquinolinium
bromide, 6-methoxy-N-ethylquinolinium iodide and lucigenin (shown below).
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These compounds are thought to function as fluorescent sensors via a diffusion-
limited collisional quenching mechanism.56 In fact, other anions (such as bromide or
iodide) also quench the fluorescence of these indicators. Fortunately, however, under
physiological conditions the concentrations of these latter potential interfering
species are low and they do not normally interfere with analyses of chloride anion.

The simple pyrene-functionalized mono-guanidinium receptor 8.50 can also be
used as a pyrophosphate-anion sensor.57 In the presence of pyrophosphate anion, the
formation of a self-assembling structure induced a remarkable change in the ratio of
emission intensities (Scheme 8.4).

Cyanide may be sensed selectively by aromatic dialdehydes such as naphthalene-
2,3-dicarboxaldehyde 8.51.58 Reaction of this non-fluorescent species with an amine
in the presence of cyanide (or a thiol) results in the formation of a fluorescent isoin-
dole 8.52 (Scheme 8.5). Similar approaches are employed in commercially available
cyanide-detection kits.55

Developing anion sensors capable of signalling the presence of anions without the
use of instrumentation has long been a cherished goal in the area of supramolecular-
anion recognition. In recent years, considerable progress has been made towards
achieving this broad-based objective.59 Recently, Martínez-Máñez and co-workers60

have reported that nucleophilic addition of cyanide to appropriately functionalized
squaraine dyes, such as 8.53, may be used to determine cyanide anion selectively.
Receptor 8.53 is blue coloured due to charge transfer from the anilinium groups to
the electron-deficient central ring. The central ring in this system is susceptible to
nucleophilic attack and these workers proposed that nucleophilic attack by cyanide
on the central ring would allow for the selective detection of this notoriously toxic
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species. This proved to be the case with the blue colour disappearing selectively in
the presence of CN� (Figure 8.4).

There are a number of different commercially available tests for nitrite NO2
�.

Typically, these work by exploiting an irreversible, nitrite-promoted reaction that
leads to a demonstrable colour change. For instance, one popular nitrite-detection
system employs 2,3-diaminonaphthalene which reacts with nitrite to form the highly
fluorescent species, 1H-naphthotriazol (Scheme 8.6).61

By inserting Lewis acidic boron62 or silicon atoms63 in extended π-conjugated sys-
tems, Yamaguchi and co-workers produced several new colorimetric sensors for flu-
oride ion. In the presence of fluoride, triarylboranes, such as 8.54, are converted to
borates. This conversion disrupts the π-electron delocalization in the receptor
(Scheme 8.7) causing a colour change (from orange to colourless for 8.54 in THF).
In the case of receptor 8.55, the UV-Vis spectra in THF revealed the formation of
three fluoride complexes corresponding to fluoride anions binding to the three outer
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Figure 8.4 Receptor 8.53 in acetonitrile ([8.53] � 3.0 � 10�5 M) in the presence of 5 mol
equiv. of various anions; from left to right, F�, Cl�, Br�, I�, NO3

�, H2PO4
�, HSO4

�,
Ac�, Bz�, SCN�, CN�, and no anion. (Reproduced with permission from ref. 60
Copyright 2002 Royal Society of Chemistry)
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Scheme 8.6 Nitrite detection by 2,3-diaminonaphthalene
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boron atoms. In the silicon-based receptors produced by the same group, the addi-
tion of fluoride to trianthrylfluorosilanes e.g., 8.56 in THF (Scheme 8.8) causes a
change in the through space interactions between the anthracene moieties. This
results in a change in the fluorescence properties of the receptor, thereby allowing
for fluoride-anion sensing. More examples of this type of sensor are listed in the ref-
erence section (see ref.64).

In 2001 Sessler and Miyaji65 demonstrated that the commercially available dyes
8.57a–8.57k could be used as off-the-shelf colorimetric anion sensors, or more pre-
cisely indicators, in dichloromethane. A number of these dyes contain one or two
hydroxyl group(s) that were expected to act as hydrogen-bonding donors (i.e., anion-
binding elements). Charge transfer between the bound anionic “analyte” and the dye
was expected to produce a colour change, thus signalling the presence of the bound
anion. The results of anion-sensing tests involving dyes 8.57a–8.57k are summa-
rized in Table 8.3.
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Scheme 8.7 Schematic representation of the switching of π-conjugation in the LUMO of
boron-based sensor systems such as 8.54 and 8.55. In this figure, π represents
the point of attachment of a π-conjugated moiety
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In early 2003, Wang and co-workers66 reported the new hydroxyl-containing
anion-sensing systems, 8.58a and 8.58b, along with the results of quantitative anion-
binding studies. These latter revealed a high selectivity towards dihydrogen-phos-
phate and fluoride anions. For instance, in the case of the mono-hydroxyl receptor
8.58a in DMF, the addition of H2PO4

� (as the tetrabutylammonium salt) was found
to give rise to a colour change from colourless to yellow. A strong quenching of the
emission at 448 nm and an enhancement of the emission at 354 nm was also
observed. These results were rationalized in terms of an equilibrium shift between
the tautomeric forms III → II, a change that, in turn, was attributed to the hydrogen-
bonding interactions between the H2PO4

� analyte and the hydroxyl group of the
receptor. In the presence of excess dihydrogen-phosphate or excess fluoride anion, a
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new emission peak at 525 nm was observed that was ascribed to the formation of the
deprotonated form (VI). Quantitative measurements of the association constants for
the binding of representative anions to receptor 8.58a and 8.58b were made by car-
rying out fluorescence titration experiments in DMF solution. The resulting Ka val-
ues for the binding of H2PO4

�, F�, and Cl� were found to be 7.9 � 105, 8.6 � 104,
and � 1.0 � 103 M�1 and 1.8 � 106, 4.1 � 104, and � 5.0 � 102 M�1 in the case of
8.58a and 8.58b, respectively. Both receptors were thus considered to be potentially
useful as anion sensors in this solvent medium.

In 2001, Hong and co-workers67 reported the synthesis of a series of thiourea-based
anion sensors of general structure 8.59. A special feature of these receptors is that
they contain two separate chromophores, namely azophenol and nitrophenyl. In the
case of 8.59b, the presence of this dual sensor motif enabled discrimination between
anions of similar basicity, namely H2PO4

�, F�, and AcO�, as evidenced by the different
colorimetic responses produced for each of these species in chloroform. By contrast,
in the case of sensors 8.59a and 8.59c, little in the way of observable colour difference

O

N N
OH

8.58a

O

N N

O

HN N

O

OH

O

N N

O

II (λem = 354 nm)

III (λem = 448 nm)VI (λem = 525 nm)

O

N N
OH HO

8.58b

O

N N
OH

I (λem = 498 nm)

Base

344 Chapter 8

Table 8.3 Naked-eye detectable colour change for alcohol-based anion sensors
seen upon the addition of 100 equiv. of the indicated anion in
dichloromethane and/or DMSO. Shaded boxes indicate a colour change

8.57 F� Cl� Br� H2PO4
� HSO4

� AcO� BzO� CN� SCN� Solvent

a CH2Cl2
b CH2Cl2
c CH2Cl2
d CH2Cl2
e CH2Cl2
f CH2Cl2
g DMSO
h DMSO
i CH2Cl2
j DMSO
k DMSO
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was seen in the presence of these three test anions. Nor, was an appreciable change
seen in the maximum absorbance values (either λmax or ε). On the other hand, with
receptor 8.59b the absorption maximum was found to shift to the red upon the addi-
tion of selected anions, with the maximum shift being observed in the presence of
dihydrogen-phosphate anion. Presumably, the colour change seen for this system in
the presence of anions reflects the interaction between the azophenolic OH group
present in 8.59b (only) and the targeted anions.

A year later, the Hong68 group reported that the indoaniline–thiouea system 8.60
acts as a highly effective anion sensor that allows for the selective colorimetric
detection of tetrahedral oxoanions such as hydrogen sulfate and dihydrogen phos-
phate. This selective sensing ability was ascribed to the presence of complementary
hydrogen-bonding interactions between this receptor and these specific anions. In
the event, the colour of solution of the host (8.60) in chloroform was found to change
from blue-green to deep blue upon the addition of H2PO4

� or HSO4
�. However, the

addition of more basic acetate or fluoride anion gave rise to a less intense colour
change. Moreover, detectable colour changes were not observed for Cl�, Br�, and
I�. Quantitative anion-binding studies, involving standard UV�Vis titrations, were
carried out from which association constants of 1.1 � 104 and 2.5 � 104 M�1 were
derived for H2PO4

� and HSO4
�, respectively, in CHCl3.

The modified thiourea receptor 8.61 represents another colorimetic-based
approach to anion sensing. This system, which was prepared by Fabbrizzi and
Bermejo,69 permits the selective detection of fluoride anion via a naked eye-
detectable colour change, an effect that is not observed in the presence of other
anions. Quantitative studies of these systems were carried out using UV–Vis titra-
tions. In the presence of fluoride anion, it was observed that the intensity of the
absorption band at 324 nm seen in acetonitrile decreased, while that of the absorp-
tion band at 412 nm increased. From these spectral changes, an association constant
of log Ka � 4.14 was derived for the binding of fluoride anion in this solvent. As
expected, lower values (i.e., log Ka� 2) were found for various other anions, includ-
ing in particular dihydrogen phosphate, chloride, bromide, and iodide. The strong
interaction between fluoride anion and the NH protons of the receptor are thought to
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reflect the improved π-electron delocalization that is induced upon anion binding, a
change that, in turn, is expected to engender the large red-shift seen in the UV–Vis
absorbance spectrum upon fluoride-anion binding. Other examples of (thio)urea70,71

and (sulfon)amide-based72 anion sensors are listed in refs. 70–72.

One of the methods used to prepare oligopyrrole-based optical sensors has
involved the covalent attachment of a chromophore or fluorophore to a calixpyrrole
skeleton. Perturbation of the electronic properties of these attached groups upon anion
complexation (either directly or indirectly) then produces a response detectable by the
naked eye or via changes in the fluorescence spectrum, or both. Here, the first sys-
tems reported in the literature were covalently linked, calixpyrroles bearing
anthracene subunits (i.e., calix[4]pyrroles 8.62). These systems were obtained from
the coupling of a calixpyrrole mono-acid and various aminoanthracenes.73

With systems 8.62 in hand, affinity constants for several representative anions
were measured in organic solvents using 1H NMR spectroscopic titrations and fluo-
rescence-quenching methods. In the case of fluoride anion (studied like the other
anions in the form of its tetrabutylammonium salt), spectral broadening made it
impossible to determine a stability constant by standard 1H NMR spectroscopic titra-
tion methods. On the other hand, the fluorescence intensities of these sensors (i.e.,
8.62a–8.62c) were found to be quenched significantly in the presence of certain
anionic guests, with the degree of quenching depending on the specific choice of
anions. The greatest quenching was seen for fluoride and the associated changes in
the fluorescence spectrum for sensor 8.62a are reproduced in Figure 8.5. From these
and related quenching experiments, the affinity constant for fluoride, chloride, bro-
mide, and dihydrogen phosphate anions were calculated for the full family of recep-
tors 8.62. The resulting values are listed in Table 8.4.

In a related work, the second-generation calix[4]pyrrole-anion sensors 8.63 were
produced. Here, dansyl, Lissamine-rhodamine B, and fluorescein moieties were
attached to the calix[4]pyrrole framework to serve as the fluorescent reporter groups,
while an amide or thiourea residue was used as the covalent linker between these
fluorophores and the calix[4]pyrrole backbone. This choice of linker also acts to
introduce an additional anion-recognition motif that was expected to enhance the
anion affinities, at least for anionic guests of appropriate size and shape.
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The changes observed upon anion binding, specifically the decrease in fluores-
cence emission intensity seen when sensor 8.63b is titrated with an increasing con-
centration of tetrabutylammonium fluoride, are reproduced in Figure 8.6.74

Quantitative assessments of the anion-induced spectral changes were used to
determine the affinity constants for this and other representative anions and are sum-
marized in Table 8.5. It was found that sensors 8.63 show considerable selectivity for
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Figure 8.5 Fluorescence spectra of sensor 8.62a in CH2Cl2 (0.05 mM) excited at 378 nm
showing the changes in the emission spectrum induced upon the addition of
increasing quantities of tetrabutylammonium fluoride.
(Reproduced in modified form with permission from reference [73]. Copyright
1999 Royal Society of Chemistry)

Table 8.4 Stability constants for anion sensors 8.62 with various anions (studied as
their tetrabutylammonium salts) in CH3CN and CH2Cl2 as determined
from fluorescence-quenching analyses at 25 °C. Sensor 8.62a was
excited at 378 nm and emission was monitored at the λmax of 446 nm; for
sensors 8.62b and 8.62c, the corresponding values were 393 and 429 nm
and 387 and 418 nm, respectively

log Ka in CH2Cl2 log Ka in CH3CN

8.62a 8.62b 8.62c 8.62a 8.62b 8.62c

F� 4.94 4.52 4.49 5.17 4.69 4.69
Cl� 3.69 2.96 2.79 4.87 3.81 3.71
Br� 3.01 a a 3.98 2.86 a

H2PO4
� 4.20 3.56 a 4.96 3.90 a

aThe extent of quenching proved insufficient to allow calculation of an accurate value.
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dihydrogen phosphate and pyrophosphate anions relative to chloride anions. This
selectivity was explained by the presence of the second anion-recognition element,
namely the amide or thiourea link, and the favourable interactions it permits with
non-spherical anions. These same ancillary interactions permit sensors 8.63 to oper-
ate successfully in the presence of a small amount of water at physiological pH.
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Figure 8.6 Decrease in fluorescence emission intensity observed when sensor 8.63b (0.1 µM
in acetonitrile containing 0.01% v/v water) is titrated with increasing concentra-
tions of tetrabutylammonium fluoride. From highest to lowest curve, [F�]�0,
0.30, 0.76, 1.53, 2.30, 3.06, 3.83, 4.60 µM.
(Reproduced in modified form with permission from reference [74]. Copyright
2000 American Chemical Society)

Table 8.5 Association constants (M�1) for sensors 8.63 and representative anionic
substrates (studied as their tetrabutylammonium salts) as determined by
fluorescence emission quenching in acetonitrile (0.01% v/v water) for
sensors 8.63a and 8.63b and in acetonitrile–water (94:4, pH 7.0± 0.1) for
sensor 8.63c

F� Cl� H2PO4
� HP2O7

3�

8.63a 222,500 10,500 168,300 131,000
8.63b �1,000,000 18,200 446,000 170,000
8.63c �2,000,000 �10,000 682,000 �2,000,000
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In 2000, Sessler and co-workers75 reported a set of powerful calixpyrrole-based
naked-eye sensors for selected anions such as F�, Cl�, and H2PO4

� (cf. structures
8.64). As shown in Figure 8.7a, the addition of tetrabutylammonium fluoride to
dichloromethane solutions of receptor 8.64c leads to a noticeable red-shift (λmax from
441 to 498 nm) and a broadening of the absorption maximum. Reflecting this anion-
induced spectral difference, the colour of the solution changes from yellow to red. On

Sensors 349

Figure 8.7 (a) Absorption spectra of sensor 8.64c recorded in CH2Cl2 (0.05 mM) before and
after the addition of 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, and 2 equiv. of tetra-
butylammonium fluoride. (b) Absorption spectra of 8.64f recorded in CH2Cl2
(0.05 mM) before and after the addition of 0, 1, 2, 4, 6, 8, and 10 equiv. of tetra-
butylammonium fluoride.
(Reproduced with permission from reference [75]. Copyright 2000 Elsevier (Fig.
a) and 2000 Wiley–VCH (Fig. b))
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the other hand, the addition of either chloride or dihydrogen-phosphate anion (as the
tetrabutylammonium salts) caused the colour of the solution to change from yellow
to orange. In the case of the mono-nitrobenzene conjugated calixpyrrole 8.64b, again
in dichloromethane, the maximum absorption peak was seen to shift from 391 nm
(pale yellow colour) to 433 nm (intense yellow colour) upon the addition of fluoride
anion. Receptor 8.64a is colourless and was used as a control. It was observed that
the absorption maximum (λmax � 308 nm) of this latter species underwent a slight
shift (from a λmax � 308 to 321 nm) upon the addition of 20 equiv. of tetrabutylam-
monium fluoride, indicating binding but no useful “naked eye” optical read out. Table
8.6 summarizes the affinity constants corresponding to the interactions of receptors
8.64 with various anions as determined from UV–Vis titration studies.

Particularly noteworthy colour changes are observed with anthraquinone deriva-
tives 8.64f and 8.64g. Figure 8.7b shows the changes in the absorption spectrum of
sensor 8.64f (in dichloromethane) observed upon the addition of 10 equiv. of
tetrabutylammonium fluoride. This addition caused the colour of the solution to
change from clear yellow to red. With this receptor, the addition of either chloride or
phosphate anions induced a slightly less intense colour change (i.e., to orange-red).
The changes seen with sensor 8.64g were even more dramatic. In this case, anion-
induced colour changes from red to blue, purple, or dark purple were observed upon
the addition of fluoride, chloride, or dihydrogen-phosphate anions. Such changes
underscore the fact that sensors such as 8.64 not only allow for the facile colorimetric
detection of anions but do so in a way that is amenable to “colour tuning”. The one
issue of note is that, as in the case of other sensors, the effect is most pronounced for
fluoride anion. Nishiyabu and Anzenbacher76 have also reported colorimetric anion
sensors based upon the calix[4]pyrrole skeleton.

In a new approach to anion-sensor design, Sessler and co-workers77 have explored
dipyrrolylquinoxaline (DPQ) systems. The first in a possibly generalized series of
anion sensors where two (or more) pyrrolic-recognition elements are bridged by a
rigid, aromatic chromophore, these acyclic systems were prepared in only two steps;
specifically, they were made from simple compounds, namely pyrrole, oxalyl chloride,
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and various phenylenediamines78 using a modification of a procedure first reported by
Oddo in 1911.79 In the absence of anions, the colours of dichloromethane or DMSO
solutions of DPQs 8.65a, 8.65b, and 8.65c ranged between pale yellow and deep yel-
low. Addition of fluoride anion to these solutions in the form of tetrabutylammonium
fluoride resulted in an immediate quenching of the fluorescence intensity and a naked
eye-detectable response that was manifest in terms of a dramatic colour change from
yellow to orange-red in the case of 8.65a and 8.65c and from yellow to dark purple in
the case of 8.65b (Figures 8.8a and b). By contrast, the addition of chloride or phos-
phate anion did not induce appreciable fluorescence quenching; nor, did it lead to a
noticeable change in colour except in the case of sensor 8.65c. In the case of 8.65c, the
addition of dihydrogen phosphate anion induced a colour change similar to that pro-
duced by fluoride anion, but only at a considerably higher anion concentration.

Quantitative measurements of the anion-binding affinities were made using standard
fluorescence quenching or UV–Vis absorbance titration techniques. These analyses
helped confirm that the observed colorimetric change did indeed reflect an anion-bind-
ing process. For instance, as would be expected based on its colorimetric behaviour,
receptor 8.65c showed a significantly enhanced affinity for H2PO4

� anion relative to
8.65b (Ka � 1.73 � 104 M�1 vs. 80 M�1 for 8.65c and 8.65b, respectively; CH2Cl2,
tetrabutylammonium salt in both cases).77,80 Further, the more dramatic colour changes
seen for 8.65b and 8.65c in the presence of fluoride anion (tetrabutylammonium salt)
are also reflected in higher Ka values (1.2 � 105 and 6.2 � 104 M�1 for 8.65b and 8.65c,
respectively, in CH2Cl2 vs. 1.8 � 104 M�1 for 8.65a). These findings were rationalized
in terms of an increased NH-hydrogen-bond donor ability in the case of 8.65b and
8.65c that result from the electron-withdrawing groups present on the DPQ skeleton.

N N

NH HN

R2

R1

R1

R1

R1

8.65a R1 = R2 = H
8.65b R1 = H, R2 = NO2
8.65c R1 = F, R2 = H
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Table 8.6 Anion-binding affinity constants (log Ka) for sensors 8.64 and selected
anionic substrates as deduced from UV–Vis titration experiments carried
out in CH2Cl2

a

8.64a 8.64b 8.64c 8.64f 8.64g 8.64h

F� 4.04 4.23 4.51 3.71 3.43 3.66
Cl� 3.36 3.67 3.84 3.16 3.13 3.16
H2PO4

� 2.68 3.03 3.28 3.04 2.76 2.86

aAll anions were studied in the form of their tetrabutylammonium salts.
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The success of these initial systems led to the synthesis of the fused DPQ phenan-
throline conjugates 8.66 and their metal complexes 8.67. In the case of the latter sys-
tems, it was expected that appending cationic charges to a DPQ framework would
withdraw electron density from the NH bonds leading to an increase in the anion-
binding affinity, just as proved true for 8.65b and 8.65c. These expectations were in
fact realized. In particular, while the electron-rich, free phenanthroline DPQ system
8.66 displayed a rather low fluoride-anion affinity (Ka � 440 M�1 in DMSO for 8.66a
and 68,000 M�1 in CH2Cl2 containing 2% CH3CN for 8.66b; tetrabutylammonium
salts in both the cases), the two Ru(II) complexes 8.67a and 8.67c displayed higher
fluoride anion affinities (Ka � 640,000 M�1 in CH2Cl2 containing 2% CH3CN for
8.67a and Ka � 12,000 M�1 in DMSO for 8.67c) compared to DPQ 8.65a (Ka � 100
M�1 in DMSO). In the case of DPQ 8.67a, a red-shift in the emission spectrum from
594 to 610 nm was also observed as a function of an increased CN� concentration.
The binding affinity for cyanide anion could thus be calculated and was found to be
428,000 M�1 in CH2Cl2 containing 2% CH3CN.81 The Co(III) complex 8.67b, with
its incrementally greater charge (�3 vs. �2 for 8.67c), displayed one of the highest
affinities for fluoride anion yet recorded in DMSO (Ka � 54,000 M�1).81,82

In an elegant elaboration of this generalized approach, Anzenbacher and co-work-
ers reported the new DPQ systems 8.68 and 8.69. These new systems contain aryl
subunits and demonstrate an improved fluorescent response relative to the parent
DPQ system 8.65a.83 For instance, in the presence of fluoride and pyrophosphate
anions (studied as their tetrabutylammonium salts in CH2Cl2), the intensity of the
absorption bands in the 400–450 nm spectral region was found to be reduced for
both systems 8.68 and 8.69, with a strong new band appearing between 500 and 550
nm. The addition of these two anions to dichloromethane solutions of this pair of
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sensors also gave rise to significant fluorescence quenching. Accompanying quanti-
tative studies confirmed that the affinities for fluoride and pyrophosphate anions in
CH2Cl2 were indeed substantially enhanced relative to those of DPQ 8.65a. Further
anion-sensing studies involving polymer-based DPQ systems were also carried out
by the Anzenbacher group.84

An alternative approach to the design new pyrrole-based DPQ sensors involves
modifying the basic chromophore bridging used to connect the two pyrrole-recogni-
tion subunits. One recently reported system that falls within this paradigm is 2,7-
bis(1H-pyrrol-2-yl)ethynyl-1,8-naphthyridine (BPN) 8.70, a system that contains two
hydrogen-bonding donors (pyrrolic NH) linked by a dialkynyl naphthyridine spacer.85

Here, the specific arrangement of the constituent-recognition elements, involving an
organized array of hydrogen-bonding donor–acceptor-acceptor–donor subunits, was
found to favour saccharide binding. These binding events, in turn, produced colour
changes that led to the suggestion that systems such as 8.70 could be used for saccha-
ride sensing. Dichloromethane solutions of BPN were found, for instance, to change
from cyanine to green upon the addition of octyl β-D-glucopyranoside (OGU).

Quantitative assessments of the binding affinities were made using three different
methods, namely UV–Vis absorption, fluorescence quenching, and 1H NMR
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Figure 8.8 Colour changes induced by the addition of anions (studied as the corresponding
tetrabutylammonium salts) to the CH2Cl2 solution of receptor 8.65a, 8.65b, 8.74b,
and 8.75a. (a) From left to right: 8.65a; 8.65a+F�; 8.65a+H2PO4

�. (b) From left
to right 8.65b; 8.65b+F�; 8.65b+H2PO4

�. (c) From left to right 8.74b; 8.74b+mal-
onate; 8.74b+succinate. (d) From left to right 8.75a; 8.75a�F�; 8.75a+H2PO4

�.
(Reproduced with permission from Artificial pyrrole-based anion receptors, in
Functional Synthetic Receptors, T.Schrader and A.D. Hamilton (eds), Wiley–VCH,
Weinheim, 2005)
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spectroscopic titrations. It was found that the results of the absorption and fluores-
cence titrations measurements were nearly coincident (Ka � 4.8 � 103 and 5.5 � 103

M�1, respectively, in CH2Cl2). However, the 1H NMR titrations gave rise to higher
calculated stability constants (Ka � 2.0 � 104 M�1 in CDCl3). In the case of octyl 
β-D-galactpyranoside (OGA), the corresponding Ka value (Ka � 1600 M�1, as
inferred from fluorescence titration studies) is roughly three times lower than that of
OGU. These differences in Ka values were considered significant since these two
saccharides differ only in the orientation of the 4-hydroxyl group.

To date, system 8.70 does not appear to have been studied as an anion-binding
sensor. However, the ability to bind and sense anions was demonstrated in the case
of another DPQ derivative containing an “alternative” bridging subunit, namely the
pyrrole-linked system 8.71. This system was originally obtained as the side product
during the iodination of pyrrole. It was then subsequently synthesized in excellent
yield using a stepwise approach. Its unique structure and electronic configuration led
to the consideration that it might prove useful as an anion receptor and sensor.86 In
fact, the addition of tetrabutylammonium fluoride to CH2Cl2 solutions of compound
8.71 was found to induce a colour change from pale brown to yellow. Moreover, the
anion affinities of compound 8.71 were found to be substantially enhanced relative
to those of DPQ 8.65a. Whereas this latter system displays a Ka of ca. 1.8 � 104 M�1

for the binding of fluoride anion in CH2Cl2, the pyrrole-linked system 8.71 was
found to display an affinity for this species that was enhanced by roughly 10-fold (Ka

� 1.8 � 105 M�1 in CH2Cl2). In the case of dihydrogen phosphate anion, the extent
of relative affinity enhancement was found to be even greater (i.e., by a factor of ca.
220; Ka � 1.8 � 104 M�1 for 8.71 vs. 80 M�1 for 8.65a, respectively, in CH2Cl2).
Presumably, the presence of three electron-withdrawing ester substituents improves
the anion affinities in a general way, while the geometric changes caused by replac-
ing the quinoxaline bridge with a pyrrole serve to augment the dihydrogen phos-
phate-anion selectivity even more specifically. Independent of such rationalizations,
the fact that differences are seen leads to the suggestion that the inherent anion-bind-
ing affinities and selectivities of DPQ systems may be modulated by changing the
nature of the bridging subunit. To the extent this prediction holds true, new ana-
logues of 8.70 and 8.71 can be expected that might display very interesting sub-
strate-recognition properties.

Another strategy being pursued in an effort to extend the DPQ-based approach to
anion sensing and, in particular, to produce systems with enhanced anion affinities,
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has involved appending additional pyrroles to the anion-binding portion of the DPQ
backbone. So far, application of this appealing strategy has led to the synthesis of sys-
tems 8.72, 8.73, and 8.74, all of which contain built-in pyrrole-derived NH “claws”.

The bowl-like conformations of DPQ 8.72 and 8.74 were expected to favour the
binding of larger anions such phosphate, acetate, oxalate, malonate, and succinate.
However, the fluoride-anion affinities were also expected to remain high. In the
case of 8.72a and 8.74a, UV–Vis spectroscopic titrations, carried out in CH2C12

solution, revealed that the absolute fluoride- and phosphate-anion affinities were
increased relative to 8.59a (Ka(F

�) � 32,000 and �1,000,000 M�1 for 8.72a and
8.74a, respectively, and Ka (H2PO4

�) � 4300 and 300,000 M�1 for 8.72a and 8.74a,
respectively).87

More recently, colour changes from dark yellow to purple or brown upon the addi-
tion of malonate or succinate anions to CH2Cl2 solutions of DPQ 8.74 have been
observed (Figure 8.8c).88

UV–Vis spectroscopic titrations were used to study the binding of mono- and
dicarboxylate anions (tetrabutylammonium salts; CH2Cl2). These analyses con-
firmed that DPQ 8.74b binds oxalate anion with good selectivity relative to malonate
and succinate anion (the ratio of the respective Ka values is 450:40:1 in CH2Cl2).
However, these same studies also revealed that DPQ 8.74b binds the mono-car-
boxylate anion, acetate, even more effectively than these dianionic species. By con-
trast, in the case of DPQ 8.74a, the binding of acetate anion was not found to be
enhanced relative to oxalate, malonate, or succinate.88

In order to create potential “molecular cages” for anionic substrates, a first macro-
cyclic DPQ systems 8.75 was prepared recently by Sessler and Furuta.89 A prototype
of what could emerge as a potentially large class of quinoxaline-bridged porphyri-
noids, this target was synthesized from formyl functionalized DPQ units. The
absorption spectrum of 8.75a, recorded in dichloromethane, is characterized by two
bands with λmax of 367 and 427 nm, respectively. Upon the addition of an increasing
concentration of tetrabutylammonium fluoride, new peaks at 329 and 480 nm were
seen to grow in. It was also found that the colour of CH2Cl2 solutions of 8.75a under-
went a change from yellow to orange or dark yellow in the presence of fluoride and
dihydrogen phosphate anions, respectively (Figure 8.8d). Based on a quantitative
analysis of these spectral changes, it was deduced that receptor 8.75a binds fluoride
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and phosphate anions in a cooperative 2:1 fashion and does so with rather high affin-
ity (Ka � 3 � 105 and 80 M�2 for fluoride and phosphate, respectively).89

Recently, Gale and co-workers and Gunnlaugsson and co-workers have inde-
pendently demonstrated that fluoride anions can deprotonate hydrogen-bond donor
receptors, which can in some cases lead to a colour change. Gunnlaugsson and co-
workers71 have observed deprotonation of an amino group in 4-amino-1,8-naphthal-
imide-based chemosensors, e.g., 8.76 and 8.77 upon addition of fluoride, while Gale
and co-workers90 have observed deprotonation in a variety of 2,5-diamidopyrrole
systems functionalized with electron-withdrawing groups including 8.78, a com-
pound that undergoes a colourless to deep blue colour change upon addition of 
fluoride anion. Care must be taken in the attribution of the cause of colour changes
in such systems on addition of fluoride as, in the absence of water, fluoride functions
as a strong base and may deprotonate acidic NH groups in neutral receptors.

8.5 Displacement Assays
The other main approach to optical sensing of anions involves the use of a “dis-
placement assay” (Scheme 8.9). This method has been pioneered by Anslyn and co-
workers. An optical displacement assay consists of a receptor bound to a fluorescent
or coloured molecule such as a dye. The microenvironment of the bound dye is dif-
ferent from that in bulk solution. Hence, if an anionic guest is added to the ensem-
ble it will displace the dye triggering a fluorescence or colour change.

Anslyn and co-workers91�93 have published a number of papers on the recognition
of tri-carboxylate and tri-phosphate polyanions by tris-guanidinium receptor

H
N

Ph Ph

O

HN

O

NH

NO2

NO2O2N

O2NEt

NO O

HN

NH

NHS

R

8.76a R = Ph
8.76b R = 4-CF3Ph

R1

NO O

HN
R2

8.77a R1 = Et, R2 = nBu
8.77b R1 = R2 = nBu 8.78

N

N

N
H

R

N
H

N

N
H
N

R

R R

H
N

8.75a R = H
8.75b R = OCH3
8.75c R = OCH2CH3

356 Chapter 8

RSC_ARC_CH008.qxd  2/8/2006  3:14 PM  Page 356



species, e.g., 8.79. This receptor contains three guanidinium subunits and is there-
fore complementary to guests containing three carboxylate groups. Predicative
analyses of stability constant data revealed that guests containing three anionic moi-
eties, such as citrate, are bound more strongly than those with fewer anionic groups
(e.g., acetate). Consistent with this finding, it is proved possible to obtain diffraction
grade crystals of the tricarballate complex of 8.79; the resulting structure is shown
in Figure 8.9.

This receptor was used by Metzger and Anslyn92 to produce a chemosensor for cit-
rate in beverages. This sensor is based on the displacement of 5-carboxyfluorescein
from receptor 8.79 upon the addition of an appropriately chosen anionic analyte.
5-Carboxyfluorescein (8.80) is a commercially available fluorescent probe con-
taining two carboxylate groups. Its fluorescence is particularly sensitive to
changes in pH, with the intensity decreasing as a function of increasing protona-
tion. The two carboxylate groups present in 8.80 coordinate to 8.79 forming a
complex. Under these conditions, the pKa of the phenol group of carboxyfluores-
cein is lowered due to the presence of a positively charged microenvironment
within the binding cleft. More strongly bound citrate displaces the carboxyfluorescein
from the complex, thus shifting the pKa of the phenol anion such that 8.80 is more
fully protoned once decomplexed (i.e., released into the surrounding solvation
environment) (Scheme 8.10). Since the fluorescence intensity, as well as inherent
absorptivity, of carboxyfluorescein decreases with increasing protonation, the
result of this citrate-based displacement process is an easy-to-monitor decrease in
fluorescence. Further, the Anslyn group found that this anion-induced reduction in
intensity may be calibrated against standard solutions of citrate to produce an ana-
lytically useful sensor capable of providing accurate quantitative assessments of
citrate concentration in, for instance, a wide variety of popular soft drinks and
other beverages.

Subsequent to this initial work, Anslyn and co-workers have worked to generalize
their displacement-based approach to sensor production, reporting, for instance,
systems 8.81–8.82 that were designed to be selective for other analytes. These new
systems were made by modifying the initial 1,3,5-triethyl-2,4,6-tri substituted ben-
zene scaffold so as to include, e.g., guanidinium and boronic acid subunits. For
instance, the cleft-like receptor 8.81 has six guanidinium groups. These provide a cavity
suitable for polyphosphate guests. In fact, this system was specifically designed for
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the recognition of inositol-1,4,5-trisphosphate (IP3),
93 an important secondary mes-

senger that can be used to analyse cellular process.94 A dye-displacement assay using
5-carboxyfluorescein allowed the association constants (Ka) of various test analytes
to be measured quantitatively. As expected, in 10 mM HEPES buffer (pH 7.4), the
affinities (presented as association constants, Ka) for triphosphates, such as IP3 (4.7 �
105 M�1), benzene-1,3,5,-triphosphate (5.0 � 105 M�1), and phytic acid (hexaphos-
phate) (7.5 � 105 M�1), were found to be enhanced relative to those of other highly
oxygenated analytes, including citrate (8 � 103 M�1), ATP (2.3 � 104 M�1), and
fructose-1,6-diphosphate (2.2 � 104 M�1). In methanol, an association constant as
high as 1.0 � 108 M�1 was found for IP3 using this receptor–dye ensemble, mean-
ing that this targeted anion could be detected at the 2 nM level in such solutions.
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Figure 8.9 Two different host/guest complexes are seen in the solid-state structure of the tri-
carballate complex of 8.79, as determined by single crystal X-ray diffraction
analysis
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Appreciating that boronic acids are capable of binding 1,2- and 1,3-diols,95,96 the
Anslyn group prepared the host systems 8.82a and 8.82b. These new systems con-
tain different combinations of guanidinium and boronic acid subunits and were
expected to allow for the recognition of the carboxylate-/diol-containing guests, such
as tartarte, malate, and gallate.96–100 By using alizarin as the displayed chromophore
and monitoring the changes in the UV–Vis spectrum under standard dye-displace-
ment conditions, it was found that 8.82a binds tartrate and malate with affinities of
5.5 � 104 and 4.8 � 104 M�1, respectively, in a methanol/water mixture (25% water;
buffered with 10 mM HEPES).97 In associated work, the percentage of tartaric and
malic acids in commercial wines and other grape-derived beverages were also deter-
mined. It was also found that receptor 8.82b, containing a single guanidinium and
two boronic acid motifs, shows a high selectivity towards gallic acid over other
ostensibly similar analytes, such as caffeic and 4-hydroxycinnamic acids.101 This
selectivity permitted the age of various commercial Scotch whiskeys to be analysed,
with the results being calibrated by, e.g., HPLC methods.

The association constant (Ka) of 8.82c towards tartrate were also measured in 25%
water/methanol (10 mM HEPES buffer at pH 7.4) using an indicator-displacement
assay involving alizarin and was found to be 4.0 � 104 M�1.98 A thermodynamic
analysis of the interaction between 8.80, 8.82–8.82c with various anionic analytes
containing carboxylates and hydroxyl motifs were also carried out using ITC tech-
nique; these studies revealed that the binding of citrate and tartrate by all three recep-
tors in aqueous solution is exothermic, with favourable entropy.102

In an other effort to exploit further the utility of these receptors as anion sensors,
Anslyn and McDevitt demonstrated that a pattern-recognition protocol involving the
use of a multilayer perception-based artificial neural network allowed structurally
similar guests, such as tartrate and malate, to be detected with great reliability in the
case of 8.82a and 8.82b.99 Slightly later, chip-based array using a combinatorial
library of sensors was developed to differentiate structurally similar analytes such as
ATP, AMP, and GTP.103
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Given this success, the value of developing new scaffolds that can be used to ori-
ent various dye-recognizing subunits is apparent, as is the potential utility of other
receptor systems that might be exploited to prepare new kinds of displacement assays.
Some of this promise is already beginning to be recognized. For instance, in accord
with the generalized Anslyn strategy, Gale and co-workers104 recently introduced a
very simple colorimetric displacement assay for anions that is based on calix[4]pyr-
role and 4-nitrophenolate anion. This anion loses its intense yellow colour when
bound to meso-octamethylcalix[4]pyrrole 8.11. This allows the calix[4]pyrrole–4-
nitrophenolate complex to be used as a colorimetric displacement assay in a manner
that bears analogy to what is seen in the case of Anslyn’s systems (Scheme 8.11). The
primary difference is that in the case of calix[4]pyrrole, it is small anions, such as
fluoride, that serve to displace the 4-nitrophenolate anion from the complex thus
enhancing the absorbance of the 4-nitrophenolate anion. Anion recognition was thus
observed (i.e., “sensed”) as a colourless-to-yellow colour change.

A very different kind of displacement assay is embodied in the luminescent sys-
tems developed by Parker. These workers reported that lanthanide(III) complexes of
ligand 8.83, specifically (Eu–8.83)3� and (Tb–8.83)3�, can be used as sensors for
anions in aqueous environments.105 In water, both complexes contain two coordi-
nated water molecules. These molecules quench the luminescence properties of the
lanthanide cations. However, the addition of certain anions can cause displacement
of these coordinated waters leading to increased luminescence. For instance, fluo-
ride, acetate, and sulfate were found to displace one water molecule from the metal
coordination sphere, thus increasing the luminescence of the metal centres.
Likewise, hydrogen carbonate acted to displace both the initial water molecules by
binding in a bidentate fashion; again, this produced a large change in the lumines-
cent lifetime of the complex. By contrast, chloride, bromide, iodide, and nitrate did
not produce a change in the optical signature, presumably because they did not act
to displace the bound water molecules.

8.6 Assays Based on Deaggregation Phenomena
One final approach to the optical sensing of anions involves the use of a chro-
mophore- or fluorophore-containing systems, whose aggregation properties change
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as a function of added anion concentration. The potential utility of this approach,
which has yet to be widely exploited in the anion-sensing area, was recently demon-
strated by Sessler and co-workers.106 These researchers employed a water-soluble
sapphyrin, such as 8.84, that was found to be highly aggregated (and monoproto-
nated) in aqueous media at neutral pH. However, addition of inorganic phosphate
was found to effect deaggregation. Since the resulting deaggregated forms, particu-
larly the monomer produced at high phosphate-to-sapphyrin ratios, was found to be
highly fluorescent in marked contrast to the initial aggregate, the increase in fluo-
rescence could be used to track the change in phosphate-anion concentration, as
illustrated in Figure 8.10. Similar approaches, relying on changes in the UV–Vis
absorption spectrum, were used to monitor the interaction of sapphyrin with pertech-
netate, a radioactive species of considerable environmental concern.107

8.7 Summary Remarks
In this chapter we have looked at a wide variety of anion-receptor systems that use
electrochemical or optical means to signal the presence of an anionic guest. These
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Figure 8.10 (a) Fluorescence emission spectra (λex � 450 nm) of aqueous solutions of sap-
phyrin 8.84a (2.7 µM) containing 0–50 mM sodium phosphate at pH 7.0, 25 mM
PIPES buffer, and 150 mM NaCl. (Reproduced with permission from reference
[106]. Copyright 2003 Royal Society of Chemistry) (b) Absorbance spectra of
an aqueous solution (2.5% methanol) of sapphyrin 8.84b (46.5 µM) at pH 7.0
(unbuffered solution) recorded in the presence of increasing concentrations of
pertechnetate anion. (Reproduced with permission from reference [107].
Copyright 2004 Taylor and Francis)
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sensors have been incorporated into membranes to form ISEs or optodes, or may be
used in solution as discrete redox-active, fluorescent, or colorimetric molecular sen-
sors. Anslyn’s development of the displacement assay approach has been a leap for-
ward in sensor design as it allows the construction and design of an anion-selective
binding site to be unencumbered by a covalently linked reporter group. Since this lat-
ter group is now non-covalently associated with the receptor, this strategy  allows for
optimal design of the receptor and simple formation of the sensing ensemble. We
anticipate that variations on this theme as well as more developments in anion-sensor
design will emerge as work in this all-important area continues to progress.
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CHAPTER 9

Anion-Controlled Assembly and
Template-Based Synthesis

9.1 Introduction
The use of anions as templates for the formation of new molecules or supermole-
cules is a relatively new and relatively unexplored area of supramolecular chemistry.
Over the last few decades, many self-assembling systems have been reported that
rely on π-stacking, hydrogen bonding, or transition metal ions to direct the forma-
tion of the assembled structure.1 The directional nature of hydrogen bonds make this
interaction ideal for assembling supermolecules (in both biotic and abiotic systems).
Similarly, the directional nature of the coordination sphere of certain transition met-
als also makes these species useful for directing self-assembly processes (producing
self-assembled complexes with varying degrees of lability). As we have seen, anions
have many shapes, sizes, and charges and hence, as a group, possess a variety of fea-
tures that make them potentially attractive for the assembly of new molecular and
supramolecular species. Anions may also be used to interfere with other self-assem-
bling systems by binding to their component parts and, for instance, disrupting the
assembly process. In the previous chapters in this book, we classified anion recep-
tors according to the nature of the interaction used to coordinate the anion (hydro-
gen bonding, electrostatics, electron pair donation, etc.). However, in this chapter we
will look at the assembly processes from the point of view of the anion, starting with
halide-controlled assemblies, moving through oxyanion-controlled assemblies and
ending up with examples of the formation of molecular structures controlled by the
normally weakly coordinating fluorinated anions, BF4

� and PF6
�.

9.2 Halide-Controlled Assemblies
Halide anions are spherical, with no directional preferences in their coordination
spheres. As we saw in Chapter 1, chloride anions have been used by Hawthorne 
to template the assembly of mercuracarborand-anion receptors, while Sessler has
used both nitrate and chloride to template the synthesis of expanded porphyrins
(Chapter 3). The examples of halide-controlled assemblies in this section concern
the assembly of positively charged structures around a negative halide core.
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As was discussed briefly in the introduction, Lehn and co-workers2 have discov-
ered a striking example of anion-directed assembly (Scheme 9.1). The tris-bipyri-
dine ligand 9.1 self-assembles in the presence of iron(II) to form a variety of circular
double-helicate complexes with sizes that depend upon the nature of the iron(II) salt
used (Table 9.1). In the presence of an equimolar quantity of FeCl2, the ligands and
iron(II) centres form a pentameric complex 9.2 that encapsulates a chloride anion at
its core (see Chapter 1). However, in the presence of FeSO4, an hexameric circular
double helicate 9.3 is formed that does not encapsulate an anion. The chloride anion
directs the assembly of the pentamer and is consequently trapped within the
structure, with no exchange observed when exposed to other anions such as hexa-
fluorophosphate or triflate. In the presence of FeBr2, a mixture of pentamer and
hexamer is formed. There are, therefore, two distinct assembly processes occurring

° °

Scheme 9.1 Formation of the chloride-templated pentameric circular helicate 9.2 and the
untemplated hexameric circular helicate 9.3

Table 9.1 Compounds formed by complexation of lig-
and 9.1 with a variety of iron(II) salts

Iron (II) salt Complex

FeF2 Insoluble
FeCl2 Pentamer 9.2
FeBr2 Pentamer 9.2 � Hexamer 9.3
FeI2 Insoluble
Fe(BF4)2 Hexamer 9.3
FeSO4 Hexamer 9.3
FeSiF6 Hexamer 9.3
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during the formation of the pentamer complex. First, the iron centres form precursor
helicate structures with the ligands. Next, a torus is formed from these precursor
complexes with, in the case of the pentamer, its size being defined by the templating
chloride anion.

In contradistinction to ligand 9.1, the longer ligand 9.4 forms a tetrameric double
helicate structure 9.5 with a variety of iron(II) salts irrespective of the identity of the
counter anion (Scheme 9.2). In this case, the formation of the circular double heli-
cate is not anion controlled. Nevertheless, electrospray mass spectrometric studies
provide evidence that this complex may act as a receptor for chloride anion.

Halide anions also control the assembly of cage complexes formed from nickel(II)
salts and amidinothiourea.3 Mingos and co-workers have discovered that the reaction
of NiCl2 with amidinothiourea in methanol produces the cage complex 9.8 that con-
sists of eight amidinothiourea units and nickel metal ions (Scheme 9.3). The metal
ions are coordinated through both nitrogen and sulfur atoms (Figure 9.1a). The chlo-
ride anion is bound in the centre of the cage and is coordinated to eight NH groups by
hydrogen bonds (Figure 9.1b). The assembly process also occurs if NiBr2 is used.
However, the use of nickel acetate, nitrate, or perchlorate salts produce simple
[Ni(atu)2]2� monomer complexes. Cage complexes are formed from these monomer
complexes if chloride anions are subsequently added (as KCl). Alternatively, if
Pd(PhCN)X2 (with X � Cl� or Br�) and Pt(MeCN)Cl2 are added, mixed nickel–
palladium and nickel–platinum cages, 9.9 and 9.10, are formed (cf. Scheme 9.3).4
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Scheme 9.2 Formation of the tetrameric helicate 9.5. Counter ions are defined by the salts
listed in Table 9.1.
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Slightly later, Vilar and co-workers described the anion-templated synthesis of
corresponding macrocycles 9.7a and 9.7b. Again, in the presence of large anions
such as triflate and nitrate, only monometallic species were observed. These species
could be converted to the macrocycles via the addition of halide anions (Scheme
9.3). In the solid state, the chloride anion was found encapsulated within the cavity,
being held in place via a combination of hydrogen bonds and Lewis acid–base inter-
actions (Figure 9.1c).5

The work of Vilar and co-workers provides further examples of the use of anions
to template the formation of inorganic structures. These researchers have reported
the synthesis of [Ag14(C� CtBu)12Cl]OH, from a solution of AgBF4 appropriately
mixed with t-BuC�CH and NEt3. Initially, the product of the reaction is an insolu-
ble polymeric species, [Ag(C�Ct-Bu)]n, which, upon the addition of chloride, is
transformed into the metallacage 9.11.6 More recently, a more direct route to prod-
uct 9.11, from AgBF4, t-BuC�CH, NEt3, and NMe4Cl, has been developed.7 Via this
latter route, cages of general structure [Ag14(C�CtBu)12X][BF4] (X � F, Cl, Br)
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=
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9.9 M = Pd, L = PhCN, n = 2, X = Cl, Br
9.10 M = Pt, L = MeCN, n = 2, X = Cl

9.7a L = PPh3,  MX = LiCl, LiBr, KI
9.7b L = PPh2Py

X-X-

Scheme 9.3 Synthesis of a mixed nickel/palladium anion-templated cage and metalla-
macrocycles

Figure 9.1 Single crystal X-ray diffraction structures of the chloride-templated (a) nickel
cage 9.8, (b) nickel–palladium complex 9.9, and (c) nickel–palladium macrocycle
9.7a. For the sake of clarity, the phenyl groups have been omitted from these
representations
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could also be prepared. In all cases, the resulting cage is found to have a single halide
anion at its centre, and is thought to be formed as the result of halide-anion templa-
tion and metallophilic interactions (Figure 9.2). Interestingly, the use of alternative
silver salts, namely AgOTs and AgNO3, was found to result in the production of only
polymeric compounds (Ts � p-toluenesulfonate).

It is noteworthy that the self-assembled complexes of Lehn, Mingos, and Vilar
involve organic components that contain metal-binding sites in specific positions. It
is thus reasonable to infer that the ligands themselves contain much of the “molecu-
lar information” required to control the anion-based self-assembly process. It could
be argued, however, that the formation of anion-controlled inorganic cluster com-
pounds starting from much “simpler” components, such as metal salts, water, hydrox-
ide anion, and simple phosphates would involve the anion in a more fundamental way
in the self-assembly process. An example of this kind of elaborated molecular con-
struction was reported by Müller and his group in the early 1990s.8 In this case, the
reaction of ammonium metavanadate with phenylphosphonic acid and hydrazine
hydrate in the presence of dimethylammonium chloride in water/DMF was found to
form a cage complex 9.12. This system consists of an anionic cluster containing two
hydrogen-bonded chloride anions that are believed to direct the assembly of the over-
all structure. The anionic cluster 9.12 is shown in Figure 9.3 with the chloride anions
and two ammonium counter cations shown encapsulated within the cavity. The chlo-
ride anions are hydrogen bonded to two water molecules (the respective O…Cl dis-
tances are 3.11 and 3.16 Å) and also interact with the vanadium metal centres.

Zubieta’s group at the University of Syracuse has also studied the effect of chlo-
ride anions on the formation of inorganic clusters. These researchers have isolated a
number of chloride-anion templated structures, including the beautiful complex 9.13
that encapsulates a single chloride anion (Figure 9.4). This cage was formed by the
solvothermal reaction of t-BuPO3H2 with [Ph4P][VO2Cl2] in acetonitrile and was
isolated as lustrous green crystals.9 This group also succeeded in isolating a variety
of other chloride-anion templated cages as the result of making very minor changes
to the starting materials or reaction conditions.

Another very elegant example of halide-controlled assembly has been reported by
Zheng and his co-workers. These researchers have relied on chloride anions to direct

Figure 9.2 Structures of the silver-cage complexes 9.11 formed with chloride and bromide
anions as determined from single crystal X-ray diffraction analyses
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the assembly of europium(III)–tyrosine cluster compounds.10 Part of the structure of
the resulting complex, [Eu15(Cl)(µ3-Tyr)10(µ3-OH)20(µ2-H2O)5(OH)12(H2O)8]
[ClO4]2⋅56H2O (9.14), is shown in Figure 9.5; it reveals a chloride anion surrounded
by a wheel of Eu–O cubane sub-structures such that an average Eu–Cl distance of
3.31 Å is established. The europium ions are assembled into three layers, each of
which contains five metal centres. Slightly later, a series of pentadecanuclear lan-
thanide-hydroxo complexes (i.e., Nd, Gd, Pr, Dy, and Er) were reported. These species
were also thought to be formed via a halide-templated self-assembled pathway.11

Wright and co-workers have investigated the anion-templated synthesis of a series
of macrocycles containing main group elements. They found that the reaction of
[ClP(µ-NtBu)]2 (9.15) with [NH2P(µ-NtBu)]2 (9.16) in the presence of a base produces
a {[P(µ-NtBu)2](µ-NH)}n framework.12 In the presence of NEt3, the tetrameric species
9.17 is formed (i.e., n � 4).13 However, when the reaction is performed in the presence
of excess LiX (X � Cl, Br, and I), the major product obtained is the pentameric prod-
uct {[P(µ-NtBu)2](µ-NH)}5(HX) 9.18 (X � Cl, Br, and I), as shown in Scheme 9.4.
The halide ions were found at the centre of the macrocycle, bound by five hydrogen
bonds from the NH groups (Figure 9.6). 31P NMR spectroscopic studies of the 

Figure 9.3 Structure of 9.12 as determined from a single crystal X-ray diffraction analysis

Figure 9.4 Single crystal X-ray structure of 9.13
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reaction products also showed that the formation of 9.18 can be templated by excess
halide ions, with iodide being better than bromide, which is in turn better than chlo-
ride, in terms of effecting this process. Presumably, this reflects the fact that iodide pro-
vides a better size match than bromide or chloride for the cavity present in 9.18 or the
incipient species leading to its formation.

Steel and Sumby14 have employed fluoride as a template for the formation of a
silver-containing cage. In particular, these workers found that complexation of

Figure 9.5 Single crystal X-ray structure of complex 9.14
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Scheme 9.4 Preparation of both the tetra- (9.17) and pentameric (9.18) forms of {[P(µ-
NtBu)2](µ-NH)}n
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hexa(2-pyridyl)[3]radialene15 with silver tetrafluoroborate produces [Ag6(hexa(2-
pyridyl)[3]radialene)2)F(BF4)5⋅11H2O] (9.19). This product represents a hexametal-
lic cage that contains a single fluoride ion bound to three silver atoms (cf.
Figure 9.7). In contradistinction to these results, reaction of this ligand with silver
nitrate yields a coordination polymer, wherein four coordinated silver atoms help
stabilize a twisted helical arrangement.

The use of hydrogen-bonded anion complexation to control self-assembly
processes represents a fascinating new approach to the construction of elaborate
molecular architectures. An interesting example of this paradigm is illustrated by the
synthesis of dicationic [14]imidazoliophane, a process that Alcalde16 found to be
enhanced in the presence of halide anions. Performing the requisite “3 � 1” conver-
gent macrocyclization reaction under standard conditions in the absence of a tem-
plating anion gave yields for 9.20⋅2Cl, 9.21⋅2Cl, and 9.22⋅2Cl of 42, 42, and 50%,
respectively (Scheme 9.5). Adding extra chloride anions during the last stage of the
synthesis enhanced all yields (the most dramatic being that of 9.21⋅2Cl, for which
the yield increased from 42 to 83%). Interestingly, addition of TBABr was found to
enhance the formation of 9.21⋅2X, but suppress that of 9.20⋅2X. It is believed that
the anions assist the synthesis by forming a hydrogen-bonded intermediate, which is

Figure 9.6 Two views of the single crystal X-ray structure of complex 9.18 with (a) chloride
anion and (b) iodide anion
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Figure 9.7 The structure of Steel and Sumby’s fluoride-templated cage [Ag6(hexa(2-
pyridyl)[3]radialene)2)F(BF4)5⋅11H2O], 9.19, as determined by single crystal 
X-ray diffraction analysis
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stabilized by C–H…Cl� interactions. The conformations of the intermediate chloride
complexes presumably favour cyclization, thus enhancing the yields of the macro-
cyclic products (Table 9.2).

The formation of an hexameric cyclic aromatic amide structure has been reported
by Y.H. Kim and co-workers17 (Scheme 9.6). Reaction of isophthalic acid chloride and 
m-phenylenediamine in the presence of CaCl2 and DMAc (dimethyl acetamide) under
conditions of high dilution produced the cyclic product 9.23. Interestingly, a pseudo-
octahedral anion, [CaCl3(DMAc)3]

�, was found to be present in the centre of the cav-
ity, with each chloride interacting with two hydrogen atoms from the hexamer. In the
absence of the anionic template, the yield of this macrocycle is considerably reduced,
while polymerization and the production of macrocycles of different sizes is observed.

Rotaxanes (from Latin: rota (wheel) and axis (axle)) are composed of a macrocy-
cle through which a rod is threaded.18 In a true rotaxane, the ends of the axle are
stoppered with bulky groups that prevent the macrocycle slipping-off. In the case of
pseudorotaxanes, the ends of the axle are generally left unstoppered. Strategies for
rotaxane synthesis consist of two main approaches: threading and clipping.
Threading involves mixing chemical entities that can act as self-assembling axles
and macrocycles to form a pseudorotaxane that is then stoppered to prevent the
macrocycle from slipping off the rod. The clipping approach involves using a “pre-
stoppered” linear component that is mixed with a self-assembling component that
then undergoes macrocyclic ring closure around it.

Table 9.2 Enhanced yields are obtained when the syntheses
of 9.20, 9.21, and 9.22 are carried out in the pres-
ence of chloride anions

Anion 9.20×2X(%) 9.21×2X(%) 9.22×2Cl(%)

None 42 42 50
TBA-Cl 70 83 67
TBA-Br 34 75

CaCl2

DMAcH2N NH2

Cl
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HN
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NH

O

NH HN OO

H
N

O
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N
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9.23

Scheme 9.6 An early example of the use of an isophthalamide in an anion-templated macro-
cycle synthesis
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In chemistry that is of a very different nature from that already described in this
chapter, Montalti and Prodi19 have shown that chloride anions are able to control the
threading and unthreading of a pseudorotaxane formed between (9-anthrylmethyl)
methylammonium hexafluorophosphate 9.24a and dibenzo-[24]crown-8 9.24b
(Scheme 9.7). Here, the basic strategy relies on the fact that chloride anions are capa-
ble of forming strong ion-pairs with the ammonium group of (9-anthrylmethyl)methy-
lammonium hexafluorophosphate. This prevents the threading process required to
form a pseudorotaxane. The presence of chloride anion, therefore, effectively breaks up
the pseudorotaxane ensembles present in solution (since the assembly–disassembly of
the pseudorotaxane is a dynamic process). Subsequent addition of tributylammonium
cations (that can compete for the chloride anions bound in the ion-pairs) serves to drive
the equilibrium back in favour of the pseudorotaxane. Therefore, in this case the chlo-
ride anion controls the assembly process in a negative sense by interfering with it in a
direct, competitive manner. Recently, the use of an analogous concept was demon-
strated by Al-Sayah and Branda.20

In work that provides an intellectual complement to the above, Beer and co-
workers21 have demonstrated how chloride anions may be used to template the
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Scheme 9.7 Anion control of the threading–dethreading of a pseudorotaxane
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formation of catenanes, rotaxanes, and pseudorotaxanes. Beer’s methodology
relies on the use of an isophthalamide-like methylated 3,5-diamidopyridinium
chloride salt (e.g., 9.25), which forms a very tight ion-pair. The chloride anion is
not coordinatively saturated and so may hydrogen bond to an isophthalamide unit
(e.g., 9.25), thereby bringing the two components of the ensemble together (cf.
9.27, 9.28, and 9.31 in Schemes 9.8 and 9.9; see also Figure 9.8). A metathesis
reaction, involving complexes 9.28 and 9.31, then leads to the formation of the

Scheme 9.8 Beer’s anion-templated synthesis of (a) pseudorotaxane 9.27 and (b) rotaxane 9.29

Scheme 9.9 Beer’s anion-templated synthesis of catenanes 9.32 and 9.33
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rotaxane and catenane products, as shown in Schemes 9.8b and 9.9, respectively.
In the case of the rotaxane product 9.29, the chloride anion could be removed by
treatment with silver hexafluorophosphate. The resulting chloride-free rotaxane
(9.30) was found to have an enhanced affinity for chloride anion as compared 
to the starting components, presumably due to the presence of the chloride-
compatible hydrogen-bonding pocket in 9.30 set up as the result of the anion-
templated process. Beer and co-workers22 also demonstrated the anion-templated
assembly of pseudorotaxanes using imidazolium, benzimidazolium, and guani-
dinium as threading components.

The formation of helical complexes templated by transition metal cations has
long been a goal of supramolecular coordination chemists.23 Recently, analogous
complexes templated by halide anions have been reported. In the solid state, the
assembly of a dinuclear double helicate 9.34 directed by chloride anion has been
reported by Kruger, Martin, and co-workers.24 In this case, assembly of two lig-
ands of a diammonium-bispyridinium salt in the presence of dilute hydrochloric
acid was shown to afford the helical structure shown in Figure 9.9a. Gale and co-
workers25 have shown that simple neutral isophthalamide molecules can also
assemble around anions. For example, a 3,5-dinitrophenyl derivative has been
shown to form a double helix around two fluoride anions in the solid state (pro-
ducing complex 9.35; cf. Figure 9.9b). The interested reader is referred to related
work by Yam.26

Figure 9.8 Single crystal X-ray structure of (a) pseudorotaxane 9.27 and (b) the [2]cate-
nane 9.32

Figure 9.9 (a) The dinuclear double helicate 9.34⋅2Cl− and (b) the fluoride complex of a 3,5-
dinitrophenyl-substituted isophthalamide (9.35)
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While the above examples serve to illustrate how anions may be used to generate
self-assembled structures, Ajayaghosh27 has demonstrated an almost orthogonal
approach to controlling supramolecular architectures through the use of halide anions.
In this work it was noted that the bis-urea end-capped oligo(phenylenevinylene)s 9.36a
and 9.36b exist as the strong self-assembled ensembles that are characterized by essen-
tially no single-state emission. Presumably, as the result of cooperative interactions
involving both hydrogen bonding between the urea groups and π-staking of the aro-
matic moieties these one-dimensional arrays remain stable in solution at concentra-
tions � 10�7 M in chloroform. However, the addition of halide anions (i.e., F�, Cl�,
Br�, and I�) induces destruction of these ensembles and leads, as expected for less
aggregated entities, to a remarkable enhancement in the emission intensity (Scheme
9.10). Applications of this principle to sensor design are discussed in Chapter 8.

9.3 Oxyanion-Directed Assemblies
As has been underscored by the discussions throughout this book, oxyanions are
characterized by a variety of sizes and, more importantly, shapes. They, therefore,
could allow for a more sophisticated level of assembly, i.e., directional control, than
the simple spherical halides. In this section, we will examine the role oxyanions play
in the assembly of both inorganic cluster compounds and organic supramolecular
architectures.

The role of shape in directing the formation of new molecular architectures is
perhaps most clearly illustrated in the work of Müller and co-workers28 This group
has shown that anionic (including oxyanionic) templates can control the linking of
Vn�Ox polyhedra by forming either shell-like clusters, where the directing anion is

Scheme 9.10 Interaction of halide with self-assembled ensemble 9.36 leads to break up of the
aggregated material and produces an enhancement in the fluorescence-emis-
sion intensity
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encapsulated within an inorganic molecular container, or V–O aggregates in which
the anionic directing agent acts on the exterior of the cluster. Examples of encap-
sulated anions include nitrate in 9.37 (K10[HV18O44(NO3

.14.5H2O)]), phosphate in
9.38 (K7[H4V15O40(PO4)]

.10H2O), and acetate in 9.39 ((NEt4)5(NH4)2[H2V22O54

(CH3COO)]7H2O), while one of the more fascinating of the external templates is
squarate in 9.40 (Na[V2O2(OH2)2(µ-OH)(µ-OH2)(C4O4)2]

.6H2O). The structures of
the anions of these complexes are shown in Figure 9.10; taken together they illus-
trate the great structural diversity that may be accessed by the use of oxyanionic
templating agents. Particularly interesting is cluster 9.37, a species that possesses
an inorganic “shell” that is almost perfectly complementary to the encapsulated
nitrate guest.

Chen and his group29 have used the trigonal planar carbonate anion as a bridging lig-
and around which quadruply bonded Mo2 units may be arranged to form hexanuclear
molybdenum complexes. One such complex, shown schematically as 9.41 (Figure
9.11), was prepared via the reaction of [trans-Mo2(O2CCF3)2(MeCN)6][BF4]2 and
potassium carbonate with N,N′-bis(diphenyl phosphino)amine (dppa) in
dichloromethane. Here, the chloride anions in the product presumably originate from
the dichloromethane solvent. Indeed, when the analogous reaction was carried out in

Figure 9.10 Schematic representations of various oxyanion-templated V-O tetrahedra.
(This figure was reproduced with permission from reference [28]. Copyright
1993, Wiley-VCH)
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acetonitrile, the addition of ZnX2 (X � Br or I) was found to afford the isostructural
bromide or iodide complexes (shown schematically as 9.42 or 9.43), respectively.

McCleverty and co-workers30 have used cobalt in combination with a bis{3-(2-
pyridyl)pyrazol-1-yl}dihydroborate ligand to form a cyclic structure encapsulating a
perchlorate anion. Specifically, it was found that reaction of [bis{3-(2-pyridyl)pyra-
zol-1-yl}dihydroborate] with cobalt(II) produced the cyclic product 9.44 shown in
Figure 9.12. In this structure, each ligand bridges between two adjacent metal ions,
with an alternating pattern of one and then two ligands. The perchlorate anion sits in
the middle of the resulting metal-containing annulus.

Moving away from the oxyanion-directed assembly of inorganic clusters to a
more organic-based approach, de Mendoza and co-workers31 have synthesized the
tetraguanidinium strand (9.45) and studied how it self-assembles in the presence of
sulfate anions. The strand consists of four chiral bicyclic guanidinium units that are
linked by short CH2SCH2 spacer units. Upon addition of SO4

2�, the short spacer units
prevent two (or more) guanidinium units from wrapping around a single sulfate
anion in an orthogonal manner. Instead these spacers “force” two of the guanidinium
ligands to adopt a chiral double helical structure with the “handedness” of the helix
being determined by the absolute configuration of the starting ligand. Evidence for

C

O

OO

Mo

Mo

MoMo

Mo

Mo

9.41 X = Cl
9.42 X = Br
9.43 X = I

X

X

X

Figure 9.11 Single crystal X-ray structure of the carbonate-templated molybdenum cluster 9.41
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the helical structure was provided by ROESY NMR spectroscopy and circular
dichroism studies. For example, ROESY NMR spectroscopic analyses were used to
study the structures of the sulfate and chloride salts of 9.45. The ROESY NMR spec-
tra of the sulfate complex revealed cross peaks corresponding to through space cou-
plings that were too far separated to reflect interactions between the monomers.
Accordingly, they were considered as originating from couplings involving different
strands of the receptor. A CPK model of the double helix assembled from two (R,R)
subunits is shown in Figure 9.13.

Tubular structures such as carbon nanotubes are attracting a great deal of research
interest at the moment due to their potential to form new, superstrong materials,
molecular reaction vessels, and traps for immobilising biomolecules, among other
things.32 In this context, it is noteworthy that Fujita and co-workers33 have used lin-
ear aromatic guest species (including carboxylate-substituted derivatives) to control
the formation of coordination-based nanotubes such as 9.47, 9.48, and 9.49
(Scheme 9.11). For example, pentakis(3,5-pyridine) 9.46 quantitatively forms a

N
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N
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Ph2(tBu)SiO S
N
H

N

N
H

S
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9.45

or  2SO4
24Cl
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Figure 9.12 Single crystal X-ray diffraction structure of the cobalt cage 9.44 of McCleverty and
co-workers showing the encapsulated ClO4

− ion.
(Reproduced with permission from reference [30]. Copyright 1997, Royal Society
of Chemistry.)
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Figure 9.13 CPK model of a polyguanidinium right-handed double helix derived from two
strands of 9.45 of individual (R) configuration.
(We thank Prof. de Mendoza for providing with colour copy of this figure, which
originally appeared in reference [31]. Copyright 1996, American Chemical Society.)
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coordination nanotube 9.47 in the presence of (en)Pd(NO3)2 and a linear template
such as 4,4�-biphenylenedicarboxylate. Neutral linear templates such as biphenyl
and p-terphenyl were also effective in producing such structures. However in the
absence of any template, the nanotubes did not form. The crystal structure of
9.49–(4,4�-biphenylenedicarboxylate)2(NO3

�)10 has been elucidated and reveals that
the anionic template is bound within the tube by a combination of π –π and CH–π
interactions.

Sessler and co-workers34,35 have shown that oxyanions may play a templating role
in the synthesis of the Schiff base-pyrrole macrocycles 9.50 and 9.51 (Scheme 9.12).
These reactions only proceed in high yield if nitric acid is used as the catalyst. If
other acids, such as HCl are used, lower yields are obtained, a finding that led
Sessler to suggest that nitrate anion may be acting as a template in this reaction.

As mentioned earlier, the first reports of cyclo[n]pyrrole synthesis have appeared
recently (cf. Chapter 3).36 These macrocycles consist solely of pyrrole rings and do
not contain any bridging meso-carbon atoms. It appears that anions play a decisive
role in determining the size of the cyclo[n]pyrrole formed. In particular, it has been
observed that the use of SO4

2� during the synthesis appears to give rise to the octamer
(n � 8) exclusively, while the use of chloride (as HCl) results in a mixture of hexa-
mer (n � 6), heptamer (n � 7), and octamer.37

Vögtle has employed anion coordination in a high-yielding threading type rotax-
ane synthesis. Vögtle’s group discovered that phenolates, thiophenolates, and sul-
fonamide anions are bound close to quantitatively by the amide groups present in
tetralactam macrocycles, with the associated complexes being formed in �95%
yields at a concentration of 5 mM in deuteriated dichloromethane. These complexes
were used as pre-threaded rotaxane precursors with the bound organic anion still
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capable of reacting as a nucleophile. For example, the complex 9.52–9.53
(Scheme 9.13) reacts with molecule 9.54 to form rotaxane 9.56 in 95% yield (prob-
ably one of the highest yields ever reported for this kind of synthesis).38 The gener-
ality of this approach has been shown by the synthesis of a series of rotaxanes with
differing axle groups and stoppers using this same basic methodology.39

Keaveney and Leigh40 have recently extended their studies of amide-based rotax-
anes and used anion complexation to control the position of a benzylic amide macro-
cycle on a thread containing a phenol group (Scheme 9.14). The thread in rotaxane
9.57 contains two potential “stations” for the macrocycle, a succinamide group
(shown in green in the scheme) and a phenolate group (shown in magenta). The
macrocycle in this system contains two isophthalamide groups, one of which forms
a strong complex with the phenolate anion. Upon protonation of the thread, however,
the phenol group (shown in red) does not bind to the macrocycle. Thus, the macro-
cycle moves to the alternate succinamide station (shown in green in Scheme 9.14).
Interestingly, this shuttling process works best in polar competitive solvents, such as
acetonitrile-d3, DMF-d7, or methanol-d4. In less polar solvents, such as chloroform-d
or dichloromethane-d2, intramolecular folding occurs with the result that the macro-
cycle remains at the succinimide station. This presumably reflects the fact that the
second isophthalamide group is adequately solvated in more competitive solvents,

Anion-Controlled Assembly and Template-Based Synthesis 389

   
   

      
     

  

Scheme 9.13 Efficient formation of a rotaxane effected via pre-coordination of a nucleophilic
anion
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such as acetonitrile, DMF, and methanol, whereas in chloroform or dichloromethane
the most stable arrangement is for both isophthalamide groups to remain hydrogen
bonded to the succinimide station. Interestingly, in DMF-d7, the addition of compet-
itive anions such as F�, Cl�, Br�, I�, OH�, NO3

�, or AcO� does not disrupt or oth-
erwise hamper the shuttling process.

Other examples of rotaxane systems whose chemistry is anion related are known;
the interested reader is referred to the references.41

Král and co-workers42 recently reported the assembly properties of cationic por-
phyrins 9.58 containing various numbers (1, 2, or 4) of bicyclic guanidinium groups.
These cations form highly ordered chiral supramolecular structures in aqueous solu-
tion and in the presence of anionic counterparts, such as organic dicarboxylates and
disulfonates (Figure 9.14). The chirality (measured by circular dichroism) was found
to be controlled by the nature of the anion present.

The effect of anion templation on the photodimerization of a thymine functional-
ized isothiouronium receptor has been reported by Teramae et al.43 In the absence of
an anion and upon being irradiated with UV light, the thymine moiety forms a cis-
anti photodimer (9.60), a species that is not predisposed for binding pyrophosphate.
In the presence of pyrophosphate, the photodimer was again produced. This time,
however, the cis-syn and trans-syn dimers 9.62 and 9.63 are produced in preference;
both of these products contain two thiouronium groups oriented in the same direc-
tion and predisposed for pyrophosphate complexation (Scheme 9.15).

Quite a number of reports in recent years have involved anion-controlled “crystal
engineering”. Crystal engineering has attracted a tremendous amount of interest over
the last decade and it would be impossible in this book to give a complete review of
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the role of anions have played in the generation of such rationally designed solid-
state structures. However, Hosseini and co-workers44 at the Université Louis Pasteur,
Strasbourg have reported several examples that clearly illustrate the way in which
the shape of the anion may be used to control the formation of a crystalline assem-
bly. For instance, this group prepared a variety of bis-amidinium receptors (e.g.,
9.64; Scheme 9.16) and obtained crystals of their isophthalate and terephthalate
salts. In the case of the terephthalate salt 9.65, a single crystal X-ray diffraction
analysis revealed the formation of a hydrogen-bonded, rod-like one-dimensional
coordination polymer. The isophthalate salt also formed a coordination polymer in
the solid state. However, the non-linear geometry of the isophthalate anion is
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Scheme 9.15 Dimeric products formed upon the photoirradiation of a thymine-functional-
ized isothiouronium receptor in the absence and presence of pyrophosphate. In
the presence of pyrophosphate, the formation of syn-type dimers is preferred

Figure 9.14 Schematic representation showing how the addition of anions can serve to tem-
plate the formation of chiral assemblies of porphyrins in aqueous solution.
(Reproduced with permission from reference [42]. Copyright 2002, American
Chemical Society.)
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reflected in the formation of a more “ribbon-like” or “tape-type” structure 9.66
(Scheme 9.17).

The synthesis of artificial anion channels is currently an area of intense research
interest. As we have already seen in Chapter 1, cystic fibrosis (the most commonly
genetically inherited disease amongst Caucasians) is caused by mis-regulation of chlo-
ride-anion channels. A synthetic example of a solid-state-anion channel has recently
been reported by Lippert and co-workers45 at the Universität Dortmund. These
researchers found that reaction of [(en)Pt(H2O)2]

2� and 2,2-bipyrazine produces the
triangular complex [{(en)Pt(2,2�-bpz-N4,N4�)}3]

6�. This species, if reacted with addi-
tional (en)Pd(II), produces a triangular complex, [{(en)Pd2.5(2,2�-bpz)3{(NH3)2Pt}3]
(ClO4)6(NO3)5

.5H2O (9.67; Figure 9.15), wherein one of the corner Pd atoms is at 50%
occupancy. The triangles are held together via bridging nitrate anions and water mol-
ecules, which leads to the formation of channels (this is shown in Figure 9.15c with
the perchlorate anions omitted for clarity). A perchlorate anion is bound at the centre
of the triangle in the channel. A side view is shown in Figure 9.15d.

9.4 Polyfluoro-Anion Directed Assemblies
Fluorinated anions such as tetrafluoroborate BF4

� and hexafluorophosphate PF6
� are

usually assumed to be innocent in that they are weakly coordinating. Indeed, as we

392 Chapter 9

Scheme 9.16 Amidinium-carboxylate interactions lead to the formation of a hydrogen-
bonded tape with terephthalate

RSC_ARC_Ch009.qxd  2/8/2006  9:53 AM  Page 392



have seen in previous chapters, they are frequently used as non-interfering counter
anions in the case of positively charged synthetic anion receptors. However, there
have recently been several examples of such anions playing roles in the assembly of
non-covalently linked supramolecular ensembles and metal-coordinated cage com-
plexes. For example, Stoddart and co-workers46 have employed hexafluorophosphate
anions to effect the self-assembly of a pseudorotaxane. The pseudorotaxane in ques-
tion, 9.68, is formed from four dibenzylammonium ions and tetrakis-p-pheny-
lene[68]crown. The crystal structure of this ensemble revealed an ordered
hexafluorophosphate anion bound within the centre of the assembly (Figure 9.16).
Hexafluorophosphate anions are usually disordered in crystal structures, i.e., the
octahedrally disposed fluorine atoms are not constrained to point in particular
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Scheme 9.17 Amidinium carboxylate interactions lead to the formation of a zig-zag hydro-
gen-bonded tape with isophthalate
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Figure 9.15 The cationic molecular triangle of complex 9.67. (a) Single crystal X-ray struc-
ture showing the encapsulated perchlorate ion (hydrogen atoms omitted for clar-
ity). (b) Packing diagram showing the anion channel (perchlorate ions omitted
for clarity). (c) Side view of the channel.
(Reproduced with permission from reference [45]. Copyright 1999, The Royal
Society of Chemistry.)

Figure 9.16 Single crystal X-ray structure of 9.68
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directions. However, in Stoddart’s pseudo-rotaxane the ordering of the anion sug-
gests the formation of C–H…F hydrogen bonds with the rest of the pseudorotaxane,
locking the anion into a single orientation. The presence of the anion is, therefore,
likely to reduce any electrostatic repulsion between the dibenzylammonium cations
in the pseudorotaxane, thereby assisting the assembly process.

Cobalt-based tetrahedral supramolecular arrays have been reported by Ward and
co-workers.47 Cage complexes have been synthesized from a pyrazoyl-pyridine lig-
and by reaction of the metal-free species with an appropriate metal acetate hydrate in
methanol, followed by addition of aqueous sodium tetrafluoroborate. This results in
the complex precipitating from solution and facilitates its isolation. As shown in
Figure 9.17, a BF4

� anion is located at the centre of the tetrahedral cage (9.70) formed
by the four cobalt(II) metal ions at the vertices and six bridging ligands 9.69. Each of
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Figure 9.17 Single crystal X-ray structure of the BF4
� anion-templated cage complex 9.70

(hydrogen atoms have been omitted for clarity)
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the fluorine atoms of the encapsulated anion is directed towards the triangular faces
of the cluster rather than the metal ions. This leads to the inference that electrostatic
interactions are the driving force for this templation process, with the anion specifi-
cally serving to balance in part the 8� charge of the ring. Presumably, the anion adopts
an orientation dictated by the geometry of the internal cavity. Multiple π-stacking
interactions between the ligands also assist the assembly of the structure.

This basic configuration present in 9.70 can also be produced via templation with
ClO4

�. On the other hand, the cage does not form in the absence of any templating
anion. Interestingly, when nickel is used, a different structure is formed (a dinuclear
structure species with no evident role being played by the putative templating anion).
If an analogous ligand, containing a biphenyl spacer is used, then a larger tetrahedral
complex forms. However, in this case the central cavity is empty, meaning that the
system is likely not templated by an anion.48 In fact, in acetonitrile solution, it has
been shown that the BF4

� ions diffuse in and out of the cavity. This example illustrates
how delicately balanced these types of system are, and how changing only one aspect
of the system in a small way can have a dramatic impact on the assembled structure.

The anion-templated assembly of a 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz 9.71)
nickel complex 9.72 has been reported by Dunbar and co-workers.49 These
researchers reacted [Ni(CH3CN)6][BF4]2 with bptz in a 1:1 molar ratio to form a dark
green solid that was recrystallized by diffusion of toluene into an acetonitrile solution
of the complex. The complex formed, 9.72, was a partially solvated square consisting
of four nickel(II) ions and four bptz units ([Ni4(bptz)4(CH3CN)8[BF4]8

. 4CH3CN
(Figure 9.18a). Analogous complexes do not form if the bis-hexafluorophosphate salt
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Figure 9.18 Top view of the square Ni4 complex (9.72) showing the templating BF4
� anion in

the centre (left) and a packing diagram showing the arrangement of the Ni4 com-
plexes in the solid state
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of nickel(II) hexaacetonitrile 9.72 (shown in Figure 9.18b) is used. This led these
workers to suggest that assembly of the complex is templated by the tetrafluoroborate
anions. The complexes form channel-like stacks in the solid state that do indeed con-
tain BF4

� anions (Figure 9.18b).

The first example of an inorganic “tennis-ball” motif encapsulating an anion has
been reported by K.M. Kim and co-workers.50 Specifically, these researchers found
that dissolution of the complex {(dach)Pt(BETMP)}2-Cu(BF4)2 (dach � trans(�)
–1,2-diaminocyclohexane, BETMP � bis(ethylthio)methylenepropanedioate) in
D2O and CD3OD resulted in the formation of complex 9.73, as shown in Scheme
9.18. The starting material contains hydrogen-bond acceptors (carboxylate) and
donor (amine) groups. This allows the complex to dimerize around a central BF4

anion, giving rise to the tennis-ball motif.
McMorran and Steel have investigated the assembly properties of the ligand 1,4-

bis(3-pyridyloxy)benzene with metal and anions. Complexation of the ligand with
[PdCl2(PPh3)2] and [PdI(py)2] in the presence of silver triflate results in the forma-
tion of dimeric complexes.51 However, crystallization of the latter dimeric species in
the presence of ammonium hexafluorophosphate resulted in a reorganization of the
complex and the formation of a M2L4 helical cage (9.74) that encapsulates a hexa-
fluorophosphate anion between the two palladium metal centres (Scheme 9.19 and
Figure 9.19).
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Figure 9.19 Front and side views of the crystal structure of 9.74 showing the encapsulated
PF6

� anion
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9.5 Summary Remarks
We have seen in this chapter that anions are capable of controlling the assembly of
metal complexes of organic ligands, inorganic cluster compounds, as well as either sta-
bilizing or destabilizing the formation of non-covalently linked supramolecular arrays.
It is perhaps remarkable that anion-controlled assembly is still a relatively unexplored
facet of anion-receptor chemistry and these examples are small in number when com-
pared to the examples of transition metal-directed assemblies that have been reported.

Biological systems use anionic peptides to control biomineralization processes
and the prospect of generating simple synthetic analogues of these complex entities
to control molecular and nanoscale assembly is an exciting one. The results dis-
cussed in this chapter thus likely represent the vanguard of even more exciting
developments yet to come.
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CHAPTER 10

Afterword

This book was “conceived” at the Calix[99] meeting in Perth, Western Australia in
1999. The fact that it was not completed until 2005 (co-incidentally at the Calix 2005
meeting in Prague) reflects the fact that there has been an explosion of interest in
anion receptor systems over the last six years, with many publications appearing in
the literature.  What we have attempted to do in the book was not to be comprehen-
sive but rather illustrate particular concepts in design with one or two examples.
Even so it has been difficult for us to keep up with the many new systems that have
appeared. So, while it has been an excellent time for anion receptor chemistry, it has
been a challenging time to write a book!  

Cation coordination chemistry and cation sensing has become a mature field and
it is possible to go to the literature for a selective receptors for most metal cations.
By contrast, the range of highly selective anion receptors is more limited reflecting
that there is much more work to be done in production of anion systems.  The added
dimension that ion-pair receptor systems have to offer in improving selectivity is
only just starting to be appreciated by the anion coordination community and we pre-
dict that this area, in particular, will see much effort in the coming years. There are
also surprisingly few receptors for zwitterionic guests and this is one area where bio-
logical applications may drive research forward. The use of anion receptors in cell
membranes as anion or ion-pair transport agents is only just starting to be explored
and again we believe that this area which will see considerable effort and growth
over the coming years, as these compounds will offer new ways to treat a variety of
diseases. Other applications, including those associated with separation, extraction,
and sensing, are beginning to see the results of sustained activity in recent years.
However, much more work in the area is needed to transition from accomplishments
of academic interest into working devices and systems that will see use in the “real
world” of everyday utility.  Another area that has blossomed recently involves the
use of anions as templates for the construction of new supramolecular architectures.
Perhaps the next stage of this research will be to take inspiration from biomineral-
ization processes in nature and design larger anionic molecules that can control
nucleation of a variety of crystalline forms to produce new materials.

The very factors that have made bringing this book to completion difficult serve to
highlight in a most dramatic way just what an exciting time it now is to be working
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in the area of anion receptor chemistry.  It is our hope that this book will give work-
ers new to the field a reasonably concise overview of this rapidly growing research
area.  We also hope it will inspire our colleagues who have contributed so much to
the growth of the anion recognition field to take their research to the “next level” such
that much of the promise now envisioned becomes expressed as concrete reality. 
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185, 215, 245, 248, 249, 250,
261, 280, 281, 300 

crystal engineering, 390
C-Tips, see also triisopropylsilyl

cytidine, 141, 151
cubane, 375
CV, see also cyclic voltammetry, 286,

334, 335, 336 338
cyanide, 1, 203, 281, 340, 352
cyclic voltammetry, see also CV, 329,

334
cyclo[6]pyrrole, 150, 153, 154, 155
cyclo[7]pyrrole, 155
cyclo[8]pyrrole, 154, 155
cyclo[n]pyrrole, 154, 388
cyclodextrin, see also CD, 66, 208,

209, 284, 285
cyclohexane carboxylate, 67
cyclohexanetricarboxylate, 204, 303
cyclohexylacetate, 67
cyclopeptide, 188, 191, 192
cyclophane, 51, 59, 66, 68, 69, 76,

109, 180, 200
cyclotriveratrylene, 315
cysteine (Cys), 188, 192, 201
cystic fibrosis, 1, 4, 392
cystic fibrosis transmembrane conduc-

tance regulator, see also CFTR, 1 
cytidine, 44, 61, 141, 143, 151

DABCO, see also 1,4-diaza[2.2.2]-
bicycloocatane, 61, 68

dach, see also trans(�) –1,2-
diaminocyclohexane, 397

D-Ala-D-Ala, 177, 186, 188
dansyl, 346
ddTTP, see also 2�,3�-dideoxythymi-

dine 5�-triphosphate, 61
dendrimer, 331
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dental caries, 2
Dent’s disease, 4 
deprotonation (anion-induced), 195,

356
diamidopyrrole, 174, 236, 356
diaminonaphthalene, 341
dicarboxylate, 33, 37, 40, 42,

44, 53, 55, 64, 65, 69, 72,
84, 85, 101, 107, 144, 179,
183, 189, 196, 209, 304, 309,
355, 388, 390

difluorophosphinate, 99, 100
dihydrofolate reductase, 89
dimethylphosphate, 29, 92 
Dimethylsulfonazo III, 76 
dinitrobenzoic acid, 94, 95 
dioctyl phthalate, see also DOP, 322
diphenyl phosphate, 79, 213, 267, 384
dipyrrolylmethene,
dipyrrolylquinoxaline, see also DPQ,

350
dipyrromethane, 10, 11, 135, 159, 162 
displacement assay, 65, 86, 181, 304,

305, 309, 320, 356-360, 363
ditopic, 73, 84, 99, 230, 259, 261, 262,

264, 265, 266, 267, 268, 269, 274,
284, 287, 309, 325, 330

DNA, 1, 4, 7, 8, 10, 28, 72, 80, 89,
90, 146, 147, 162, 163, 165

DNA helicase, 4, 5
DNNO, see also 2,4-dinitronaph-

thalen-1-olate, 67
DOP, see also dioctyl phthalate, 322,

323
dppa, see also N, N�-bis(diphenylphos-

phino)amine, 384
dppm, 296, 297, 298
DPQ, see also dipyrrolylquinoxaline,

350, 351, 352, 353, 354, 355
dual-host, 175, 287, 288, 289
DuPont, 12

electrospray ionization, see also ESI,
102, 191

enantioselective, 83, 87, 144, 196,
211, 212, 234, 283, 285, 286

enantioselectivity, 39, 92, 196, 212,
286

ESI, see also electrospray, 102, 104 
europium, 32, 321, 375
excited state, 95
expanded porphyrin, 19, 131, 136,

150, 154, 158, 159, 166, 322,
323, 370

extraction, 213, 234, 237, 238, 261,
263, 273, 275, 286, 287, 288,
289, 320, 322, 402

ferrocene, 264, 266, 273, 286, 331,
332, 333, 334, 335, 336

ferrocenium, 98, 331, 334
fluorene, 211, 235
fluorescein, 70, 216, 346, 357, 358
fluorescence, 21, 29, 30, 32,

44, 67, 70, 76, 105, 106,
110, 116, 135, 138, 147, 173,
175, 176, 178, 198,
242, 243, 303, 334, 339,
340, 342, 343, 344, 346,
347, 348, 351, 353, 354, 356,
357, 361, 362, 383

fluorimetric, 72
fructose-1, 6-diphosphate, 358 
fumarate, 4, 33, 44, 78, 84, 183, 323
furan, 46, 47, 91, 174, 236, 239, 241,

280

GABA, see also �-amino butyric acid,
284, 285

galacturonate, 84
gallate, 359
�-amino butyric acid, see also GABA,

284
germanium, 13, 302
glucuronate, 84
glutamate (Glu), 85, 212, 232
glutamine (Gln), 206, 212, 286, 287
glutarate, 33, 37, 38, 64, 65, 79, 101,

196, 199, 309
glycinate, 46
glycine (Gly), 46, 89, 90, 192, 211,

286, 287 
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glycoluril, 174 
GMP, see also guanosine 5�-phosphate,

68, 72, 101, 113, 114, 141, 142,
143, 144, 151, 216, 230, 323,
325, 326

group 14, 299
guanidinium, 6, 7, 13, 19, 27, 77-79,

81- 89, 103, 112, 118, 131, 206,
285, 333, 340, 356, 357, 359,
382, 385, 387, 390

guanosine, 5�-phosphate, 141, 143, 218 

haemodialysis, 140
haloalkane dehalogenase, 8, 9 
helical, 81, 85, 377, 382, 385, 386, 397 
helicate, 20, 21, 371, 372, 382
helix, 382, 385, 386, 387, 398 
HEPES, 32, 33, 76, 86, 216, 302, 303,

305, 358, 359
heptaphyrin, 154, 155
heterosapphyrin, 148, 149
hexafluorophosphate, 19, 20,

63, 99, 104, 308, 315, 316,
371, 380, 382, 392, 393, 396,
397, 398

hexapeptide, 191
hexaphyrin, 150 
hexapyrrin, 162, 165
histone, 6, 7
Hofmeister, 4, 322, 324
HpztBu, see also 

3{5}-tert-butylpyrazole, 312
human immuno-deficiency virus

(HIV), 8 
hydride sponge, 294
hydrogencarbonate, 195 
hydrogenphenylphosphonate, 207
hydroxcinnamic acid, 359
hydroxide, 278, 279, 294, 321, 374 
hyperphosphatemia, 140

imidazole, 173, 216, 253 
imidazolium, 27, 103, 104, 105, 106,

107, 108, 109, 110, 111, 118,
253, 275, 276, 378, 382 

immunosuppressive, 9, 10, 161 

imprinted polymer, 96, 128
indicator displacement, see

displacement assay,
indoaniline, 345
indole, 8, 187, 188, 184, 340 
inorganic phosphate (Pi), 86, 140, 361 
inositol-1,4,5-trisphosphate, see also

IP3, 358, 359
interaction, base-pairing, 113, 141,

326 
interaction, CH-π, 271, 388
interaction, electrostatic, 3, 6, 15,

16, 33, 37, 44, 47, 59, 60, 62,
64, 66, 67, 68, 71, 75, 81, 82,
83, 89, 98, 103, 112, 138,
139, 148, 158, 159, 206,
219, 253, 311, 324, 329, 331,
396

interaction, hydrophobic, 31, 69, 72,
209

interaction, π-stacking, 18, 43, 44, 56,
69, 370, 396

intercalation, 44 
ion-dipole, 217, 263 
ionic liquid, 103
ionic strength, 62, 209
ionophore, 185, 321, 322, 326
ion-pair, 2, 3, 22, 34, 36, 40, 62, 69,

84, 93, 106, 205, 220, 229, 259,
261, 262, 263, 264, 266, 268,
270, 271, 272, 273, 274, 275,
287, 288, 381, 402

ion-pairs, 2, 3, 22, 62, 259, 263, 278,
380

ion-selective electrode, see also ISE,
115, 151, 205, 229, 320, 321, 326

IP3, see also inositol-1,4,5-trisphos-
phate, 358, 359

ISE, see also ion-selective electrode,
320, 321, 322, 323, 324, 325,
326, 363

isocratic, 143, 232
isophthalamide, 263, 379, 381, 382,

389, 390
isophthalate, 44, 65, 69, 85, 101, 183,

196, 204, 309, 323, 391, 393 
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isorubyrin, 153, 154, 155
isosmaragdyrin, 150, 151 
isothermal titration calorimetry, see

also ITC, 21, 65, 78, 155, 229
isothiocyanate, 66
ITC, see also isothermal titration

calorimetry, 21, 33, 65, 70, 79,
83, 85, 86, 90, 101, 102, 117,
155, 163, 191, 196, 229, 238,
239, 241, 243, 244, 246, 247,
248, 255, 305, 338, 359

Job, analysis, 101
Job, plot, 98, 107, 171, 190, 191, 199,

207, 212, 234

Kemp’s triacid, 176 
kyuphane, 59

lanthanide, 159, 306, 360, 375
leucine (Leu), 211
Lewis acid, 13, 195, 261, 268, 294,

295, 297, 299, 301, 341
lipid bilayer, 4, 184, 253 
lipophilicity, 205
liposome, 61, 283, 284
Lisssamine, 346
lucigenin, 339
luminescent, 254, 294, 306, 360
lysinate, 46
lysine (Lys), 6, 10, 11, 46, 88, 89,

177, 186, 188

malate, 33, 359
maleate, 4, 28, 33, 44, 304, 323
malonate, 33, 37, 42, 49, 55, 58, 78,

85, 99, 100, 353, 355
mandelic acid, 210, 211, 234
materials, 1, 160, 228, 275, 374, 386,

402
membrane transport, 9, 143, 158, 184,

230, 253, 325
mercuracarborane, 297
mercury, 13, 295, 296, 297, 298
metallocrown, 305
metathesis, 381

metavanadate, 374 
Methanosarcina barketi, 10
microorganisms, 10, 161
molecular oyster, 191
Molecular Probes, Inc., 339
mononucleotide, 112, 229
Monte Carol, 87, 215
morpholine, 274, 279 
mucopeptide, 186 
multidrug resistance, 1 
muscle, 1

N, N�-bis(diphenylphosphino)amine,
see also dppa, 384 

N1, N1-bis(2-aminoethyl)ethane-1,2-
diamine, see Tren,

NAD, 40
NADP, 40, 43 
NADPH, 43 
nanotube, 386, 387, 388 
naphthalene-2,7-disulfonate, see also

NDS, 59, 68 
Naphthol Yellow S, 76 
naphthotriazole, 341 
naproxen, 211 
naproxenate, 91, 92 
N-confused porphyrin, see also NCP,

134 
NCP, see also N-confused porphyrin,

134, 135 
NDS, see also naphthalene-2,7-disul-

fonate, 68 
nicotinamide adenine dinucleotide,

see NAD,
nicotinamide adenine dinucleotide

phosphate, see NADP 
nitrite, 1, 65, 326, 341 
nitroaniline, 193, 194 
nitrophenolate, 15, 360, 361 
nitrophenylphosphate, 188 
nucleobase, 141, 143, 229, 230, 325 
nucleoside, 71, 143, 229, 325

octaphyrin, 154, 155, 156 
octyl �-D-galactpyranoside, see also

OGA, 354 
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octyl �-D-glucopyranoside, see also
OGU, 353 

OG, see also Orange G, 59, 60 
OGA, see also octyl �-D-galactpyra-

noside, 354
OGU, see also octyl �-D-glucopyra-

noside, 353
oligopyrrole, see also polypyrrole, 10,

136, 137, 162, 165, 166, 247,
249, 248, 251, 346 

oligopyrrolic macrocycle, 131
oligosaccharide, 216
optodes, 320, 326, 363
Orange G , see also OG, 59, 76
orthophthalate, 69
osteopetrosis, 4
oxalate, 1, 37, 38, 42, 47, 49, 54, 55,

56, 57, 58, 65, 77, 183, 243, 355
oxaloacetate, 4
oxasmaragdyrin, 150, 151
oxyanion, 44, 57, 77, 89, 139, 188,

253, 370, 384, 385 
oxyindolphyrin, 135

palladium, 307, 372, 373, 397
PBP, see also phosphate binding

protein, 6, 7
PCET, see also proton coupled

electron transfer, 94, 95, 96
PCP, see also Pneumocystis carinii

pneumonia, 90
PDT, see also photodynamic therapy,

147
Pendred’s syndrome, 4
pentaphyrin, 150, 151
perchlorate, 48, 54, 55, 56, 57, 58, 72,

102, 110, 132, 136, 208, 230,
278, 281, 289, 304, 305, 372,
385, 392, 394

peroxynitrite, 1
perrhenate, 31, 54, 55, 56
pertechnetate, 1, 31, 265, 361, 362
Perth, 402
phase-transfer, 61
phenanthridinium, 72
phenylacetate, 67

phenylalaninate, 92
phenylalanine (Phe), 7, 28, 87, 88,

188, 208, 232, 284, 285, 286
pH-metric, 28, 37, 42, 51, 78
phosphate binding protein, see also

PBP, 6
phosphate chelation, 139, 146
phosphatidylcholine, 175, 176, 253
phosphocholine, 176
phosphocreatine, 1
phosphodiester cleavage, 80
phosphodiesterase, 92
phospholipid, 4, 176
photodynamic therapy, see also PDT,

147
photoelectrochemical cells, 103
Photofrin®, 147
photosynthesis, 94
phthalate, 44, 53, 65, 69, 72, 79, 85,

101, 143, 183, 196, 202, 204,
309, 322, 323, 391-393

phytic acid, 358
picrate, 88, 93, 99, 100, 265, 270, 271
plasmid, 146, 147
Pneumocystis carinii pneumonia, see

also PCP, 90
p-nitrobenzoate, 19, 65, 82, 83
p-nitrophenylphosphate, 188
polarographic, 33, 34
poly(vinyl chloride), see also PVC,

321
polyammonium, 3, 19, 27, 30, 31, 32,

41, 42, 75, 103
polymer, 96, 196, 321, 322, 353, 373,

374, 377, 379, 391
polyoxometallate, 132 
polyphosphate, 7, 357
polypyrrole, 162, 249, 346
POPC, see also 1-palmitoyl-2-oleoyl-

phosphatidylcholine, 176, 253
porphobilinogen deaminase, 10, 11
porphycene, 135
porphyrin, 10, 19, 94, 95, 96, 131,

132, 134, 135, 136, 137, 139,
147, 150, 160, 232, 322, 323,
326, 370, 390, 391
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potentiometric, 28, 34, 35, 36, 37, 38,
40, 44, 45, 47, 49, 51, 54, 57,
209, 322, 324, 325

potentiometry, 45, 55, 58
PPNCl, 298
Prague, 402
pre-organization, 17, 79, 244 
Pressman cell, 61, 141, 158, 286
prodigiosin, 9, 10, 11, 131, 136, 161,

162, 163, 164, 165, 166, 253
proline (Pro), 189
protein, 6, 7, 8, 77, 94, 171, 201, 205,

206, 278
proton-coupled electron transfer, see

also PCET, 94, 95, 116, 198, 320,
327

protoporphyrin IX, 10, 147
pseudorotaxane, 379, 380, 381, 382,

393, 395
p-toluenesulfonate, see also tosylate,

207, 374
putrescine, 28
PVC, see also poly(vinyl chloride),

321, 322, 323, 324, 325, 326
pyrazole, 48, 312, 313
pyrophosphate, 28, 29, 36, 44, 45, 47,

105, 303, 305, 333, 340, 348,
352, 353, 390, 391

pyrrolysine, 9, 10

quinolinium, 339

radius, 2, 34, 16, 306
Ramos, 165
renal failure, 1
reperfusion injury, 1
resorcin[4]arene, 66, 101
rhodamine, 346
ribose-5-phosphate, 216
RNA, 1, 4, 7, 8, 28, 80, 81, 89
RNA stem loop, 89
rosarin, 150, 153, 154, 155
rotaxane, 379, 381, 382, 388, 389,

390, 400
rubyrin, 150, 151, 152, 153, 154, 155,

323

ruthenium, 309, 310, 328, 337
ruthenium bipyridyl, 328, 337

salen, 274
salicylate, 4, 322, 326
saliva, 86
Salmonella typhimurium, 5, 171
salt bridge, 6, 7, 62, 89, 93, 94, 95,

97, 98, 102
sandwich, 45, 178, 180, 190, 266,

296, 298, 300, 313
sapphyrin, 19, 20, 99, 112, 137–141,

143, 144, 146–148, 150, 151,
158, 164–166, 229, 268, 286,
322, 323, 361, 362

SBP, see slso sulfate binding protein,
5, 6

Scatchard, 158
scheme of one square, 327
Schiff base, 158, 159, 160, 161, 248,

388
selenate, 54, 55
self-assembly, 85, 202, 370, 374, 377,

393
sensing, 70, 86, 118, 205, 294, 320,

321, 323, 330, 331, 336, 342,
343, 345, 353, 354, 356, 360,
361, 363, 402

sensor, colorimetric, 320, 341, 342,
350, 363

sensor, potentiometric, 322
separation, 57, 118, 143, 230, 231,

232, 402
serine (Ser), 5, 10, 89, 90, 188, 212,

232
serine protease, 89
Serratia, 10, 161
serum, 86
silacrown, 302
silane, 301, 302, 342
silica gel, modified, 143, 144, 230,

231, 233
silicon, 13, 300, 301, 333, 341, 342,

343
silver, 99, 281, 282, 283, 298, 306,

321, 374, 376, 377, 382, 397

RSC_ARC_Subjectind.qxd  2/10/2006  11:40 AM  Page 411



412 Subject Index

Simmons, H.E., 12, 13, 14, 27, 48
SLM, see also supported liquid mem-

brane, 269
spermidine, 28
spermine, 7, 28
squarate, 65, 202, 384
stacking, π, 17, 18, 31, 43, 44, 45, 56,

68, 69, 71, 72, 183, 285, 370, 396
staphylococcal nuclease, 80
StCIC chloride ion channel, 9
steroid, 84, 87, 171, 183, 185, 202,

205, 207, 215, 232, 234
Streptomyces, 10, 161
succinate, 33, 37, 69, 84, 107, 243,

304, 309, 353, 355 
sulfate binding protein, see also SBP,

5, 171 
sulfide, 189, 321 
sulfonamide, 17, 172, 175, 183, 185,

213, 289, 388 
superoxide, 1 
supported liquid membrane, see also

SLM, 269

tartrate, 304, 359 
TCQ, see also tetrachloroquinone,

338, 339 
Technische Universität München, 15 
template, 93, 96, 154, 248, 309, 370,

373, 376, 379, 380, 388, 391 
tennis ball, 397 
terephthalate, 44, 53, 69, 72, 79, 143,

183, 196, 323, 391, 392
tetrachloroquinone, see also TCQ, 338
tetrafluoroborate, 20, 37, 93, 315, 316,

377, 392, 395, 397
tetrafluoroquinone, see also TFQ, 338 
tetraphenylborate, 259, 260, 262, 263 
tetrapyrrin, 162, 164
tetrazoles, 97
texaphyrin, 159 
texaphyrinogen, 157 
TFQ, see also tetrafluoroquinone, 338,

339
thioamide, 182
thiocyanate, 66, 213, 323, 326 

thiocyanide, 203
thiophene, 174, 239, 241, 281
thiosulfate, 54, 55, 57, 58
thiourea, 78, 112, 193, 196, 197, 199,

200, 202, 203, 204, 205, 211,
212, 213, 265, 267, 270, 287,
309, 344, 345, 346, 348 

thiouronium, 27, 78, 103, 112, 113,
115, 116, 117, 390, 391 

three-dimensional, 50, 175, 246, 247,
248, 256 

thymidine 5�-phosphate, see also
TMP, 61, 68

thymine, 113, 390, 391 
tin, 299, 300, 333 
TMP, see also thymidine 5�-phos-

phate, 68, 72, 84, 101, 325
TNS, see also 6-p-toluidinonaphtha-

lene-2-sulfonate, 59, 60
TNT, 196
topoisomerase, 146
tosylate, see also p-toluenesulfonate,

18, 178, 185, 270, 271
trans(±) –1,2-diaminocyclohexane, see

also dach, 397
trans-decalin, 81
Tren, 31
TREN, see also

tris(2-aminoethyl)amine, 175,
176, 183 

tricarballate, 33, 357, 358
tricarboxylate, 33, 40, 204, 303 
triethylbenzene, 32, 86 
triflate, 20, 282, 371, 373, 397, 398 
trifluoroacetate, 83, 98, 99, 148, 149,

154, 270, 271, 307 
triisopropylsilyl cytidine, see also

C-Tips, 151 
trinitrobenzene, 338
trinitrotoluene, see TNT,
triphenylphosphine, 193
tripodal, 17, 31, 106, 107, 117, 118,

185, 198, 265, 288 
tripyrrolylmethane, 248 
tris(2-aminoethyl)amine, see also

TREN, 175
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Triton X, 61
trypsin, 89, 90 
tryptophan (Trp), 5, 8, 84, 85, 88, 90,

212, 232, 284, 285, 286
tumour, 147
turcasarin, 154, 156
tyrosine (Tyr), 206, 286, 375

UMP, see also uridine 5�-phosphate,
44, 68, 72, 81, 101, 325 

uranyl, 268, 323
uridine, 44, 143 
uridine 5�-phosphate, see also UMP, 44
U-tube, 61, 87, 141, 144, 158, 229,

230, 286, 302

valine (Val), 88
van der Waals, 62, 66, 67, 68, 72, 272 

vancomycin, 69, 177, 186, 187
van’t Hoff, 101, 192
vesicle, 176, 205, 253, 254, 283

Watson-Crick, 113, 141, 326

X. autotrophicus, 8, 9

yeast, 28
yellow fluorescent protein, see also

YFP, 206
YFP, see also yellow fluorescent pro-

tein, 206

zinc, 89, 312, 313
zinc finger, 89
zwitterion, 15, 134, 259, 261, 283,

284, 286, 290, 402
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