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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-FGO02-
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
Society of Chemistry for an International Journals Grant.

Jonathan L. Sessler
Philip A. Gale
Won-Seob Cho
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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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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)!
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) Ar

Na* 1.16 A F- 1.19 A 0.03 A
K* 1.52 A Cl- 1.67 A 0.15 A
Rb* 1.66 A Br- 1.82 A 0.16 A
Cs* 1.81 A 1~ 2.06 A 025 A




Introduction 3

C o®? i

spherical linear trigonal planar
F, CI, Br, I N3, CN7, SCN-, OH" CO3%, NOg”

tetrahedral octahedral complex shapes

PO,%, VO,%, SO,2, Fe(CN)*, Co(CN)e* e.g. DNA double helix
MOO42', 86042-, MnO4”

Figure 1.1 Anions come in many shapes and sizes!

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.

Ton-pairing can be very significant, particularly in non-polar solvents.? 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
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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 series®
(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.

organic anions > CIO, > SCN" > I > salicylate’> NO, > Br > CI'> HCO; > H,PO, > F
SO; > HPO;”

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 level?) is increas-
ingly recognized as being the primary determinant of many diseases, including
cystic fibrosis,” Bartter’s syndrome,® Dent’s disease,” Pendred’s syndrome,®® and
osteopetrosis.!? 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.!! 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
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RepA sulfate complex, solved to 1.95 A 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).'?

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 A 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

Arg 86

Figure 1.2 ATPase active site in DNA helicase Rep A showing the interaction of the bound
sulfate anion with various P-loop residues

Trp 192

Gly 132

Ala 133

Gly 131 % N\f; ’ :‘I‘“H—O
% E /\N OH
Ser 130 4 Q/ ~ Ko :\C
Ala 173 § %0

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
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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.'3

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 A 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.'* 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., HPO?™).

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.'> 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.

A N—n
Phe 11 Ser88 OQ/\\<
O
Gly 140 Y
0= " H Ho/
Thr 141 ) Cl)/ H J 5
Py H—
N \‘ P> - N\
|, 07 \ 0%y b BN
Ser 139 O- A ©0 >N
o i
Asp 137 / /
 H— H—0
O---H @ /H b
E« NH / H\
O---H—N N
Yl L P
HN
M,
], N O
(0]

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, NH,(CH,),NH(CH,),NH(CH,);NH,, are
involved in promoting cell growth, inducing the biosynthesis of DNA, RNA, and pro-
teins'® and regulating various enzymatic activities.'” It is also well known that
polyamines display high phosphate anion affinities and bind well, for example, to
phenylalanine transfer RNA.'® Recently, Ohishi and co-workers reported the X-ray
crystal structure of a spermine—phosphate anion complex.!® 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).%

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

P v
@ \ @ @/’ NH
Lys 36 5 --O~“H—NH
H-N
Arg 29 H ®;) NH ,:ry
%N H,oN
NH
; © n,
Arg 32 o
H/N “LLA
s
(e}

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 A-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 A, respectively).
These interactions are shown in Figure 1.8.%! 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

Figure 1.7 The arginine fork motif
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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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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.??

In 2002, the 3 A-resolution X-ray structure of the StCIC chloride ion channel was
solved.? 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.?*

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).% 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

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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b)

X = Me, NH,, OH

HO NH,

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

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.?® 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 A-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).%7
Furthermore, the four carboxyl groups of the -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.?® 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 1930s?° from microorganisms including Serratia and
Streptomyces® that are characterized by a common pyrrolylpyrromethene skeleton.
These molecules, especially prodigiosin 25-C, 1.1b, have been studied extensively
for their promising immunosuppressive®' and anticancer activity.’> Various prodi-
giosins have also been found to induce apoptosis in dozens of human cancer cell
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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

lines, including liver cancer,*® human breast cancer,> human colon cancer, gastric
cancer,® and haematopoietic cancer cell lines.*® 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.
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1.1a 1.1b

1.4 Historical Overview of Synthetic Anion Receptor
Chemistry

The field of anion recognition, stimulated by Simmons and Park’s report in 1968,%
recently marked its 35th anniversary and a special issue of Coordination Chemistry
Reviews honoring this milestone marked the occasion.®® It, in conjunction with an
edited monograph® on the subject and other review articles,*® 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 'H
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 K, = 4 M™!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 H,;04™ cation (which was the focus of the paper) and eight chloride coun-
teranions.*' 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.

5 (%"2).1 m

N—Hrtmmn GlummnnnH—N
¥(CH) -
2/n
&(CHz)n /)
1.2-ClI n=9

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 pK,
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
K,) was low, being less than roughly 0.5.> 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 K, = 0.37, 0.32, 0.43, and 1.37 M!
for acetate, formate, chloroacetate, and dihydrogen phosphate, respectively, in 1.02 M
tetramethylammonium chloride aqueous solution).*?

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.* 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,® tin,* germanium,*’ and silicon.*®
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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.* Upon conversion to their corresponding
tetraprotonated forms, these receptors were found to bind chloride anions selectively
with an association constant (log K,) 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 K, of 1.7 = 0.1 was observed for the
binding of chloride in water at pH 1.5 (HNO,)). 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.*®
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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 N5 (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 K, = 4.6 in aqueous solution at 25 °C as
determined by '*C NMR spectroscopic titration methods). The spherical anion,
chloride, displays a much weaker interaction (log K, < 1.0) under identical condi-
tions.>! 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).%?
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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

Another early pioneer in the anion recognition arena is Schmidtchen from the
Technische Universitdt Miinchen. Schmidtchen produced a series of receptors that
do not rely on hydrogen-bonding interactions to bind anions.>® 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 A that provides a good size match for iodide anion (diameter
4.12 A). 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.

1.8 X = —~(CHp)e—
1.9 X = —~(CHyp)g—

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>* In this case, "H NMR spectroscopic studies carried out in D,O 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 1.13 The X-ray crystal structure of the iodide salt of receptor 1.8. Only the internally
bound iodide (purple) is shown

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.
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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.%° 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-d, solution, as judged from 'H and "°F
NMR spectroscopic studies.
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(2%

Figure 1.14 Pascal’s amide-based cyclophane anion receptor 1.12. The sulfur atoms are
shown in gold

In 1993, Reinhoudt and co-workers®® produced a series of acyclic tripodal recep-
tors containing amide groups (1.13-1.18). The association constants of these recep-
tors with H,PO,, HSO, , and CI~ 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 7—7 stacking of the naphthyl groups.
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1.14 R = (CH,),CHg 1.17 R = 4-MeCgHs
1.15 R = CgHs 1.18 R = 2-naphthyl
1.16 R = 4-MeOCgH,

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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Table 1.2 Stability constants K, (M) for 1.13-1.18 with the
anions H,PO,, HSO,, and Cl~ in acetonitrile, as
determined by conductometry*

H,PO; HSO; clr-
113 6100 170 1740
1.14 280 31 290
115 870 56 100
1.16 510 73 190
117 3500 79 540
118 14200 38 1600

“Error is 5% for K,>10> M~! and 10% for K,<<10> M~!. The anions were studied
in the form of their n-Bu,N* salts.

Figure 1.15 Schematic representation designed to illustrate why urea and thio-urea groups
are excellent receptors for oxo-anions such as carboxylates

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 X 104, 9.0 = 2.0 X 10% 6.1 = 1.2 X 10% and 6.9 = 1.4 X 10> M™!
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 m-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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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 pK, of 13.6 and is approximately three
orders of magnitude more stable in its cationic form than a protonated secondary
amine (pK,=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.°® 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.”® 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 (K, = 1.4 X 10° M™!) with p-nitrobenzoate in chloroform.”
This has led to extensive use of guanidinium-based receptors for the binding of this
kind of anionic substrate.
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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.®
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
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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

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.®! Solution phase experiments in several organic solvents
revealed that fluoride anion is bound over 10 times more strongly to diprotonated
sapphyrin than either bromide or chloride.®? 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).

[2H-1.24]%*—F

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.®* The complex may be produced by
mixing tris-bipyridine ligands with equimolar amounts of FeCl, 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 1.17 Lehn’s chloride templated circular helicate complex 1.25. The iron atoms are
shown in brown

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 'H 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 'H 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 1073 M for NMR spectroscopy,
10~* for ITC, and 107> or lower for UV/Vis or fluorescence spectroscopy.
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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.% 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 Simmons' (¢f. 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
arange 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-workers? (¢f: 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-workers?; from an
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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 2.1¢

analysis of pH-metric titration curves, a log K, of 3.4 was deduced for the binding
of maleate monoanion to 2.1a in MeOH/H,O 9:1. In independent work, the structure
of the salt formed between protonated putrescine, 2.1¢, 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).* The structure obtained in this way was considered
as a simple model for amine-nucleic acid interactions.’ In 1977, Nakai and
Glinsmann® measured the binding constant between putrescine 2.1¢ and adenosine
phosphates at pH 7.5 and at 303 K (K, = 82, 200, and 290 M~! for AMP, ADP, and
ATP sodium salts, respectively). Quantitative analyses of the interactions of this
(2.1¢) and other diammonium receptors, namely 2.1b and 2.1d, with tetrasodium
pyrophosphate were carried out by Lonnberg and co-workers’ using potentiometric
titation methods; the log K, values calculated in this way were 2.6, 2.1, and 1.9 for
2.1b, 2.1¢, and 2.1d, respectively.
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Spermidine 2.2 and spermine 2.3 are among the most important polyamines in
biology. They are widely distributed in living cells.® 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.? Their strong affinity for nucleic
acids is also thought to have a stabilizing effect on DNA.'® In 1969, Huse and
Titaka'! 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-workers'? suc-
ceeded in solving the single crystal X-ray structures of this complex (i.e., hydrogen
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a)

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

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 (K, or K, X K,,) 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 X 22 (360 X 28), 330 X 82 (1300 X 120), 900
X 280 (9500 X 2400), and 640 (2700) M~2 D, respectively.®!3

@ Hy @
@ @ NH @ ©) N NH
H3N/\/\N/\/\/ 3 H3N/\/\N/\/\/®\/\/ 3
e 3Cl © e 4CI®

22 23

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.'* 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 K, = 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
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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.'> 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 K, = 7.1, where K, = [H;ATP-2.5]/
[HATP][H,2.5]). However, ATP binds to 2.6 a little bit more strongly than to 2.5 (log
K, = 99, 81, and 9.09 for 2.6a, 2.6b, and 2.6c, where K, = [H;ATP-2.6]/
[ATP][H,2.6]). Presumably, this increased affinity reflects the larger number of
hydrogen-bonding interactions that these latter systems can support relative to 2.5.

e T

N > NH N N N HN—R
H H H H H
26an=1,R=H
25 26bn=2,R=H
2.6¢ n = 2, R = CH,(9-naphthyl)

Bianchi and co-workers'® 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 K, = 4.08 and 4.46, while
log K, values of 5.01 and 5.45 were seen for the tetraprotonated derivatives in 0.1
M NMe,Cl aqueous solution. On the other hand, triphosphate, H,P,03;", was found
to bind to receptor 2.7a less well than ATP, even though both species contain the
same triphosphate unit (the log K, for the interaction of H,2.7a** with H,P,0;; was
3.25). Presumably, the rigid aromatic unit helps provide a binding site that is better

N N
NH, ,_'/® /H/®
/
(e} (e}
Rl A o ny o ny
TMA HPO, O/P-\,,,Ox ¥ @ %/PQ,O/ ¥ @
pH=6 1o . L L oo
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NH v P v
OOO . & .
2.4 A Low Fluorescence B High Fluorescence

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 7
stacking and hydrophobic interactions that are less beneficial in the case of H,P;03; .

7 N/ \
— N=
[NH HNj
W Y
Me Me
2.7a 2.7b

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.!” 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-workers'® 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

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 'H NMR spectroscopic titrations carried out in
CDCl;. 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 H,PO, and HSOj; over other anions included in
the study, i.e., log K, = 3.25, 3.20, 1.55, 1.80, and 1.70 for H,PO,, HSO;, NO3,
Cl7, 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.

H N —H 3TsO"

2.8

Receptor 2.9, which relies on triethylbenzene as the backbone, was designed by
Anslyn and Best' 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 (K,) for 2,3-BPG-2.9 was deter-
mined to be 670,000 M~! (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-workers?® 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 C,, symmetric cavity,
while the central Cu(Il) 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 HPO?™ (K, = 25,000 M~ 1), HAsO} (K, = 25,000 M), and
ReO; (K, = 2000 M) in preference over AcO~ (K, <900 M), NO; (K, <20
M), HCO; (no binding detected; “N.D.”), and CI~ (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 Tobey?! 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 (K, = 220,000 (18,000) and 90,000 (19,000) M~! by
UV-Vis (ITC)), from which it was inferred that both anions bind to the receptor via
one primary Cu(Il)-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
(K, = 2000 (400) and 900 (300) M~! by UV-Vis (ITC)) than the more complex tri-
and tetracarboxylate targets.

2.9 2.10

2.1.2 Monocyclic Systems

In 1981, Kimura and co-workers?? 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.> Under these
conditions, the amines are triprotonated and are able to bind to citrate (K, = 55, 250,
1000, and 240 M~! for 2.12a, 2.12b, 2.12¢, 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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Figure 2.4 Proposed model for the 1:1 complex formed between protonated macrocycle 2.14
and citrate anion

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-workers?* 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 'H 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 D,O. In an independent work, Bianchi and co-workers? reported
that the association constants (log K,) of 2.11e are 3.81 (H,2.11e** + ATP*") and
3.04 (H,2.11e** + HATP?"), as derived from potentiometric titration studies.

In 1982, Suet and Handel?® demonstrated the interaction between fluoride anion and
the tetramines 2.11¢, 2.11d, and 2.11e. Fluoride anion was found to bind more strongly
to the tetraprotonated species 2.11e (log K, = 2.8) than to its tetraprotonated analogues
2.11b (log K, = 2.0) or 2.11c (log K, = 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 A) pro-
vides a good match for the fluoride anion (ionic radius taken as 1.36 A), whereas 2.11¢
and 2.11d have cavities that are too small (radius = ca. 0.7 and 1.0 A, respectively).

((NH HN:})n g)\ H HN/@m QH H} [NH HNj
o g Ll T

|
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211tbn=1=1,m=2 212an=m=1
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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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form of 2.14 was reported by Gelb and co-workers.?” 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 (K, = 10> M~! in both cases). Subsequently,
Spiccia and co-workers?® 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.

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

Hp2.11d"* H2.12¢* H2.I120°* HR212¢* H213'*  H2.14+

AMP?™ 69 X 10° 1.56 X 10° 1.30 X 10° 6.86 X 10> 5.03 X 10> 1.77 X 103
ADP3~ 32 X 10* 872X 10° 147 X 10> 1.00 X 10> 1.21 X 10> 4.47 X 10°
ATP* 45X 10° 1.03 X 10* 423 X 10° 5.12 X 10> 4.77 X 10> 2.50 X 10°

a) b)

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 H,P,02~ and the tetraproto-
nated form of 2.14 in the solid state, and (c) the 2:1 complex formed between
H,P,0%" 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-
workers?-3? 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
P,0%". 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 3'P NMR.?*** While tetram-
ethylated hexamine 2.16 was found to produce a large rate enhancement (e.g., k = 43
X 10° min™ pH 3, 80 °C), the analogous dimethylated receptor 2.15 (e.g., k = 5.6
X 10° min~! 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 X 10° min~! pH 3, 80 °C).

In 1999 two more crystal structures, namely of (H,2.14)-(H,P,0,), and
(H,2.15)-(H,P,0,),, were eludicated in conjunction with these studies.”-*! As can be
seen from Figure 2.5b, in the first of these structures, the two H,P,02~ 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 (H,2.15)-(H,P,0,),, 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-workers* have reported the X-ray crystal
structures of 2.14 with di- and monohydrogen phosphate in the solid state.

Table 2.2 Association constants (log K,) corresponding to the interaction between
cyclic hexaamines and various anions, as determined from potentiomet-
ric measurements carried out in aqueous 0.15 M NaClO, at 298 K

ATP*~ HPO}~ H,PO; P,0%  HP,0i~ HpP,0}~ S0~

H2.14% 247 269 3.71 2940 3.27 4.04

H2.14% 591 5.02 7.22 5.69 4.37 3.84
H2.145% 892 5.53 11.60 4.44
H,2.15** 300  3.16 2.45 2.82
H215% 382 370 421 3.47 3.79 4.29 3.34
H2.154  7.39 5.20 6.33 453 4.89
H,2.162* 274 2.93
H216** 330 3.4 3.40 3490 252 3.38
H2.16*"  7.48 3.83 7.48 4.48

In 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.?? 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.

I\Ille I\I/Ie
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[NH HN] [N Nj

NH HN NH HN
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Me Me

2.15 2.16

In an independent work carried out in the same year, but reported slightly after
Kimura’s original study, Lehn and co-workers* 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., H,2.17°*-6C1") forms strong complexes
with both organic and inorganic di- and polyanions (e.g., log K, = 4.0, 3.8, 3.3, 2.4,
4.7,3.9, 3.4, 6.5, and 8.9 for sulfate?~, oxalate’~, malonate?~, succinate?~, citrate’~,
Co(CN)}~, AMP2~, ADP?", and ATP*", respectively, in aqueous 0.1 M tetramethyl-
ammonium chloride (TMACI)). 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.3¢-37

In order to improve the selectivity towards dicarboxylates, Lehn and Hosseini®
designed and prepared several isomeric hexamine receptors, namely 2.18a, 2.18b,
and 2.19¢, 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 K, =
3.8,3.2,and 2.6 for H2.17°", H.2.17°*, and H,2.17*", respectively, in aqueous 0.0