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A halogen bond is an attractive non-covalent interaction between an electrophilic region in a covalently bonded halogen

atom and a Lewis base. While these interactions have long been exploited as a tool in crystal engineering their powerful
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ability to direct supramolecular self-assembly and molecular recognition processes in solution has, until recently, been
overlooked. During the last decade however an ever-increasing number of studies on solution-phase halogen-bond-

mediated anion recognition processes has emerged. This Feature Article summarises advancements which have been

made thus far in this rapidly developing research area. We survey the use of iodoperfluoroarene, haloimidazolium,

halotriazole/triazolium halogen-bond-donor motifs in anion receptor design, before providing an account of our research

into the application of mechanically interlocked rotaxane and catenane frameworks as halogen bonding anion host

systems.

Introduction

The field of anion recognition has undergone an enormous
expansion over recent decades in response to the need to
selectively detect, extract and transport negatively charged
species, which play fundamental roles in a vast range of
chemical, biological, medical and environmental processes.l'2
However, this area has been appreciably slower to develop
than the parallel field of cation coordination, and the target of
producing functional synthetic receptor molecules which
emulate the impressive binding affinities and selectivities
displayed by natural anion binding proteins3_6 in aqueous
media is still far from realisation. This is commonly attributed
to the intrinsic challenges associated with the design of
selective host systems for negatively charged species: anions
have low charge-to-radius ratios, high solvation enthalpies and
poorly defined coordination preferences compared to cations;
they are also pH sensitive and exhibit a wide range of
geometries. These challenges are often addressed by
employing multiple non-covalent interactions in a concerted
manner, following well established design principles such as
complementarity, chelate cooperativity, preorganisation and
the macrocyclic effect. Traditionally, a range of non-covalent
including  hydrogen-bonding, electrostatic
interactions, anion-m interactions, dispersion interactions and
solvatophobic effects have been used in this way. In particular,
hydrogen bonding interactions have been abundantly
exploited in both natural and synthetic anion receptors. The
halogen bond,” which is often described as analogous to the
more prevalent hydrogen bond in terms of its comparable
binding strengths and directionality, has recently emerged as a
powerful alternative non-covalent interaction with immense
promise in the field of anion recognition, yet its importance in
this area is still largely unexplored. While halogen bonding

interactions
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have been characterised

8-10

interactions extensively
crystallographically and theoretically,11 and have long been
exploited in solid state crystal engineering12 and materials
design applications,13 it is only during the last 10—-15 years that
an exploration of the potentially far-reaching solution-phase
applications of halogen bonding”ﬁ17 has begun. A recent
explosion in the number of studies on halogen bonding
interactions in coordination and supramolecular
chemistry18 has indicated that these interactions are often
complementary to hydrogen bonding in terms of their differing
steric requirements, solvent dependencies and anion binding
preferences, as well as their inherent tunability; moreover the
frequent ability of halogen-bond-based anion receptors to
outperform hydrogen-bonding analogues in competitive protic
solvent media is becoming increasingly apparent. This Feature
Article highlights contributions made by our own group and
others to the development of solution-based anion receptors
which exploit halogen bonding interactions.

anion

Fundamentals of Halogen Bonding

According to the unifying definition proposed by a recent
IUPAC Task Group, a halogen bond (XB) “occurs when there is
evidence of a net attractive interaction between an
electrophilic region associated with a halogen atom in a
molecular entity and a nucleophilic region in another, or the

. 19
same, molecular entity.”

XB: R—@luuuuu@ X =1, Br, Cl
HB: R———HINnELY)

Fig. 1 Schematic comparison of halogen-bonding (XB) and hydrogen-bonding
(HB) interactions.

A typical halogen-bonded complex R—X::--Y, where X is the
electrophilic XB donor (Lewis acid) and Y the XB acceptor
(Lewis base) has several characteristic features: the
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interatomic X-----Y distance is shorter than the sum of the van
der Waals radii of the two interacting atoms; this distance
becomes shorter as the strength of the XB
increases; a concomitant up to 0.03 A increase in the length of
the covalent R—X bond compared to that in the non-halogen-
bonded complex is observed; the R-X:---:B angle is close to
180";10’20'21 the interaction strength lies within the range 10—
200 kJmoI'l,Zz'23 which is broadly similar to the range spanned
by hydrogen-bonding (HB) interactions. The term ‘halogen
bond’ was originally conceived in recognition of the geometric
and energetic parallels between XB and HB interactions (Fig.
1).24'25 However, there are also important differences between
the two classes of interaction; for example XB interactions
have a more stringent preference for linearity than HB
interactions,26 are typically more hydrophobic in character and
exhibit different solvent dependencies.27

l 0.03

interaction

0.00

I -0.02

Fig. 2 Calculated molecular electrostatic potential of BrF mapped on the
molecular surface (isosurface of 0.001 a.u.) showing the anisotropic distribution
of charge aroundzghe bromine atom, and the o-hole. Scale in atomic units.
Adapted from Ref.” with permission from the PCCP Owner Societies.

The apparent paradox of electronegative halogen atoms
functioning as electrophilic species can be understood in terms
of the anisotropic distribution of electron density around a
covalently bonded halogen atom. The calculated molecular
electrostatic potential surfaces of molecules incorporating
halogen atoms are characterised by a localised region of
depleted electron density along the extension of the R—X
bond axis, termed a ‘c-hole’ (Fig. 2).29 This electron deficient
region is immediately surrounded by an electroneutral region,
followed by a lateral belt of negative electrostatic potential,
which accounts for the amphoteric ability of halogen atoms to
also interact attractively with electrophiles approaching
orthogonally to the covalent R—X bond. The highly localised
nature of the o-hole justifies the strictly linear nature of XB
interactions; its size — and hence the strength of the observed
XB interaction generally increases with decreasing
electronegativity and increasing polarisability of the halogen
atom X (I>Br>Cl>> F),30'31 and with increasing electron-
withdrawing ability of the substituent R. While this
electrostatic o-hole model accounts for most experimentally
observed features of XB interactions, there are arguably some
anomalies for which additional contributions from charge-
transfer, polarisation and dispersion components have been
proposed to give a satisfactory explanation. A large number of
theoretical and experimental studies have sought to elucidate
the various contributions to the observed interactions;32
however, there is still heated debate about the classification of
XB interactions and it is probable that the relative importance
of the various electrostatic/polarisation, charge transfer and
dispersion contributions vary from system to system,
depending on the local environment and nature of the
interacting partners.¥

2| J. Name., 2012, 00, 1-3

Halogen bonding in Anion Recognition

Anions are by nature electron-rich and can therefore be
predicted to give rise to strong attractive interactions when
acting as XB at:ceptors.33'34 This proposition has instigated a
flurry of interest in the incorporation of XB donor groups into
anion receptor molecules in recent years. The vast majority of
the receptors developed to date have incorporated
haloperfluoroarene, halotriazole/halotriazolium or
haloimidazolium motifs as polarised XB donor groups (Fig. 3),
which have generally been employed in a multivalent manner,
either alone or in cooperation with other non-covalent
interactions such as hydrogen-bonding. The following sections
survey the use of each of these motifs in anion receptor
design, before detailing our own attempts to exploit the
interior cavities of mechanically bonded rotaxane and
catenane architectures as three-dimensional
which to append XB donor groups, in order to facilitate
complete encapsulation of the guest anion within the shielded
microenvironment of the host’s interlocked binding domain
(Fig. 3).

a)
Q Q &)

F F v
\N\%/R \N\%/R Rey 2 N\ -R
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N
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Fig.3 a) of XB-donatin,
halotriazolium and haloimidazolium motifs commonly used in anion recognition.
b) Schematic representation of interlocked [2]rotaxane (left) and [2]catenane

(right) anion host systems incorporating multiple convergent XB donor groups.

Examples

haloperfluoroarene, halotriazole,

Haloperfluoroarene halogen bond donor groups

The potential of XB interactions to direct anion recognition
processes in solution was first demonstrated in a seminal 2005

publication by Metrangolo, Resnati and co-workers.®®> A
heteroditopic receptor (14, Fig. 4) incorporating
tris(polyoxyethylene)amine and 4-iodotetrafluorophenyl

recognition sites for a cation and counteranion respectively
was shown via *H NMR competition experiments to complex a
separated Nal ion-pair with significantly higher affinity than
the analogous perfluorinated monotopic receptor 1b (K, = 2.6
x10° M Ky = 1.3x 10* M'l) in CDCl;. Mass spectrometry
competition experiments demonstrated the XB receptor’s
ability to selectively complex | in the presence of ClI” and Br_
anions. Solid state characterisation of the Nal complex of 1a

This journal is © The Royal Society of Chemistry 20xx
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confirmed the existence of C—I-+--- I” halogen bonds between
the pendant iodoperfluoroaryl groups and the iodide anion.
However, owing to the divergent arrangement of the halogen
bond donor groups the anion is unable to interact with the
receptor’s three XB donor groups in a cooperative manner and
a monodentate exo-binding mode is instead observed, with
each iodide anion forming bridging XBs to adjacent molecules
in an infinite linear chain.

X=1 1a

X=F 1b

Fig. 4 Chemical structure of Resnati and Metrangolo’s heteroditopic halogen-
bonding ion-pair receptor 1a, and solid state structure of the 1a-Nal complex.
Hydrogen atoms have been omitted for clarity. I--::I halogen-bonding interaction
represented as dashed line.

Subsequently Taylor and co-workers reported a series of
monodentate, bidentate and tridentate iodoperfluoroarene
derivatives capable of recognising anions solely via single or
multiple convergent halogen-bonding interactions in acetone
solution.**® °F NMR titration experiments demonstrated that
the tripodal receptor 2a (Fig. 5a) binds halide anions with the
highest affinities in acetone-dg, with CI° (K=1.9x104 M'l)
being bound selectively over Br and I"3® van’t Hoff analysis
revealed that CI" recognition is driven by favourable enthalpic
(AHpinding = -3.9 kcalmol'l) and entropic (ASpinging = +6.1 kcalmol®
1) terms, while a series of control experiments demonstrated
that the analogous receptors 2b—d , in which the iodine atom
is replaced by bromine, fluorine and hydrogen atoms
respectively, displayed comparatively modest (K< 10 M'l)
chloride binding affinities. In contrast to geometrically similar
tridentate HB ret:eptors,gg'40 compound 2a did not show a
measureable affinity for the oxoanions TsO", HSO, and NOs’,
suggesting an innate preference of the XB donor groups for
softer halide over harder oxoanion acceptors, possibly as a
consequence of significant charge transfer and/or dispersion
contributions to the C—1-+-++++ A" XB interaction. Huber, Keller et
al. described a detailed analysis of the solid state structures,
calculated gas phase structures and solution phase anion
binding properties of bi- and tridentate fluorinated
iodobenzene derivatives, including an interesting study on the
solvent dependencies of the receptors’ halide binding
affinities.*’ The Taylor group have also described the anion
recognition properties of a series of mixed hydrogen- and
halogen-bonding receptors equipped with a bidentate urea
hydrogen-bond-donor group in addition to either one or two
iodoperfluorobenzoate halogen-bond-donor groups.
Comparison of these receptors with control systems which lack
the iodine XB donor substituent revealed that the presence of

This journal is © The Royal Society of Chemistry 20xx

the XB donor groups selectively amplifies the receptors’
affinities for halide anions (estimated incremental free energy
per halogen bond, AAGyg, < 1.1 kcal/mol) compared to NO3,
HSO,, H,PO,, TsO and BzO oxoanions (AAGys <
O.lecal/mol).42 The halogen-bonding receptors were shown to
recognise halides with binding constant in the range
1.1x10°<K<2.1x 10° M7 in acetonitrile-d; with the general
selectivity trend CI” > Br > | The most significant XB
enhancement effect was displayed by the symmetric bis-
iodoperfluorobenzoate-functionalised receptor 3a (Fig. 5b),
whose halide association constants are 16—30 times higher

than those of the perfluorinated control receptor 3b.
a)
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X
X=1 2a
F X F FF X=Br 2b
o X=F 2
F o X X=H 2d
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Fig. 5. Taylor’s haloperfluoroarene-based XB anion receptors: a) tripodal all
halogen-bonding systems and corresponding perfluorinated and
substituted controls systems and b) a hybrid receptor employing four convergent
C—l and N—H halogen- and hydrogen-bond-donor groups (3a) and
corresponding perfluorinated control system (3b).

Feng and co-workers have described a dendritic organogelator
molecule functionalised with peripheral iodoperfluorophenyl XB
donor groups which operates as a specific visual sensor for CI°
anions.* In the absence of CI” anions the dendritic organogelator 4
(Fig. 6a) was shown to form stable gels in a range of organic
solvents. The addition of TBACI triggered a sol—gel phase transition,
causing complete collapse of the gel within 10 minutes. This effect
was attributed to a perturbation in the conformation of the
organogelator molecules as a result of halogen bonding interactions
between the CI” anion and iodophenyl halogen bond donor groups,
which in turn disrupt the aromatic stacking interactions which drive
the gelation process. In contrast other anions such as Br, I’ NO;,
HSO, and CN™ were found to induce only partial or negligible
collapse of the gel, even when present in excess. Matile and co-
workers have investigated the incorporation of iodoperfluorophenyl
halogen bond donor groups into synthetic anion transporter
molecules which take advantage of the strength, directionality and
intrinsically hydrophobic nature of XB interactions.**™® The linear
XB octameric derivative 5a (Fig. 6b) was shown to effect CI'/OH™
antiport across a lipid bilayer membrane with an ECsq value of
0.11 + 0.02 uM, the highest anion transport activity reported for a
XB transporter reported to date.*® In contrast, the non-halogenated
control receptor 5b is 26 times less active (EC5o=2.9+ 0.4 uM).46

J. Name., 2013, 00, 1-3 | 3
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Fig. 6. Functional iodoperfluoroaryl systems exploiting C—I------ anion interactions: a) Feng’s chloride-responsive organogelator and b) Matile’s transmembrane XB
cascaaes.

Haloimidazolium halogen bond donor groups

Having formerly exploited imidazolium derivatives as charge-
assisted C—H hydrogen bond donors in anion recognition
processes,‘”'50 we recently became interested in investigating
the analogous halogen-bond-driven anion recognition
capabilities of 2-halo-imidazolium derivatives. X-ray structural
analysis of the hexyl- and benzyl-substituted haloimidazolium
salts 6:-Br and 7a-Br and 7b-A (A= CI', I'; Fig 7a) provided a
preliminary indication of the capability of these motifs to form
strong, linear halogen bonds with halide counteranions (Table

1).51’52 Similarly Resnati, Metrangolo and co-workers
characterised the solid state CI", Br and I” complexes of a 2-
iodoimidazolium receptor (8a) bearing an anthracenyl

substituent (Fig 7b), observing strong, linear XB interactions
for all three halide complexes.53 Interestingly, a surprisingly
short I—O halogen bond was observed in the crystal structure
of the H,PO,  of this receptor (Table 1). Furthermore solution
'H NMR studies showed that compound 8a-l is able to bind
H,PO, (K;; = 1100 + 300) selectively over AcO", CI°, Br and I”
anions in DMSO solution, which constitutes a rare example of
an oxoanion-selective XB-driven anion recognition process. In
the polar, aprotic DMSO solvent medium the halide anions are

Table 1. Details of XB distances and angles in the solid state structures of compounds 6-Br, 7-A and 8a-A

bound in order of increasing charge density (CI' >Br'>17), and a
marginal preference for AcO™ over Cl” is observed.§ It is also
noteworthy that the anion binding affinities of the XB receptor
8a-l surpass those of the corresponding HB receptor 8b:-I for all
anions studied. A recent theoretical study by Lu et al. provides
further insight into the degree of electrostatic, dispersion and
covalent contributions to the XB interactions in such

. . . . 54
haloimidazolium-based anion receptors.
a)

Rt R=CH,CeHs, X=Br  6A (A=Br)
~N7Z N~ R=CgHya, X=Br 7aA (A=Br)
H R = CgHys, X =1 7b-A (A=Cl,1)

b)

8a'A (A=Cl,Br, |, HPO,)
8b-A (A=Br)

COo0
X=F

Fig. 7. Monodentate haloimidazolium anion receptors molecules: a) Beer’s 4,5-
dimethyl-substitued bromoimidazolium and iodoimidazolium derivatives and b)
Resnati and Metrangolo’s anthracenyl-appended variant.

51-53

6:Br 7a-Br° 7b-Cl 7b: 8a:Cl 8a-Br 8a-l 8a-H,PO,’

XA (A) 3.297 3.159(0) 2.948(1) 3.289(0) 3.023(1) 3.099(1) 3.283(1) 2.602(2)

3.158(0)
Rxa” 89 85 79 83 81 81 83 74

85

C—X (A) 1.859 (2) 1.860(4) 2.092(5) 2.117(4) 2.081(2) 2.093(3) 2.086(6) 2.095(3)

1.860(4)
C—X"A"angle 172.6 168.1(1) 177.6(1) 177.6(1) 174.1(1) 178.5(1) 171.9(2) 177.8(2)
(°) 168.2(1)

“Rya = d(XA)/(rx + ra) where rx and r, refer to the van der Waals radii of the 2-haloimidazolium halide substituent and counteranion respectively.ssﬂ b7 =25 XA
distance refers to the shortest the distance between the iodoimidazolium iodine atom and the closest of the four phosphate oxygen atoms.

4| J. Name., 2012, 00, 1-3
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With the aim of enhancing the anion binding affinities and
selectivities of the acyclic monodentate haloimidazolium
receptors described above we developed a series of
macrocyclic haloimidazoliophane receptors which are capable
of recognising halide anions in a competitive aqueous
methanolic solvent mixture solely via charge assisted
bidentate halogen-bonding interactions.”®° All three of the
macrocyclic receptors 9a:2PFg, 10a-2PFg and 10b-2PFg show
markedly enhanced halide binding affinities compared to their
protoimidazolium-functionalised HB analogues 9b-2PF; and
10c-2PF¢ (Fig. 8). The syn atropisomer of the meta-xylyl
bromoimidazoliophane macrocycle 9a-2PFg was found to
display an unusually pronounced selectivity for Br~
(K, = 889 M_l) among the halide anions>® (Table 2), which was
attributed to an interplay between steric and geometric
factors.® Replacement of the xylyl spacer with an extended
naphthalene spacer in 10a-2PFg resulted in significantly higher
affinities for the heavier halides, with a reversal in the Br™ over
I” selectivity exhibited by receptor 9a-2PF;. Conversely the,
naphthyl-containing  bis-iodoimidazoliophane = macrocycle
10b-2PF; was found to complex Br~ selectively over I". Both of
the naphthyl containing haloimidaliophane receptors showed
negligible affinities for a range of smaller halide and oxoanions
and were able to exclusively sense Br and |I” via enhancements
in their fluorescence emission spectra. X-ray crystallographic
studies in combination with computational density functional
theory and molecular dynamics simulations supported the
formation of stable receptor-halide complexes in solution
mediated by cooperative bidentate halogen-bond donation

stmargins

ARTICLE

from the receptors’ haloimidazolium groups to the guest
anion. Although dimeric 2:2 receptor:anion complexes were
observed in the solid state structures of 10b-Br-PFg and
10b-|-PFg, 'H NMR Job-plot and DOSY NMR experiments
indicated that monomeric 1:1 receptor:halide complexes are
preferred in solution.”’

" Q
X X=Br 9a-2PFg
A X=H  9b.2PF,
.
RZN

N
o
n
o

b)

Q Q X=Br  10a-2PFg
X X=I" 10b.2PF,
' )\ O X=H  {0c.2PFq
.
N7 N
2PFy

Fig. 8. Beer’s haloimidazoliophane receptors: a) chemical structure of the xylyl-
containing bromoimidaolium-functionalised macrocycle 9a-2PFg and solid state
structure of the bromide complex 9a-2Br; hydrogen atoms, solvent molecules
and the non-coordinating bromide counteranion have been omitted for clarity;
halogen-bonding interactions shown as dashed lines; b) chemical structures of
extended naphtyl-containing bromo-, iodo- and proto-imidazolium analogues

Table 2. Association constants, K, (M'l), for 1:1 complexes of receptors 9a, 9b and 10a—c with halide anions in 9:1 CD;0D:D,0 or CH;0H:H,0

F- Cl- Br- I-
9a-2PF¢’ - <10 889 184
9b-2PF;° - 133 130 102
10a-2PF¢’ - - 28800 955000
10b-2PF¢® - - 631000 37100
10c-2PF,’ - 19 85 80

“K, values obtained from *H NMR titration experiments in 9:1 CD;0D:D,0 at 293-5 K. ”Ka values obtained from fluorescence titration experiments at 293 K. Anions added as TBA

salts. Estimated errors < 10%.

The groups of Ghosh®® and Berryman62 have incorporated
iodoimidazolium halogen-bond-donor motifs into
preorganised bipodal and tripodal host molecules (Fig. 9)
which were shown to be capable of recognising halide anions
in CD3;CN/D,O mixtures and CH;CN respectively. The differing
halide selectively trends displayed by the bipodal (CI">Br >I")
and tripodal (Br >ClI">I") systems are presumably dictated by
geometric and size-complementary factors. X-ray structural
characterisation of the halide or mixed
halide/hexafluorophosphate salts of each of these receptors
confirmed the presence of strong C-I—X halogen-bonding
interactions in the solid state. Furthermore it was
demonstrated that the bromide salt of the tripodal receptor
12:2PF; can be selectively crystallised from a DCM/DMF
solution in the presence of a range of competing guest anions.

This journal is © The Royal Society of Chemistry 20xx

20Tf 3PFg
11-20Tf 12.2PFg
Fig. 9. Multidentate iodoimidazolium XB anion receptor’s: a) Ghosh’s bipodal

iodoimidaolium system and b) Berryman’s tripodal system.

The potent halogen-bond-donor ability of the 2-
iodoimidazolium motif has been exploited by Huber for
organocatalysis applications.63 The preorganised
bis(iodobenzimidazolium) compound 13-20Tf showed very
strong catalytic activity in the benchmark halide-abstraction-
type reaction of 1-chloroisochroman with a silyl enol ether

J. Name., 2013, 00,1-3 | 5
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(Scheme 1), affording the product in 70% yield with a catalyst
loading just 0.5 mol%. Calorimetric titration experiments,
along with DFT calculations, demonstrated that compound
13-20Tf is able to recognise ClI” anions with high affinity (K, =
3.5 x 10° M in CH3CN) via the formation of cooperative
bidentate C—I-----ClI” halogen bonds, which was proposed as a
rationale for its exceptionally high organocatalytic activity.

FEN

+N CFg N+
I I
20Tf Z
13-20Tf
, ©OmBs 0.5 mol%
0 )‘\OMe THF, 6 h o

cl
CO,Me

Scheme 1. Catalysis of a benchmark halide extraction reaction using a bidentate
iodoimidaolium XB anion receptor molecule .

Halotriazole and halotriazolium receptors

Halotriazole and halotriazolium motifs have recently attracted
much attention as XB analogues of the widely studied and
readily synthetically accessible C—H hydrogen-bond-donating
triazole®® and triazolium®>® recognition motifs. A
number of computational and experimental studies have
indicated that the XB donor ability of these halotriazole-based
systems increases with increasing size of the halogen
substituent (|>Br>CI);67’68 it has also been shown by theory and
experiment that the cationic halotriazolium motif is a more
effective XB donor than the charge neutral halotriazole
motif,67_69 which can be attributed to the combined effects of
charge assistance and greater C—X bond polarisation. The
incorporation of multiple chelating iodotriazole motifs onto
preorganised scaffolds has nonetheless proven to be an
effective approach to anion receptor design. Schubert et al.
prepared a bidentate receptor (14) in which a carbazole
scaffold is symmetrically functionalised with hydroxyl and
iodotriazole units in the 2 and 3 positions respectively (Fig.
10a). An X-ray crystal structure, along with solution NMR
experiments, indicated that intramolecular O—H----- N
hydrogen-bonding interactions between the hydroxyl and
iodotriazole groups preorganise the triazole into a co-planar
syn-syn conformation which favours cooperative bidentate
anion recognition, minimising the need for conformational
reorganisation of the host prior to anion complexation. The CI
and Br~ binding properties of this receptor were probed via
isothermal titration calorimetry experiments in THF: both
anions are complexed in a 2:1 receptor:anion binding mode
with similar magnitudes of association constant, and with
favourable enthalpic and entropic contributions to the overall
free energy of binding. The favourable effect of
preorganisation is evident from a comparison to receptor 15
which exhibits significantly lower CI” and Br™ binding affinities,
primarily as a result of the greater entropic penalty associated
with the formation of the receptor-halide complex.70 In the
bimetallic bis-iodotriazole pyrimidine derivative 16a the
chelation of the two Re(l) centres serves to preorganise the
iodotriazole groups as well as conceivably increasing the
degree of polarisation of the C—I bonds (Fig. 10b). This

anion

6| J. Name., 2012, 00, 1-3

receptor’s binding affinities and selectivities for a range of
halide and oxoanions differ significantly from those of the
hydrogen bonding bis-prototriazole analogue 16b. While the
halide, hydrogen carbonate and acetate binding affinities of
the XB receptor 16a in CDCl;:CD;OD 1:1 are significantly
enhanced compared to those of the HB receptor 16b, the HB
receptor is a marginally superior complexant of H,PO," ClO,
SO, , and NO; The HB receptor shows little
discrimination among the monovalent anions (92 < K, < 548 M’
1) while in contrast a marked selectivity for I” (K, > 10* Mfl) is
observed in this series for the XB receptor.71 The integration of
four iodotriazole motifs onto a preorganised picket-fence-style
Zn(ll) metalloporphyrin scaffold (Fig. 10c) allowed anion
recognition to multidentate C—|-------- X XB
interactions and simultaneous ligation of the anionic guest to
the Lewis acidic Zn(ll) centre.”?> The anion recognition
properties of the XB receptor 17a and analogous HB receptor
17b were investigated by UV-visible titration experiments in
CHClI3, acetone and acetonitrile. For both receptors a general
preference for oxoanions over halide anions was observed,
with the trend in halide binding affinities correlating with the
charge density of the anion (CI'>Br >I"). Notably the XB
receptor’s halide binding affinities are invariably higher than
those of the HB receptor across all three solvents, while the
same trend is not observed for oxoanions. Intriguingly the
anion binding capabilities of both the XB and HB receptor
showed an emphatic dependence on the choice of solvent
(acetone>acetonitrile>chloroform).

Utilisation of the more potent cationic iodotriazolium XB
motif has enabled the construction of anion host molecules
which are capable of recognising and sensing environmentally
and biologically relevant anions. The development of receptors
which recognise a target anionic substrate with high degree of
selectivity in aqueous media is of paramount importance for
medical and environmental applications but the high solvation
energies of anions in water present a major impediment to this
goal.73‘74 The bis-iodotriazolium receptor 18a-2NO; (Fig. 11a),
rendered water soluble by the attachment of six peripheral
tetraethylene glycol substituents, was used to probe XB-driven
recognition processes in aqueous solution. This
receptor’s halide binding affinities, along with those of the HB
analogue 18b-2NO;, show the expected Hofmeister bias
(I'>Br >CI") in D,0, correlating with the relative ease of
desolvation of the heavier halides. Interestingly however the
XB receptor is able to recognise ReO, (K, = 44 M AGhyg = -
330 kJmoI'l), a model for the radioactive pertechnetate anion,
with comparable affinity to I (K, = 51 M2 AGpyg = --275 kimol
1). In striking contrast the HB receptor 18b-2NO; displays no
appreciable binding affinity for ReO, . van’t Hoff analysis
demonstrated that the complexation of ReO, to 18a:-2NOj; is
enthalpically driven (AH=-12 kJmoI'l) and entropically
disfavoured (TAS=-2.7 kJmoI'l), which is characteristic of a
chaotropic75 or non-classical hydrophobic effect’®”” and may
also provide an indication that the exothermic formation of
C—eeeeeee O XB interactions plays a pivotal role in driving the
association process. In addition the complexation of ReO, by

anions.

occur via

anion
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Fig. 10. Examples of preorganised multidentate XB anion receptors based on the iodotriazole motif: a) Schubert’s carbazole-bridged bipodal receptor; b) Beer’s bi-
metallic pyrmidine-bridged bis-iodotriazole receptor and c) a tetrapodal receptor in which four iodotriazole groups are pendant from a Zn(ll) porphyrin scaffold.

the XB receptor 18a-:2N0O; in aqueous HEPES buffer is signalled
by an enhancement in fluorescence emission intensity.78
Similarly, the pyrene-functionalised bis-iodotriazolium
compound 19-2BF, (Fig. 11b) is a selective fluorescent
chemosensor for biologically relevant pyrophosphate anions,
which induce an enhancement in the emission intensity of the
pyrene band in With the aid of
computational modelling, this observation was ascribed to a

excimer acetone.
halogen-bond mediated conformational rearrangement upon
hydrogen pyrophosphate complexation.79 In the first example
of the application of XB interactions to enantioselective anion
recognition, we appended two convergent iodotriazolium
motifs onto a chiral, enantiopure (S)-BINOL core. The resulting
dicationic XB receptor 20a-2PF; (Fig. 11c) is able to recognise a
range of chiral amino acid carboxylate or BINOL-phosphate
anions with higher affinities and enhanced enantioselectivities
compared to the bis-prototriazolium HB analogue 20b-2PFg in
CD5;CN:D,0O 99:1.%° Indeed the HB receptor exhibited almost no
enantiodiscrimination capabilities for all of the chiral anion
pairs which were investigated. For the XB receptor, the
greatest enantioselectivity was observed for the NBoc-
tryptophan anion (K,/Kz = 1.67), which bears a sterically bulky
indole substituent. Computational MD simulations and DFT
calculations indicated that steric factors, in combination with

This journal is © The Royal Society of Chemistry 20xx

the strict linearity of the receptor-anion XB interactions,
provide a rationale for the experimentally observed
enantioselective binding properties of receptor
20a:2PFg. An analogous ferrocene-functionalised XB receptor
(21-2PF¢) was shown by means of square-wave voltammetry
experiments in CH;CN to selectively sense the more strongly
bound enantiomers of NBoc-alanine, NBoc-leucine and BINOL-
PO, via larger shifts in the receptor’s
ferrocene/ferrocenium couple. Likewise, cyclic
voltammetry experiments revealed that the related ferrocene-
appended bis-iodotriaozlium receptor 22a-2PF¢ (Fig. 11d) is
capable of electrochemically sensing CI” and Br  anions in
CH3CN and CH;3;CN/H,O mixtures via halide-anion-induced
cathodic  perturbations  (AE;,= 12-32mV) of the
ferrocene/ferrocenium redox couple. Under the same
experimental conditions the cathodic perturbations which
were measure for the HB receptor 22b-2PF; were appreciably
smaller in magnitude (AEj,= 6-17mV). A tentative
explanation for the enhanced electrochemical sensing abilities
of the XB receptor compared to the HB analogue is that a
significant covalent contribution to the receptor:---anion XB
interactions gives rise to a more effective through-bond-
communication pathway between the ferrocene reporter
group and the bound halide anion.®

anion

cathodic
redox
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Fig. 11. lodotriazolium-based XB anion complexants: a) Beer’s water-soluble perrhenate receptor; b) Molina and co-worker’s pyrene-functionalised bis-iodotriazolium
receptor and c) Beer’s enantioselective receptor based on an (S)-BINOL scaffold and d) Beer’s electrochemical halide sensor.

Mechanically interlocked halogen bonding anion receptors

Within our group we have developed a research programme
designed to exploit the unique binding pockets contained
within  mechanically interlocked rotaxane and catenane
molecules for anion recognition and sensing purposes.®® The
use of interlocked host molecules is an attractive means of
overcoming the specific challenges associated with the
complexation of anionic guests for multiple reasons: this
approach facilitates the design and construction of complex,
three-dimensional binding cavities which possess optimal size-
and shape-complementarity for a target guest species; the
shielded, hydrophobic nature of these interlocked binding
domains assists in the desolvation of the bound guest species
— an essential prerequisite for effective anion recognition in
aqueous media given the high hydration energies of anions in
water; secondary stabilising interactions between the
interlocked components can be used to confer favourable
preorganisation upon the host system, while importantly
maintaining a degree of flexibility; the dynamic properties of
these systems can be exploited in order to achieve a sensory

This journal is © The Royal Society of Chemistry 20xx

readout response upon guest binding when appropriate
reporter groups are incorporated. As an extension of our
previous work on hydrogen-bonding interlocked host systems,
we have recently incorporated XB donor groups into a range of
[2]rotaxane and [2]catenane architectures, the majority of
which have shown contrasting and often superior anion
recognition properties compared to HB analogues.

Development of interlocked host systems containing
convergent hydrogen- and halogen-bond-donor groups. In
2010 we reported the first XB interlocked host system: a
[2]rotaxane in which a bidentate isophthalamide hydrogen
bond donor motif and iodotriazolium halogen bond donor
group from the macrocycle and axle components respectively
converge towards a central binding cavity (23a-PF, Fig. 12). An
X-ray crystal structure of the rotaxane-bromide complex
confirmed that the halide guest is encapsulated within the
rotaxane’s interlocked binding cavity by three complementary
hydrogen- and halogen-bonding interactions (Fig. 12). Solution
phase anion binding investigations revealed that the halide

J. Name., 2013, 00, 1-3 | 8
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binding affinities of this system are significantly enhanced
compared to those of the HB analogue 23b-PF6.84 Furthermore
the XB rotaxane showed an overall preference for
I (Ko(I") = 2228 (171) MY K,(Br') = 1251 (10) MY
K,(CI")= 457 (4) M) in CDCl;:CD;0D:D,0 45:45:10 while a
reversal in this trend is observed for the HB rotaxane in a
similar CDCl3:CD30D 1:1 solvent mixture. A follow-up study on
a series of related bromo-triazolium and iodotriazolium
[2]rotaxane host systems revealed that the halide binding
affinities of these systems increase with increasing
intercomponent  preorganisation, and with increasing
polarisability and halogen bond donor atom (I >Br).85
Meanwhile the orthogonal halide selectivity behaviour
displayed by the XB and HB rotaxanes 23a-PFg and 23b-PFg was
exploited for the control of molecular motion in the two-
station rotaxane molecular shuttle 24-2PF¢, which incorporates
both iodotriazolium and prototriazolium motifs in the axle
constituent. The macrocycle component was found to
preferentially reside at the axle prototriazolium station in the
absence of coordinating anions and in the presence of Cl” but
the addition of I” induced a change in co-conformation, with
the macrocycle shuttling to the iodotriazolium station, driven
by the formation of cooperative C—1------- I” XB and N—H::+--- I~
HB interactions (Scheme 2).

Fig. 12. Chemical structure left and solid state structure (bottom) of Beer’s
[2]rotaxane containing an iodotriazolium-functionalised axle component. For
clarity non-polar hydrogen atoms have been omitted from the representation of
the solid state structure. Halogen bond and hydrogen bond are represented as
black and yellow dashed lines respectively.

ARTICLE

preferentially over H,PO,” and AcO™ anions in 1:1 CDCl5:CD;0D
in contrast to the HB prototriazole-containing analogue
25b-PFg, which is selective for H2P04_.86 The calculated anion
association constants for the HB rotaxane are consistently
higher than those for the XB system, suggesting that anion
complexation to the XB rotaxane may be sterically inhibited by
the presence of the bulky iodine substituent. Mixed hydrogen-
and halogen-bonding catenanes incorporating an alternative

halopyridinium halogen bond donor group were also
investigated.87 Both the bromopyridinium- and
iodopyridinium-functionalised [2]catenanes 26a:-PFs; and
26b-PF; were observed to bind halides (I">Br >ClI")
selectively over AcO  in CDCl;:CD;OD 1:1, with the

iodopyridinium system 26b-PFg; proving to be a marginally
superior halide complexant than the bromopyridinium

analogue 26a-PFg (Fig. 13b).

a)

X=1 25aPFg
X=H 25b-PFg
b)
Q / \
N o{:}
\ ° —
H o 0—,
x—& __SN— |
N J
H o o o
N o) o) 0
Jd
PFg
X =Br 26a-PFg
X=1  26b-PFg

Fig. 13. a) Further examples of mixed XB/HB interlocked host systems: a) a
[2]rotaxane inco(rjporating an isophthalamide macrocycle and a pyridinium
iodotriazole-based axle comtronent; b) [2]catenanes incorporating convergent
isophthalamide and halopyridinium anion recognition motifs.

A rotaxane incorporating a pyridinium iodotriazole XB donor
group (25a-PFg, Fig. 13a) was discovered to bind halides

This journal is © The Royal Society of Chemistry 20xx

Incorporation of multiple chelating halogen bond donor
groups. Expanding upon this early work, we turned to the
incorporation of multiple convergent halogen bond donor
groups into interlocked structural frameworks in an effort to
further enhance anion binding affinities and modulate
selectivities. A rotaxane incorporating a HB isophthalamide-
functionalised macrocycle component along with an axle
constituent in which two XB iodotriazolium groups are
separated by a rigid carbazole spacer (27-2PFs;, Fig. 14a)
showed a remarkably high selectivity for the halides over AcO™
and H,PO, anions in CDCl;:CD;0D:D,0 45:45:10, with Br~
being bound with particularly high affinity (KE,>104 M’l).88

J. Name., 2013, 00, 1-3 | 9
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Schen)le 2. lodide induced molecular motion in a mixed hydrogen- and halogen-bonding two-station rotaxane shuttle. (Solvent: CDCl;:CD;0D 1:1. Temperature:
295 K).

The bidentate 3,5-bis-(iodotriazole)-pyridinium motif was
incorporated into a mixed hydrogen- and halogen-bonding
[2]catenane host structure (28a-PFg, Fig. 14b(i)) using a
chloride-anion templated ring-closing metathesis ‘clipping’
reaction. This receptor showed markedly enhanced halide
binding affinities compared to the all hydrogen-bonding
catenane 28b-PFg, and a strong preference for I” and Br  over
the smaller CI” anion in a competitive aqueous-organic
CDCl;/CD;0D/D,0 solvent mixture (Table 3). Interestingly the
XB [2]catenane 28a-PF; showed no measurable solution
binding affinities for the oxoanions AcO™ and H,PO, , while in
contrast a less constrained acyclic bis-(iodotriazole)pyridinium

10 | J. Name., 2012, 00, 1-3

model system (29-PFg, Fig. 14b(ii)) binds AcO™ in preference to
halide anions, albeit in a dissimilar aprotic DMSO-dg solvent
environment. The formation of a complementary array of
receptor—anion XB and HB interactions is manifest in the
isomorphous  solid state structures of the three
catenane-halide complexes (Fig. 14c). Importantly, intense pre-
edge features were observed in the Cl and Br K edge X-ray
absorption spectra of the [2]catenane complexes 28a-Cl and
28a-Br, indicating a significant degree of covalent charge-
transfer from the bound halide counteranion to the XB donor
atom.®

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Association constants, K, (M’l), for 1:1 complexes of receptors 28a-PFs,
28b-PFg and 29-PFg with various halide and oxoanions

28a-PFs” 28b-PF¢’ 29-PF¢
ar 1850 (224) 680(20) 387 (20)
Br~ >10* 630(50) 238 (120
I >10* 510(10) 146 (3)
AcO” NB° - 1025 (9)
H,PO,” NB° 49(4) NB*

Association constant values determined using 'H NMR titration experiments. All anions
added as TBA salts. Estimated standard errors are given in parentheses. ‘In
CDCl5:CD;0D:D,0 45:45:10 at 293 K. °In CDCl;:CDs0D 1:1 at 298 K. ‘In DMSO-dg at

298 K. “NB: No binding.

Functionalisation of the bis-iodotriazole pyridinium motif with
permethylated B-cyclodextrin stoppering groups allowed us to
synthesise a fully water soluble dicationic [2]rotaxane
analogue of this catenane host system (Fig. 15a) using an
established anion-templated, amide-condensation based
clipping methodology.go’91 'H NMR anion binding titration
experiments revealed that, while the halide and sulfate anion
recognition capabilities of the all-hydrogen-bonding bis-
prototriazole-functionalised [2]rotaxane 30b-2NO; in pure D,0
are modest, the hybrid hydrogen- and halogen-bonding
[2]rotaxane 30a-:2NO; exhibits notably superior anion
recognition properties. In particular, the I” binding affinity of
the halogen-bonding rotaxane 30a-2NO; (AG = -19 klmol™) is
dramatically amplified compared that of rotaxane 30b-2NO;
(AG=-7 kJmoI'l) (Table 3). van’t Hoff analysis revealed
fundamental differences between the thermodynamic
contributions to the XB- and HB-driven I” recognition process
for rotaxanes 30a-2NO; and 30b-2NO; respectively: in the case
of the hydrogen-bonding rotaxane 30b-2NO; iodide
complexation is entropically driven and enthalpically
disfavoured suggesting that a classical hydrophobic effect may
be in operation, with the positive entropic term reflecting the
release of D,0 molecules from the host and guest upon anion
binding; conversely the recognition of I' by the bis-
iodotriazole-functionalised rotaxane 30a-2NOs; is entropically
unfavourable and driven by a favourable enthalpic term, which
may signify the critical importance of the formation of strongly
exothermic C—l------ I” XB interactions. It was subsequently
shown that a related tricationic [2]rotaxane host system
incorporating an integral Ru(ll) bipyridyl luminescent reporter
group (31-3NO;, Fig. 15b) is able to recognise I~ with higher
affinity (K, = 6300 M'l) in D,0, with the recognition process
being signalled by a 6% enhancement in the intensity of the
Ru-centred MLCT emission band.*

This journal is © The Royal Society of Chemistry 20xx

| X=1
X =H

28a-PF4
28b-PFg

(i)

c)

Fig. 14. Interlocked host structures incorporating multiple chelating XB donor
groups: a) a [2]rotaxane incorporating two axle iodotrizolium groups bridged by
a rigid carbazole spacer; b) (iF a [2]catenane incorporating a bis-
(iodotriazole)pyridinium and (ii{ an acyclic model system; c) solid state structure
of the iodide comcFIex of the [2]catenane 28a:-PFs. Non-polar hydrogen atoms
have been omitted for clarity. Halogen and hydrogen represented as black and
yellow dashed lines respectively.

J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins




B ChemComimy -z s

ARTICLE

H||||||||s

=1 30a-2NOs
=H  30b2NO;,

Journal Name

Fig. 15. Water soluble hybrid XB/HB [2]rotaxane anion host systems: a) a dicationic prototype and b) a Ru(ll) bipyridyl-functionalised tricationic variant.

Table 4. Association constants, K, (M'l), for 1:1 complexes of receptors 30a-:2NOs and 30b-2NO; with halide and sulfate anions in D,0 and thermodynamic parameters for I

binding.
KM AG(kimol™) AH(kJmol™)” TAS(kImol™)®

30a-2NO; ar 55 -10 — —

Br 290 -14 — _

I 2200 -19 -34 -15

S0,” 30 -8 — _

30b-2NO; cr NB° - - -

Br 10 6 — _

I 20 -7 13 21

S0, NB° — - _

“Association constants determined using "H NMR titration experiments at 298 K. Errors estimated to be <10%. PAH and AT values determined by van’t Hoff analysis of
data obtained from variable temperature "H NMR titration experiments. Errors estimated to be <15%. All anions added as sodium salts. “NB: No binding.

All halogen-bonding interlocked host systems. As a natural
development of this work we have also investigated
interlocked host systems which are capable of recognising
guest anions solely via cooperative halogen-bonding
interactions. Using a bromide anion templated double clipping
reaction we prepared the symmetrical 2-bromoimidazolium
homo[2]catenane 32-2PF (Fig. 16a) which is able to recognise
and sense Cl" and Br™ anions exclusively among a series of other
halide and oxoanions in CH3;CN through the formation of two
convergent charge assisted C—Br-- A~ XB interactions.”®
Addition of CI” and Br anions to CH;CN solutions of the
[2]catenane caused characteristic changes in the monomer
and excimer emission bands associated with the fluorescent
naphthalene reporter group. Association constants of K, =
3.71x 10° M* and K,= 1.48x10°M™ for CI' and Br
respectively were determined using quantitative fluorescence
titration experiments. In contrast, no spectral perturbations
were observed upon addition of F, I, AcO", H,PO,”, NO; and

12 | J. Name., 2012, 00, 1-3

HCO;™ anions, which presumably indicates that the precise
arrangement of the halogen bond donor groups in the
[2]catenane’s highly preorganised binding cavity does not
complement the radii and geometries of these potential guest
anions.

An all-halogen-bonding luminescent [2]rotaxane (33-2PFg,
Fig. 16b) for which guest-anion-recognition is mediated by four
convergent iodotriazole and iodotriazolium XB-donor groups
was similarly shown to selectively sense CI°, Br and I” anions in
preference to F AcO, H,PO,, NO3; and HCO;', NO;  ClO,”
and 5042' anions in CH3CN/H,0 solvent mixtures. The addition
of the halide anions induced changes in the MLCT emission
band associated with macrocycle component’s integral Re(l)
bipyridyl group. Impressively these halide anions are bound
with high affinities (2.71 <logK < 4.38; I” > Br > Cl") in a highly
competitive 1:1 CH3;CN:H,0 solvent mixture. An X-ray crystal
structure of the chloride salt 33-2Cl confirmed the existence of
strong XB interactions between the rotaxane’s iodotriazole

This journal is © The Royal Society of Chemistry 20xx
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and iodotriazolium halogen bond donor groups and the CI”
counteranions in the solid state, with C—|---+-- CI" XB distances
15-21% shorter than the sum of the atomic van der Waals
1

radii of chloride and iodine.>>**

a)

b)

20 e
0C-Re-Cl

oc co
2PF;
33.2PF,

9 /Re(CO):;C\

Fig. 16. All halogen-bonding interlocked host systems: a) a bromo-imidazolium
homo[2]catenane; b) a dicationic [2]rotaxane incorporating an array of four
preorganised iodotriazole/iodotriazolium XB donor groups; c) a neutral Re(l)-
appended [2]rotaxane incorporating three convergent iodotriazole XB donor
groups.

We recently described the use of a Cu(l)-mediated active metal
templation strategy to prepare a neutral all-halogen-bonding
[2]rotaxane host system (34, Fig 16c) which is equipped with
three convergent iodotriazole XB-donor groups.95 This host
system displays an amplified selectivity for halide anions over
AcO in CHCl; compared to an acyclic Re(l)-complexed bis-
iodotriazole model system. Interestingly the halide selectivity
trend (CI">Br >1) opposes that of the majority of the
cationic interlocked XB host systems mentioned above,
suggesting an optimal size complementarity between the
rotaxane’s interlocked binding cavity and the CI” anion as well
as potential differences in competitive solvation effects arising
from the use of the aprotic solvent CHCI; in this study. In
contrast there was no evidence of a binding interaction
between the metal-free analogue of rotaxane 34 and the
halide anions, which highlights the pivotal role of the Re(l)

This journal is © The Royal Society of Chemistry 20xx
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centre in the preorganising and polarising the axle bis-
iodotriazole halogen bond donor groups.

Conclusions

Halogen bonding is still an emergent area of research: until a
decade ago its application to solution phase anion recognition
processes had been almost completely unexplored. However it
is evident from the examples highlighted above that rapid
advances have been made in this area during the intervening
years, and XB has been unequivocally shown to be a genuinely
useful complement to other, more established non-covalent
interactions in anion receptor design. For example, XB-based
anion host molecules have repeatedly been found to rival and
even outperform HB analogues, especially in the recognition of
halide anions. XB-:-:-anion interactions have been successfully
applied to transmembrane anion transport, catalysis,
enantioselective recognition, the recognition of
biologically relevant anions, the template-directed synthesis of
mechanically interlocked supramolecules, and the control of
nanoscale molecular motion in a two-station rotaxane shuttle.
In addition the numerous experimental and theoretical studies
into XB anion recognition processes have provided
fundamental insights into this understudied class of interaction
in solution. We are especially excited by the promising ability
of XB-based host systems to operate effectively in competitive
aqueous solvent media and believe that this discovery could
be an important step towards the design of functional anion
receptor molecules with real-world applications in the
selective detection, removal and transportation of negatively
charged species. However, there is still much work to be done
in order to understand the full scope of XB interactions in
anion coordination chemistry and establish a more complete
set of design principles. Detailed investigations are required in
order to discern the thermodynamic subtleties of XB-mediated
anion recognition processes. In addition, the number and
variety of XB-donor motifs which have been studied remains
limited, and the prospect of using analogous o-hole
interactions involving elements from other p-block groups96 is
hitherto unrealised. Given the promising results obtained to
date, we anticipate a rapid growth and evolution in the area of
halogen bonding anion recognition over the coming years.

anion

Acknowledgements

We thank the ERC for funding under the European Union’s
Framework Programme (FP7/2007-2013) ERC Advanced Grant
Agreement no. 267426.

Notes and references

¥ In addition, several authors have questioned the validity of
attempting to decompose the binding energy into discrete
contributions, emphasising that all interatomic interactions are
fundamentally electrostatic in nature and that, while the
electrostatic/polarisation and charge transfer/covalency
classifications are conceptually useful aids in understanding the
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nature of halogen bonding, they are not truly independent or
physically distinct: each represents a mathematically constructed
model to rationalise the measured binding energy, which is the only
physically observable quantity, and as such the difference between
them is largely one of semantics.'>?"%

§ When interpreting this trend, and in particular the association
constant obtained for iodide, it should be taken into account that
the 'H NMR titration protocol which was used to determine
association constants involved titration of TBA salts of the various
anions into the iodide salt of the receptor. Despite the presence of
the iodide counteranion, the authors state that a semi-quantitative
comparison of the iodide association constant remains valid
because the receptor’s affinity for iodide is low.

9] According to common convention, we have used atomic van der

Waals radii for anionic species because these parameters are

relatively well-defined and self-consistent compared to anionic

radii. Where the relevant data exist, values for anionic and van
" S99

derWaals radii appear to be similar.
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