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bstract

This review article highlights advances made in abiotic anion coordination chemistry from 2002 to 2004. The structure of this review is that
imilar to the previous reviews in this series that covered 1997–2001 [P.A. Gale, Coord. Chem. Rev. 199 (2000) 181; P.A. Gale, Coord. Chem.

ev. 213 (2001) 79; P.A. Gale, Coord. Chem. Rev. 240 (2003) 191]. The first section examines anion receptors that do not contain metal ions.
his is followed by a review of metal containing anion receptors and finally the role of anions in directing the self-assembly of complex molecular
rchitectures are presented in the final section.

2006 Elsevier B.V. All rights reserved.

eywords: Anion complexation; Hydrogen bonds; Crystallography
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. Introduction

Molecular receptors designed to bind anionic guests or ion-
airs have attracted much interest recently [1–5]. Anions are
biquitous throughout biological systems playing many essen-

ial roles [6–9]. On the other hand, anions can have deleterious
ffects on the environment. For example, anionic pollutants,
uch as phosphate and nitrate from the overuse of agricultural

∗ Corresponding author. Tel.: +44 23 80593332; fax: +44 23 80596805.
E-mail address: philip.gale@soton.ac.uk (P.A. Gale).
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ertilisers are the cause of eutrophication of lakes and inland
aterways [10]. Other anions, such as pertechnetate are gener-

ted from the re-processing of nuclear fuel and their release to
he environment strictly controlled or prohibited. There is there-
ore a demand for the production of selective anion receptor and
ensor species that can allow in the field detection of particular
pecies. The aim of this review is to highlight advances made in
he area of anion receptor chemistry in the years 2002–2004.
This overview of progress is split into three sections covering
nion receptors that operate via hydrogen-bonding interactions,
etal-containing anion receptors and finally the use of anions

o template assemblies.

mailto:philip.gale@soton.ac.uk
dx.doi.org/10.1016/j.ccr.2006.05.020
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was determined by X-ray crystallography and revealed the chlo-
ride interacting with the four N–H groups lying above the plane
of the macrocycle (Fig. 1).
220 P.A. Gale, R. Quesada / Coordination

. Metal-free anion receptors

.1. Amide-based receptors

Amide NH groups have been employed to produce a wide
ange of receptors capable of coordinating anions. General
eviews covering anion receptors containing amide groups
ave been recently published [11]. Fang and co-workers have
esigned a neutral receptor 1 containing six amide groups
n a ‘pseudotetrahedral’ cleft arrangement, which displays

high selectivity for phosphates [12]. This compound was
lso functionalized with pyrene groups so introducing a flu-
rescent probe into the receptor. The binding constants for
2PO4

− were calculated by 1H NMR titration experiments in
MSO-d6 and found to be 1374 and 549 M−1 for 1a and 1b,

espectively.

Sulfonamides have also been incorporated into a num-
er of hosts [1–3]. Kondo et al. have investigated the role
f hydroxyl group in sulfonamide cleft receptors 2 and 4
nd compared their behaviour with the non-hydroxyl contain-
ng control compounds 3 and 5 [13]. Association constants
ere calculated by 1H NMR titration experiments in deuter-

ted acetonitrile and the results demonstrated the involvement
f the –OH group in anion complexation as evidenced by
he higher affinity of the hydroxyl functionalized compounds
or anionic guests. For example, acetate and dihydrogenphos-
hate association constants rose from approximately 585 and
09 M−1, respectively, in receptor 3 to 23,800 and 1890 M−1 for
eceptor 2.

Hoffmann has employed a triazine-trione scaffold bearing

hree p-nitrophenylsulfonamide groups to assess the effect of
reorganization on binding properties [14]. The conformation-
lly preorganized receptor 7 binds chloride more strongly than
he more flexible system 6 and significantly the selectivity is
istry Reviews 250 (2006) 3219–3244

reatly improved. Further preorganization of the side arms in
ompound 8 showed no positive effect on the binding properties
f this compound. Binding constants for chloride, added as the
etrabutylammonium salt in CDCl3/DMSO 95:5, were found
t 4870 ± 170, 12,630 ± 1100 and 4170 ± 130 M−1 for 6, 7
nd 8.

Isophthalamides and their analogues have received a great
eal of attention due to their high affinity for anions, and
variety of cyclic and acyclic receptors have been reported

15]. Yamamoto and co-workers have published the synthe-
is and binding properties of the macrocyclic polythiolactam
a [16], which showed a higher anion affinity than the previ-
usly reported tetralactam 9b [17]. The association constants
ere calculated by 1H NMR titration experiments in deuter-

ted dimethylsulfoxide and found to be 1.4 × 104 M−1 (AcO−),
.9 × 103 M−1 (H2PO4

−), 1.1 × 103 M−1 (Cl−), 1.5 × 102 M−1

Br−) and 9.6 × 103 M−1 (F−, slow exchange was observed at
oom temperature). The structure of the complex [PPh4][9a·Cl]
Fig. 1. X-ray crystal structure of the chloride complex of receptor 9a.
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affinity and selectivity for fluoride, with the anion symmet-
rically bonded to the six N–H groups. Association constants
(log K) for this receptor and different anions, added as tetra-
Sch

Chmielewski and Jurczak have reported a series of neu-
ral macrocyclic tetraamides 10–13 containing two 2,6-
iamidopyridine groups linked via short aliphatic chains
Scheme 1) [18]. These receptors contain well-defined and rela-
ively rigid cavities, with all the amide hydrogen atoms directed
nwards by intramolecular hydrogen bonding to the lone pairs
f the pyridine nitrogen atoms. The stability constants of recep-
ors 10, 11 and 13 with various anions were determined by 1H
MR titrations in DMSO-d6 solution (Table 1). Enlargement of

he size of the macrocyclic ring from 18 (10) to 20 (11) atoms
esulted in a 30-fold increase in the respective binding constant
or chloride, whereas further enlargement by four methylene
nits causes reduction of affinity towards Cl− by two orders of
agnitude (Table 1). This suggests a very good size complemen-

arity between chloride and 20-membered macrocycle 11. The
4-membered macrocycle 13 is large enough to accommodate
wo of the oxygen atoms of phosphate, sulfate or carboxylate
nions therefore, strong interactions between the receptor and

hese anions were expected. However, the binding constants of
eceptor 13 with carboxylate, phosphate and sulfate anions are
elatively small. This suggests that in all these cases, only one
xygen atom of the anion is involved in binding with the recep-

able 1
ssociation constantsa Ka (M−1) for the formation of 1:1 complexes of receptors
0, 11 and 13 with various anions in DMSO-d6 at 298 K

nion 10 11 13

l− 65b 1930 18
hCOO− 202 2283 301
cO− 2640b 3240 310

2PO4
− 1680b 7410 450

SO4
− <5 75 <5

a Errors are estimated to be <10%. Tetrabutylammonium salts used as anion
ources.
b Values from ref. [17].
.

or. The hypothesis of monodentate binding mode of oxoanions
ith tetraamides 10–13 also explains why the effect of ring

ize on binding constant trend with chloride is qualitatively
he same as the binding constants with acetate, phosphate and
ulfate.

The same authors also examined whether isophthalamide
nalogues of these systems would function as more efficient
nion receptors [19]. The stability constants of receptor 14 with
arious putative anionic guests were determined under anal-
gous conditions to that employed for receptor 10 with the
esults revealing that the isophthalamide-based receptor 14 has
lower anion affinity than the pyridine containing receptor 10.
his result could be explained in terms of competition between
nion complexation and intramolecular hydrogen bonding, aris-
ng from the preferred syn-anti conformation existing in the free

acrocyclic amide. These studies demonstrated that anion com-
lexation is able to switch both isophthalamide groups into a
yn–syn conformation, breaking two intramolecular hydrogen
onds (Scheme 2).

Crystal structures of the tren-based polyamide cryptand 15
ith HCl and fluoride were reported by Bowman-James and

o-workers revealing that the anions are encapsulated inside
he receptor cavity (Fig. 2) [20]. This compound showed high
Scheme 2.
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Table 2
Association constantsa Ka (M−1) and binding free energies (kcal mol−1) for the
formation of 1:1 complexes of receptor 17a with halide anions in CDCl3 at
298 K

F− Cl− Br− I−

Ka 4.44 × 102 9.91 × 102 1.91 × 102 80
�

◦

s

b
e
3
1

h
m
t
(
N
s
r
t

b
i
s
w
o
N
T
g
1

Fig. 2. X-ray crystal structure of the fluoride complex of cryptand 15. Repro-
duced with permission from J. Am. Chem. Soc. 125 (2003) 10152. Copyright
A

f
t

G298 −3.59 −4.07 −3.09 −2.58

a Errors are estimated to be <10%. Tetrabutylammonium salts used as anion
ource.

utylammonium salts, were calculated by 1H NMR titration
xperiments in DMSO-d6 at >5 (F−, slow exchange), 3.47 (Cl−),
.38 (AcO−), 3.3 (H2PO4

−), 1.93 (NO3
−), 1.83 (HSO4

−) and
.60 (Br−).

Kubik et al. prepared a receptor 16 containing two linked
exapeptide units [21]. This receptor binds anions in 1:1
ethanol/water mixtures efficiently, with high affinity and selec-

ivity for sulfate. Stability constant for compound 16 for sulfate
added as Na2 SO4) was calculated at 3.5 × 105 M−1 by 1H
MR titration experiments in 1:1 D2O/CD3OD mixtures ver-

us 710 M−1 for chloride (added as NaCl). The same authors
eported a combinatorial optimization of the linker in this sys-
em [22].

Cheng and co-workers have synthesized two cystine–glycine-
ased cyclopeptides containing alkyl bridges (Fig. 3) [23]. Bind-
ng studies with halide ions showed that macrocycle 17a pos-
essed good affinities for F−, Cl− and Br− and a low affinity
ith I− (Table 2), whereas macrocycle 17b failed to bind any
f the halide ions and no changes were observed in the proton

MR spectrum of this receptor upon addition of the anions.
wo-dimensional NMR studies suggest that all the amide NH
roups are oriented into the interior of the ring in the case of
7a, while receptor 18b presents an unfavourable conformation
merican Chemical Society 2004.

or anion recognition, with two carbonyl groups oriented into
he cavity.
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Fig. 3. X-ray crystal structure of 21·TMACl.

Piatek and Jurczak reported the macrocyclic compound 18
earing a 3,5-dinitrophenyl group that is able to act as col-
rimetric anion sensor [24]. Solutions of this receptor in both
MSO and acetonitrile showed dramatic changes of colour
pon addition of fluoride, acetate and dihydrogenphosphate
dded as tetrabutylammonium salts, from colourless to blue,
ellow and purple, respectively. 1H NMR titration experi-
ents in DMSO-d6 allowed the calculation of association

onstants for compound 18 and F− (7.8 × 106 M−1), AcO−
337 M−1), H2PO4

− (142 M−1), HSO4
− (32 M−1) and Cl−

5 M−1). When these experiments were repeated in deuter-
ted acetonitrile, roughly similar values are obtained in the
ase of fluoride and acetate. However, the value obtained
or dihydrogen phosphate is enhanced to 4271 M−1, which is
ttributed to additional interactions of the OH groups of the
nion and the ethereal oxygen atoms of the receptor in this
olvent.
Kang et al. have reported the synthesis of several anion recep-
ors based on a glycoluril molecular scaffold containing either
wo (19a) or four (19b) amide groups (Fig. 2) [25]. Receptor
9a is selective for fluoride and acetate ions, forming 1:1 com-
istry Reviews 250 (2006) 3219–3244 3223

lexes in which all four amide groups are involved. The binding
onstant for 19a when R = n-butyl in CD3CN was found to be
.8 × 105 M−1 with acetate and 2263 M−1 with fluoride. Big-
er or less basic anions are bound only weakly. Receptor 19b,
ontaining two amide hydrogen bonds in a tweezer-type arrange-
ent shows selectivity for Y shaped carboxylate anions.

Smith and co-workers have continued their studies on macro-
icyclic ion-pair receptors containing adjacent anion and cation
inding sites [26,27], and demonstrated the steric selectivity
f the macrobicyclic compound 20 toward different alkylam-
onium cations, enhanced by the simultaneous binding of the

nion [28]. The association constants towards different alkyl
mmonium chloride salts were calculated in CDCl3/DMSO-d6
5:15 at 50 M−1 for Bu4N·Cl, 2.0 × 104 M−1 for n-PrNH3·Cl,
.0 × 102 M−1 for i-PrNH3·Cl and 10 M−1 for Et2NH2·Cl. The
inding selectivity is attributed to the deep penetration of the
mmonium cation into the receptor cavity.

Atwood and Szumna have reported an ion-pair receptor based
n a calixarene type molecular capsule 21 that forms com-
lexes with tetramethylammonium halide salts [29]. The cation
s deeply included into the capsule whereas the anion is bound
hrough the sum of electrostatic attraction and the interaction
ith four amide N–H groups. The X-ray structure of this recep-

or binding TMACl is shown in Fig. 3.
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Fig. 4. An amide functionalized gold nanoparticle.

Watanabe et al. investigated the use of gold nanoparticles,
unctionalized with amide groups, as anion sensors [30] (Fig. 4).
he binding properties of the nanoparticles were evaluated
hrough UV titrations experiments and revealed that they are
apable of optically sensing changes in the anion concentration
t 10−6 M level, improving by three orders of magnitude the
etection limit of simple neutral amide ligands.

d
l

a

Scheme 3. Reversible acid–base induced displacement o
istry Reviews 250 (2006) 3219–3244

Keaveney and Leigh have reported the use of hydrogen bond-
ng to an anion to switch the position of a macrocycle in a
istable molecular shuttle [31]. Rotaxane 22 was synthesized
rom a thread equipped with two (succinamide and cinnamate)
otential hydrogen-bonding stations. The succinamide group
isplays favourable hydrogen-bonding interactions with ben-
ylic amide macrocycles, whereas the cinnamate group is a
owerful hydrogen-bond acceptor in its deprotonated form.
rotonation–deprotonation processes on the thread induced

ranslation of the macrocycle between the hydrogen-bond accep-
or stations (Scheme 3). The shuttle has several remarkable
eatures, including that translocation of the macrocycle only
ccurs in solvent systems where the designed hydrogen-bonding
nteractions are relatively weak (and competing hydrogen-
onding interactions weaker still), and that under these con-
itions shuttling is unaffected by the nature of the counter-
ation or the presence of alternative anionic hydrogen-bond
cceptors.

.2. Urea-based receptors

Urea and thiourea binding groups have been widely used
s anion receptor moieties as they are excellent hydrogen-bond

onors, forming particularly strong complexes with carboxy-
ates [32–34].

Equipping calixarene scaffolds with anion binding units,
nd particularly urea groups, has been widely used to pro-

f the macrocycle along the thread in rotaxane 22.
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uce anion receptors [35]. Lhòtak and co-workers have reported
alix[4]arene-porphyrin conjugates 23–26 that are connected via
rea groups and studied their binding properties by UV–vis
itration experiments in dichloromethane. They found that
he binding constants of chloride and bromide halides are
ery similar for 24, 25 and 26, indicating that the urea
pacers are flexible enough to accommodate these anions
egardless of their mutual position. Larger anions like iodide
r nitrate showed significant differences in their associa-
ion constants owing to steric hindrance in the binding site
36].

Tuntulani and co-workers have synthesized a crown ether
trapped calix[4]arene containing two urea groups (27) and
emonstrated that in the presence of Na+ ions the affinity
f the receptor for dihydrogen phosphate anions increases
otably. Association constants calculated by 1H NMR titra-
ion experiments in DMSO-d6 were 200 and 1028 M−1 in the
bsence/presence of 1.2 equivalents of NaPF6 [37].
Kilburn and co-workers have described the synthesis of the
itopic receptor 28, which contains an amide/ether function-

t
t
(
c

istry Reviews 250 (2006) 3219–3244 3225

lity and a bisthiourea moiety for cation and anion binding,
espectively [38]. This compound binds effectively acetate and
henyl phosphinate whereas diphenyl phosphonate is bound
ess strongly. The receptor also binds group 1 metal cations,
nd in the presence of Na+

, the binding affinity for acetate
s quenched, as addition of the anion leads to the seques-
ration of the cation from the receptor [39]. On the other
and, diphenyl phosphonate binding is favoured by the pres-
nce of the cation (Ka 1800 and 2200 M−1 for 28 and 28·Na+,
espectively).

Fukazawa and co-workers have synthesized an upper
im bridged calix[4]arene-based receptor 29 containing two
rea groups and evaluated its anion binding ability by
H NMR titration experiments in DMSO-d6 [40]. This
olecule is capable of selectively binding dicarboxylates

ver monocarboxylates. For example, the stability constant
or the benzoate complex was found to be 43 ± 2 M−1

eanwhile isophthalate was bound with a stability con-
tant of 490 ± 30 M−1. The authors compared the observed
ehaviour with a previously reported bisureidocalix[4]arene
41] and N,N′′-(p-xylylene)bis(N′-benzylurea) [42], conclud-
ng that it is the combination of the p-xylylenebisurea and
he calix[4]arene (which presumably pre-organizes the binding
ite for dicarboxylate recognition) that is responsible for the
electivity.

Lhoták and co-workers have reported the first exam-
le of anion recognition by a thiacalixarene [43]. This
roup synthesized several thiacalix[4]arene derivatives 30a–d
earing ureido or thioureido functions on the lower rim,
nd studied the complexation abilities of these receptors
owards chloride and other anions by 1H NMR titrations
n CDCl3–CD3CN 4:1 (v/v) solvent mixtures. They found

hese derivatives to be more effective chloride receptors
han analogous receptors based on regular calix[4]arenes
3480 M−1 for compound 30a against 2670 M−1 for the parent
alix[4]arene).
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Table 3
Binding constantsa Ka (M−1) of receptor 32 with different anions in acetonitrile

Compound F− AcO− H2PO4
−

32a R = p-OC2H5 0.188 × 106 1.71 × 106 0.0123 × 106

32b R = p-CH3 0.157 × 106 1.84 × 106 0.0169 × 106

32c R = m-CH3 11.5 × 106 12.1 × 106 32.4 × 106

32d R = H 0.0694 × 106 0.297 × 106 0.0053 × 106

32e R = p-Cl 0.510 × 106 5.58 × 106 0.0399 × 106

32f R = p-Br 0.158 × 106 1.47 × 106 0.509 × 106

32g R = m-Cl 0.0562 × 106 4.05 × 106 0.090 × 106

32h R = p-NO2 0.685 × 106 2.48 × 106 0.138 × 106

a Anions added as their tetrabutylammonium salts.

l

w
t
a
d
fluorescence intensity ratio and absorption titrations, and found
to range from 104 to 106 M−1 and vary in general in the order of
F− > OAc− > H2PO4

− � HSO4
−, Br−, Cl−, in agreement with
226 P.A. Gale, R. Quesada / Coordination

Resorcinarene-based cavitands have also been used as
olecular scaffolds to prepare anion receptors [44,45]. Ver-

oom and Reinhoudt have constructed a series of saccharide-
hiourea functionalized cavitands 31. Saccharide functionaliza-
ion improved the solubility of these derivatives. Association
onstants with different anions were calculated by using ESI-
S based methods. The receptor showed the higher affinities

or chloride with values up to 1.5 × 104 M−1 in acetonitrile,
ore than 20 times higher than the corresponding values for

romide.

Jiang and co-workers have reported a series of neutral
-(substituted-benzamido)-N′-phenylthioureas 32a–h [46] that

how large red shifts in their absorption spectra upon anion bind-
ng and substantially enhanced anion affinities (13–590 times)
ompared with their N′-phenylthiourea counterparts. The bind-
ng constants towards different anions were determined measur-
ng the absorption spectra of the receptor in acetonitrile (Table 3).
nterestingly, the authors found that N-(p-ethoxybenzamido)-N′-
p-nitrophenyl) thiourea showed sensitive and selective binding

o AcO− in acetonitrile containing 10% water by volume with a
inding constant of 1.74 × 105 M−1 (that is higher than that of
-phenyl-N′-(p-nitrophenyl)-thiourea for binding AcO− in pure
cetonitrile).

t
a
a
r

The same authors have developed a series of intramolecu-
ar charge transfer (ICT) dual fluorescent anion receptors 33 in

hich a phenylthiourea anion-binding site is linked to a charge
ransfer (CT) fluorophore, p-dimethylaminobenzamide, through
n iminoyl linker [47]. The binding constants of the receptor with
ifferent anions were calculated employing both the ICT dual
hat observed with other neutral thiourea-based receptors. The
nion sensing was signaled by a blue shift in the CT emission
nd by a decrease in the CT to locally excited state (LE) intensity
atio.
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Scheme 4. Proton switchab

Al-Sayah and Branda reported a N,N′-diphenylurea receptor
4 equipped with 18-crown-6-ether and primary amine groups
n the aromatic rings [48]. This compound represents an example
f a proton switchable system. While this receptor is able to coor-
inate anions, such as acetate, protonation of the amine groups
roduces a conformational change on the receptor because of
he complexation of the ammonium group by the crown ether,
uenching the anion receptor ability of the this compound, which
s only reactivated in the presence of a large excess of the anion
Scheme 4).

Barboiu et al. have synthesized a similar ion-pair receptor
ased, consisting in a 4-phenyl urea-benzo-15-crown-5 receptor
5, and demonstrated its ability to transport NaX salts through
iquid chloroform membranes, favoured by the cooperativity
etween the anion and cation binding [49].

Davis and co-workers have continued their work on
holapods, receptors derived from cholic acid [50–52]. They
emonstrated the ability of urea-substituted cholapods to trans-
ort chloride and promote phospholipid translocation in vesicle
nd cell membranes. They equipped this molecular scaffold
ith two thiourea and a sulfonamide groups as anion binding
nits, and calculated the association constants of this receptor

6 towards different anions, employing voltammetry at the inter-
ace between two immiscible electrolyte solutions (ITIES) [53].
he values obtained for the association of fluoride, chloride and
romide, respectively, with 36 in dichloroethane were found to
on binding by receptor 34.

e 1 × 1012 (±0.5 × 1012), 5 × 1012 (±2 × 1012) and 2 × 1011

±0.5 × 1011) M−1, respectively, values which are amongst the
ighest yet reported to an electroneutral receptor.

Several reports have appeared discussing anion receptors
ontaining urea and thiourea derivatives attached to anthracene
roups employed as fluorescent probes. Yoon and co-workers
eported a series of new colorimetric and fluorescent sensors for
uoride and pyrophosphate ions in which two p-nitrophenylurea
roups or two phenylurea groups are attached to the first- and
ight-positions of anthracene 37, 38 [54]. The stability con-
tants for receptor 38 were calculated from fluorescent titra-
ion experiments in DMSO, and were found to be 108,000,
700 and 6000 M−1 for fluoride, bromide and pyrophosphate,
espectively. Receptor 38 showed a higher affinity for anions
approximately 250 times) than receptor 40 owing to the coop-
rative effect of the two thiourea groups. Anion complexation
as enhanced by the formation of a hydrogen bond from the 9-H
f anthracene (between the two urea groups) to both fluoride or
yrophosphate ions.
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Gunnlaugsson et al. have studied several receptors 41–44 that
ontain a thiourea group linked to an anthracene fluorophore
ia a methylene spacer [55]. These receptors behave as ideal
hotoinduced electron transfer (PET) chemosensors with the
uorescence emission quenched upon anion recognition and no
ther spectral changes being observed. The anion recognition
ccurred through 1:1 hydrogen-bonding complexes between
he thiourea NH groups and the anion, with a higher degree
f fluorescence quenching by fluoride followed by acetate and
ihydrogenphosphate, while chloride and bromide do not induce
ny changes on the fluorescence spectra (all experiments carried
ut in DMSO).

The mode of interaction of certain basic anions with neu-
ral hydrogen-bond donor anion receptors is currently being
e-examined by a number of research groups. In 2002, Gale
nd co-workers reported that fluoride, rather than binding to
,5-diamidopyrrole based anion receptors containing electron-
ithdrawing substituents, would deprotonate the receptor lead-

ng to the formation of an anionic pyrrole species as confirmed
y X-ray crystallography [56,57]. If the receptor was appropri-
tely functionalized, this deprotonation process could result in
colour change with the receptor functioning as a colorimet-

ic fluoride sensor [58]. Contemporaneously with these latter
ndings, Gunnlaugsson et al. discovered that an anion recep-

or containing a secondary amine and a urea group could be
eprotonated (at the amine group) upon addition of fluoride
eading to a colour change [59]. Fabbrizzi and co-workers have
eported a detailed study of the interaction of anions with a
imple urea (1,2-bis(4-nitrophenyl)urea) 45 [60]. They found
hat the association constants of several oxoanions depends on
he partial negative charge located on each oxygen atom of the
nion, so Ka values increase with the basicity of the anion fol-
owing the natural order (NO3

− < HSO4
− < NO2

− < H2PO4
−

C6H5COO− < CH3COO−). Chloride interacts with both NH
rotons of the urea subunit, leading to a binding behavior similar
o that found for oxoanions. On the other hand, fluoride behaves
eculiarly because its small size and high basicity. It establishes
strong hydrogen-bond interaction with the urea protons, and

n the presence of a second fluoride ion, proton transfer occurs
ith formation of the stable complex HF2

− and deprotonation

f the urea subunit. This process is signalled by the presence of
charge transfer complex absorption band in the visible region,

eading to a change of colour in the receptor. A view of the X-ray
tructure of the complex 45-benzoate is shown in Fig. 5.

a
w
d
1

ig. 5. The X-ray crystal structure of the benzoate complex of 45. Reproduced
ith permission from J. Am. Chem. Soc. 125 (2004) 16507. Copyright American
hemical Society 2004.

In a related work, Fabbrizzi and co-workers have reported a
hromogenic sensor for fluoride ions 46, which possesses two
hiourea-containing unsaturated arms appended to a pyridine
ing (Fig. 13) [61]. In the presence of fluoride, the interaction
ith the thiourea hydrogen atoms enhances � delocalization and

hifts the �–�* transition from the UV to the visible region
esulting in the generation of a yellow colour, even in the
bsence of a defined chromophore. Spectrophotometric titra-
ions in MeCN indicated the 1:1 stoichiometry of the adduct and
ith an association constant log Kass = 4.14 ± 0.02. This recep-

or appears to be a specific sensor for the fluoride ion and the
pectrophotometric response of 46 to the fluoride concentration
oes not suffer interference from any other anionic analyte even
hen present at millimolar concentrations.

.3. Pyrrole-based receptors

Pyrrole-based receptors have continued to attract a great
eal of interest in the last few years, and several groups have
eported anion-binding receptors containing this group. Jurczak
nd co-workers have reported a new family of receptors contain-
ng a carbazole group functionalized with two amide groups in
he first- and eight-positions 47a–b [62]. The rigidity of these
ystems and enhanced acidic character of the pyrrole ring result-
ng from the conjugation with the two benzene rings provide
n interesting and versatile building block for the construc-
ion of anion receptors. The stability constants of receptors 47a

nd b with various anions, added as tetrabutylammonium salts,
ere determined by 1H NMR titration experiments in DMSO-

6/0.5% H2O solution and found to be 13 M−1 (47a-chloride),
15 M−1 (47b-chloride), 1230 M−1 (47a-benzoate), 8340 M−1
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Table 4
Binding constantsa Ka (M−1) of receptor 48 with different carboxylates in water
(10% DMSO)

Carboxylate

Gly–Gly Ala–Ala Val–Ala Val–Val Ala Gly

K

(
1

t
t
b
b
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a
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a 15900 30600 43800 54300 7400 5200

a Errors are estimated to be <±25%.

47b-benzoate), 1910 M−1 (47a-dihydrogenphosphate) and
9,800 M−1 (47b-dihydrogenphosphate).

Schmuck and Geiger have reported a cationic receptor con-
aining a guanidiniocarbonylpyrrole unit 48, designed based on
heoretical calculations, to bind dipeptides containing free car-
oxylate groups [63]. The guanidiniocarbonylpyrrole moiety
inds the carboxylate whereas the rest of the receptor is expected
o stabilize the complex by additional hydrogen bonds with the
ipeptide backbone (Fig. 15). The complexation properties of
8 were studied by UV titration in water/10% DMSO and the
ssociation constants of the receptor with various peptides and
ipeptides calculated (Table 4). Dipeptides were bound with
ass > 10−4 M−1 (up to 10 times more efficiently than simple
mino acids), making this receptor one of the most effective
nown so far for dipeptides in water. Interestingly, the same
uthors reported the dimerization of this receptor in the pres-
nce of chloride [64].

Gale has reported a variety of anion receptors based on the
,5-diamidopyrrole skeleton [65]. As previously mentioned, this
roup has shown that deprotonation of diamidopyrroles contain-
ng electron-withdrawing groups in the three- and four-positions
eads to the formation of orthogonally arranged hydrogen-
onded dimers (Fig. 6), a promising building block for the
ynthesis of interlocked materials [66,67].

Gale, Brooker and co-workers have produced a series of
iamidopyrrole anion receptors 49–52 derived from pyrrole-
,5-diacetic acid [68]. The stability constants with a variety of
nionic guests were studied by 1H NMR titration techniques

n acetonitrile-d3 and were found to be moderately higher to
hose previously reported for 2,5-diamidopyrroles. As these
ompounds contain a more flexible hydrogen-bonding array
ompared with the simple 2,5-diamidopyrroles, this fact sug-
Fig. 6. Hydrogen-bonding array between 2,5-diamidopyrrole anions.

ests that the expanded hydrogen-bonding site is closer to being
ptimal for these anions despite their increased flexibility.

Gale and co-workers have also explore the binding prop-
rties of the 5,5′-dicarboxamido-dipyrrolylmethanes [69,70].
hese systems displayed a remarkable affinity and selectivity

or dihydrogenphosphate in competitive solvent media. Associ-
tion constants for compound 53a,b required a highly compet-
tive solvent mixture (DMSO-d6/25% water) to make possible
t calculation through 1H NMR titration experiments (234 and
0 M−1, respectively). The limited stability of these derivatives
n solution prompted this group to synthesize similar com-
ounds with methyl groups attached to the meso-carbon 54a,b
n order to prevent oxidation of the receptor to the corresponding
ipyrromethene.

The resulting receptors showed a lower affinities for anions
han the first systems produced, however, compound 54a showed
ood selectivity for dihydrogenphosphate (1092 M−1 for dihy-
rogenphosphate against 124 M−1 for fluoride or 41 M−1 for
enzoate) in DMSO-d6/5% water solution.
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Table 5
Binding constantsa Ka (M−1) of receptors 56–62 with different anions in
dichloromethane

Anion 56 57 58 62

F− 18200 32000 >1000000
Cl− 50 550 5800 48000
H2PO4

− 60 4300 300000 30000
Acetate 46000 175000
Oxalate 30000 24000
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Causey and Allen have reported the anion binding properties
f a series of biimidazole diamides 55 [71]. The fluorescence of
he biimidazole unit avoids the need to functionalize the receptor
ith other fluorophore or chromophore groups in order to signal

he binding event. The association constants of these receptors
owards dihydrogenphosphate and chloride were calculated at
.8 × 104 to 2 × 104 for H2PO4

− and 1.4 × 105 to 4 × 103 for
l− by fluorescence spectroscopy in dichloromethane.

The dipyrrolylquinoxaline (DPQ) group, which was first
sed as an anion receptor by Sessler and co-workers [72],
as been employed in a variety of fluorometric and colori-
etric sensors for anions by a number of groups. Sessler has

ecently prepared a series of oligopyrrolylquinoxalines 56–58
nd pyrazine analogues 59–62. The association constants of
hese compounds towards different anions were calculated by
V–vis spectroscopy titration experiments in dichloromethane

nd appear in Table 5 [73,74]. The increasing number of pyrrole
roups in 56–58 is reflected in an increase of the association con-
tants values, especially in the case of dihydrogenphosphate, in
hich case a chelating binding mode is favoured. Changes in the
tructure of the receptor were shown to result in major changes in
nion affinities. For example, compound 62 binds chloride more
trongly, while the affinity for dihydrogenphosphate is greatly
educed relative to compound 58.

p
p
w
p

a Anions added as their tetrabutylammonium salts.

Aldakov and Anzenbacher have synthesized a series
f DPQs containing different aromatic substituents in the
ve- and eight-positions, obtaining an improvement of the
ensor performance by enhancement of emissivity [75].
hese compounds 63a–d showed a strong selectivity for
yrophosphate over phosphate anion in dichloromethane
olutions. Fluorescence quenching experiments gave bind-
ng constant between 93,700 and 39,000 M−1 for pyrophos-
hate under these conditions against less than 200 M−1 for
hosphate.

The same group has designed a polythiophene conductive

olymer with integrated quinoxaline moieties modified with two
yrrole groups 64 [76,77]. This polymer combines a DPQ group,
hich is capable of binding anions via hydrogen-bonding, with
otential coulombic interactions derived from p-doping the
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Scheme 5. Synthesis of macrocycle 66. Reagents and conditio

Fig. 7. A schematic drawing of synergy in a p-doped conductive polymer with
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ntegrated hydrogen-bonding receptors. Reproduced with permission from J.
m. Chem. Soc. 126 (2004) 4752. Copyright American Chemical Society 2004.

olymer, achieved by using an external voltage, which results
n a dramatic increase in the anion-sensor affinity (Fig. 7).
n electrochemical quartz crystal microbalance was used to
eigh the polymers, which were deposited on a probe before

nd after exposure to aqueous solutions of anions. Pyrophos-
hate, dihydrogen phosphate and fluoride (but not chloride)
aused a significant increase in the mass of the polymer, sug-
esting complexation of these species by the polymer. This
ensor shows reversible anion-specific changes both in colour
nd in conductivity upon increasing concentration of anions,
hus providing two independent modes of signal transduction
nd has been employed to sense aqueous phosphate-related
nions.
A terpyrrolic analogue of DPQ, that contains two pyrrole
nion recognition groups bridged by a central 1,2-linked pyr-
ole, 65 was described by Sessler and co-workers [78]. This
eceptor undergoes a visible change of colour when treated with

p
l
w
m

ns: MeOH, 2.5 equiv. TFA, 15 min, followed by Et3N.

he tetrabutylammonium salts of fluoride, chloride and dihydro-
en phosphate. The anion binding constants in dichloromethane
ere calculated by fluorescence titration experiments and

ound to be 182,000 M−1 for fluoride, 160 M−1 for chloride,
0 M−1 for bromide and 17,500 M−1 for dihydrogen phosphate.
hese represent an order of magnitude higher than those dis-
layed for the dipyrrolylquinoxaline derivative under identical
onditions.

Moving onto macrocyclic systems, Sessler et al. have
eported a 2,6-diamidopyridinedipyrromethane 66 derived
rom the condensation reaction of bis(2-aminophenyl)pyridine-
,6-dicarboxamide and diformyldimethyldipyrrolylmethane
Scheme 5) [79]. This receptor has a large cavity that favours
he formation of well-oriented, directional NH-anion hydrogen
onds, allowing it to bind hydrogen sulfate in a strong, 1:1
ashion in acetonitrile (Ka = 64,000 ± 2600 M−1 from UV–vis
pectroscopic titrations). Only weak binding interactions were
een in the case of cyanide, chloride and bromide and no
etectable affinity for nitrate anion. This feature makes it an
ttractive candidate for nuclear waste remediation applica-
ions, removing sulfate from nitrate-rich low-activity nuclear
astes.
Gale and co-workers have reported synthesis of the pen-

apyrrrolic calix[4]pyrrole 67, and compared the anion binding
ffinity with the parent calix[4]pyrrole using 1H NMR titration
xperiments in dicholoromethane-d2 [80]. The presence of an
xtra pyrrole unit increased the anion stability constants, spe-
ially in the case of carboxylate anions, which are calculated
o be higher than 104 M−1 compared to the 196 and 668 M−1

or acetate and benzoate reported in the case of regular calix[4]-

yrrole under these experimental conditions. Modelling studies
ed to the suggestion that the ability of the macrocycle to interact
ith both oxygen atoms of the carboxylate anion simultaneously
ight be the cause of the enhanced carboxylate binding.



3 Chemistry Reviews 250 (2006) 3219–3244

c
t
w
u
m
i
c
(

L
e
a
b
c
c

m
c

Table 6
Binding constantsa Ka (M−1) of receptors 73–75 with different anions in
acetonitrile

Anion 73 75 76

Cl− 110000 960 1540
Br− 100000 37 103
HSO4

− 125 28
Benzoate 937000 63000 99600
Acetate 78000 139000
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Gale and co-workers have reported a deep cavity
alix[4]pyrrole 68 which was found to bind fluoride very selec-
ively in DMSO solutions (in fact no binding with other anions
as observed) [81]. Theoretical calculations using adaptive
mbrella WHAM calculations revealed that this selectivity
ay be caused by the presence of a small electrostatic pos-

tive pocket into which the small fluoride ion can fit. The
rystal structure of the fluoride complex was also elucidated
Fig. 8).

Calix[4]pyrroles 69, 70, 71 and 72 were prepared by the
ee and Sessler groups bearing ether or ester straps of differ-
nt lengths on one side of the tetrapyrrolic core [82,83]. The
uthors demonstrated an increase in affinity towards chloride and
romide in DMSO and acetonitrile displayed by these systems
ompared to simple calix[4]pyrrole derivatives by iso-thermal
alorimetry (ITC) experiments.
Sessler et al. have also synthesized other bipyrrole-based
acrocycles, such as calix[3]bipyrrole 73, calix[4]bipyrrole 74,

alix[2]bipyrrole[2]furan 75 and calix[2]bipyrrole[2]thiophene

2

e

a Anions added as their tetrabutylammonium salts.

6 [84,85]. The binding constants of these compounds were cal-
ulated in acetonitrile-d3 using 1H NMR titration experiments
Table 6), revealing that calix[3]bipyrrole 73 shows improved
ffinity for bromide than the parent calix[4]pyrrole, and that
alix[2]bipyrrole[2]furan 75 and calix[2]bipyrrole[2]thiophene
6 derivatives display selectivity for carboxylate anions against
hloride.

Sessler and co-workers have also reported the synthesis of an
xpanded calixpyrrole-type macrocycle incorporating two car-
azole subunits 77 [86]. The anion binding properties of this
acrocycle were studied using standard fluorescence titration
ethods, and revealed that 77 displayed a preference for acetate

Ka = 229,000 M−1) relative to larger carboxylate-type anions
benzoate, succinate and oxalate). It also showed good affin-
ty for dihydrogenphosphate (Ka = 72,000 M−1) and chloride
Ka = 35,000 M−1) anions but no evidence of binding was seen
n the case of bromide, nitrate and hydrogen sulfate. Solid state
tructure of the 1:1 complex formed between receptor 77 and
etrabutylammonium benzoate were obtained by X-ray diffrac-
ion analysis (Fig. 9).
.4. Metal-free charged receptors

Anion sensing via the use of an indicator displacement strat-
gy was pioneered by Anslyn and co-workers [87–89]. Recently,
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ig. 8. Crystal structure of the tetrabutylammonium fluoride complex of calix[4
opyright American Chemical Society 2002.

hong and Anslyn have prepared receptor 78, based on a 1,3,5-
risubstituted-2,4,6-triethylbenzene scaffold [90]. This receptor
ontains aminoacid-boronic acid side chains and was designed

o interact with heparin, a negatively charged oligosaccha-
ide, achieving good affinity and selectivity for this substrate
ver other similar polysaccharides in HEPES buffer solution
t pH 7.4. In order to detect this substrate, the indicator dis-

ig. 9. Crystal structure of the benzoate complex of macrocycle 77. Reproduced
ith permission from J. Am. Chem. Soc. 126 (2004) 16073. Copyright American
hemical Society 2004.
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ole 68. Reproduced with permission from J. Am. Chem. Soc. 124 (2002) 8644.

lacement strategy was employed, using pyrocathecol violet as
ndicator. Heparin is able to displace the indicator from the
eceptor cavity, producing a change of colour from purple to
ellow.

Kim and co-workers reported benzene-based tripodal imi-
azolium systems 79–81 and studied their binding properties
sing 1H NMR titration experiments in DMSO-d6, MeCN-d3

nd mixtures of these solvents [91]. The nitroimidazolium-
ubstituted compound 79 recognizes chloride anions in a 9:1
MSO-d6/MeCN-d3 mixture, with an association constant of
.1 × 106 M−1. Addition of fluoride causes a nucleophilic attack
n the receptor, so derivatives 80 and 81 where used in the studies
ith this anion, and both showed a high affinity in acetonitrile.
he presence of a butyl substituent in 81 reduces the polarity

f the microenvironment around the binding site, resulting in
n enhanced selectivity for fluoride in more polar solvents com-
ared to the methyl substituted 80, with association constants in
MSO-d6 of 1.3 × 103 M−1 (80) and 2.4 × 103 M−1 (81).



3 Chemistry Reviews 250 (2006) 3219–3244

t
a
d
e
(
i
f
b
1

m
a
s
t
f
f

t
o
a
E
o
i
fl

S
z

i
r
a
H
i
r
a
a
a

9
g
C
a
f
e
b
c

234 P.A. Gale, R. Quesada / Coordination

Steed and co-workers synthesized a series of tripodal trica-
ionic hosts 82–87 based on a hexasubstituted benzene core with
lternating 3-aminopyridinium and alkyl arms to introduce a
egree of preorganization in the host [92,93]. This moiety is
asily functionalized with redox active (ferrocene) or fluorescent
anthracene) probes. A cone geometry is destabilized by steric
nteractions in the case of 85–87, and conformational switch
rom an alternate 2-up 1-down situation to a cone situation can
e monitored by 1H NMR spectroscopy upon anion binding.
H NMR titration experiments in MeCN-d3 were used to deter-
ine the association constants towards different anions, added

s tetrabutylammonium salts. Compound 85 showed very good
electivity for chloride, with Ka > 106 M−1 more than 25 times
he affinity for other anions, whereas compound 87 is selective
or acetate over spherical anions, with Ka values of 49,000 M−1

or acetate and 5270 M−1 for chloride.

Ho and Leclerc have prepared water-soluble cationic poly-
hiophenes 88 which undergo a change of colour in the presence
f iodide [94]. This response is selective over a wide range of
nions (F−, Cl−, Br−, CO3

2−, H2PO4
−, HPO4

2−, CH3COO−,
DTA4−, SO4

2−) and is based on conformational modifications
f the conjugated backbone of the cationic polythiophene upon
odide binding. Fluorimetric detection is also possible since the
uorescence is also selectively quenched by this anion.
n
(
m
c

cheme 6. Synthesis of functionalized gold nanoparticles with methylimida-
olium ionic liquids 91.

Kim et al. have studied the anion binding properties of the
midazolium functionalized anthracene compound 89 [95]. This
eceptor forms strong (C H)+· · ·X hydrogen bonds with anions,
nd, as theoretical calculations predict, selectively recognizes
PO4

2− over other halides in acetonitrile. Binding can be mon-
tored through 1H NMR titration experiments and also via fluo-
escence quenching of the anthracene moiety. Using this method,
ssociation constants were found to be ∼1,300,000, 7900, 4500
nd 600 M−1 for H2PO4

−, Cl−, Br− and I−, respectively, in
cetonitrile.

Davis and co-workers prepared a “cholapod” derivative
0 equipped with two urea and one quaternary ammonium
roup, designed to bind spherical anions through N H and

H· · ·anion interactions [96]. The authors demonstrated its
bility to extract anions from aqueous solutions into chloro-
orm solutions and transport anions through non-polar barriers,
mploying a U-tube apparatus and two aqueous phases separated
y a chloroform solution, favouring halides over oxoanions of
omparable lipophilicity.

Naka and co-workers have synthesized a series of gold

anoparticles functionalized with imidazolium groups 91
Scheme 6) [97]. Anion exchange on the methyl imidazolium
oieties induced changes in the aggregation of the nanoparti-

les, which led to changes in the solubility of the sample and
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Table 7
First association constantsa log Ka observed for macrobicycle 98 at different
states of protonation using potentiometry

Species F− Cl−

98·H6X 9.54(12) 4.19(13)
98·H5X 7.84(8) 3.88(9)
98·H4X 5.65(12) 2.06(26)
98·H3X 4.86(9) –

a Potentiometric titrations of an approximately 10−3 M ligand solution con-
t
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100 containing four appended imidazolium groups designed for
aining an excess of TsOH in the presence of 0.01 M of the corresponding NaX
alt and TsONa (0.1 M) to maintain the ionic strength.

olour of the solution, demonstrating that this system may have
pplication as an optical sensor for anions.

Garcia-España and co-workers have reported a detailed study
f a series of hexaaza 2 + 2 dipodal macrocycles 92–97 contain-
ng 1H-pyrazole rings as spacers, as receptors for l-glutamic
cid in water [98]. The effect of several structural modifications
s reported. The stability of the macrocycle-glutamic acid adduct
as found to be higher for receptors bearing a benzyl group on

he central nitrogen atoms due to �-cation interactions. Substi-
ution of these central nitrogen atoms with carbon atoms lead to
decrease of the stability constants and the receptors with sec-
ndary nitrogens in the middle of the side chains show a reverse
ependence of the stability constants with pH.

Steed and co-workers have reported a macrobicyclic aza-
hane 98 displaying high affinities for fluoride and chloride in
ts protonated forms (Table 7) [99]. The receptor is selective for
uoride in solution while no binding is observed for either bro-
ide or nitrate. The authors reported X-ray crystal structures of

ydrogen halide salts of 98, showing formation of 1:1 complexes

ith halide located inside of the cavity of the macrobycicle. Flu-
ride and chloride anions are held into the azaphane cryptand via
hree N H and three C H hydrogen bonds (Fig. 10). Formation

t
o
m

ig. 10. The X-ray crystal structure of the fluoride complex of compound 98.
eproduced with permission from J. Am. Chem. Soc. 126 (2004) 12395. Copy-

ight American Chemical Society 2004.

f the bromide and iodide complexes was achieved by the use of
ighly acidic crystallization conditions, unsuitable for solution
tudies.

Duan and co-workers reported an imidazolinium based
ryptand 99 displaying very high affinity and selectivity for flu-
ride [100]. The steric requirements of the host prevent anions
arger than the fluoride entering the cavity. The stability con-
tant of 99 with fluoride was determined using a competition 1H
MR titration experiments and found to be log Ka ∼ 12.5.

Lee and co-workers have reported the synthesis of a cavitand
he recognition of dicarboxylates [101]. The binding properties
f this receptor were examined by 1H NMR titration experi-
ents in either DMSO-d6 or CD3CN (Table 8). The host is able
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Table 8
Association constants of cavitand 100 with different anions

Anion Ka (M−1)a Ka (M−1)b

1,3-Adamantanedicarboxylate 2100
Adipate 8100
Terephthalate 7300
1,4-Phenylenediacetate 16200 96200
Succinate 200c

Acetate 400c 2100c

Chloride 210c 840c

Bromide 100c
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a In DMSO-d6.
b In CD3CN.
c K11.

o bind certain dicarboxylates with 1:1 stoichiometry. The high-
st stability constant was found for 1,4-diphenylenediacetate
Ka = 16,200 M−1), whereas succinate, acetate, chloride and bro-
ide form weaker 1:2 host to guest complexes.

. Metal and Lewis acid containing anion receptors

A number of research groups have succeeded in synthesiz-
ng transition metal complexes containing phenanthroline lig-
nds connected to dipyrrolylquinoxaline units which function as
nion receptors. For example, Anzenbacher et al. have prepared
he Ru(II) complex 101, and examined its affinity towards dif-
erent anions in 2% acetonitrile-dichloromethane solution using
V–vis titration experiments [102]. Complexation of the ligand

nhances its anion binding properties by orders of magnitude and

he anion-induced changes in the luminescence lifetime allow
heir use in anion sensing. Association constants were found at
40,000, 428,000, 1700 and 14,000 M−1 for F−, CN−, Cl− and
2PO4

−, respectively.

c
c
r
1

istry Reviews 250 (2006) 3219–3244

Sessler and co-workers have reported similar Ru(II) 102 and
o(III) 103 complexes as perchlorate salts, and studied their
nion binding properties by UV–vis spectroscopy in DMSO
103]. Both complexes have strong selectivity for fluoride with
ssociation constants of 12,000 (102) and 54,000 M−1 (103)
gainst 10–50 M−1 of both complexes with chloride and dihy-
rogenphosphate. Moreover, addition of tetrabutylammonium
uoride to a red-pink solution of 103 in DMSO causes a change
f colour to pale purple.

Luminescent lanthanide complexes have demonstrated their
se as anion sensors. Ziessel and co-workers prepared
u3+ and Tb3+ complexes equipped with the bis-bipyridine-
henylphosphine oxide ligand 104 as triflate salts [104]. Addi-
ion of the tetrabutylammonium salts of different anions (NO3

−,
l−, F−, CH3COO−) to acetonitrile solutions of the complexes

esult in the displacement of solvent molecules from the coordi-
ation of the metal cation, and in the case of nitrate in a dramatic
ncrease in luminescence intensity.

Loeb and co-workers have continued their studies of anion
eceptors based on square planar platinum complexes [105,106],
nd have reported a platinum(II) complex 105, containing four
rea functionalized isoquinoline ligands [107]. The stability

onstants of the complex towards different anions were cal-
ulated by 1H NMR titrations in DMSO-d6 (Table 9). The
esults suggest that, in solution, the receptor adopts a 1,2- or
,3-alternate conformation in the presence of halides so form-
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Fig. 11. Ball and stick representations of the chloride and sulfate complexes of 105. Re
American Chemical Society 2004.

Table 9
Association constants Ka (M−1) for the formation of complex 105 with various
anionsa in DMSO-d6 at 298 K

Anion K1 K2

Cl− 11693 2223
Br− 1364 450
I− 1431 52
H2PO4

− >105b

SO4
2− >105b

a Anions added as [nBu4N]+ salts except SO4
2− which was added as K2SO4.

a

i
d
c
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p
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f
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a
C
a
d
spectra. This sensing mechanism is reversible (Scheme 7).

Hamachi and co-workers have prepared fluorescent
chemosensors 109, 110 and 111 based on anthracene deriva-
b Estimated value—saturation is seen on addition of one equivalent of the
nion.

ng two binding sites for the anions. However, in the presence of
ihydrogenphosphate and sulfate, the receptor may adopt a cone
onformation, forming a single binding pocket containing eight
H hydrogen-bond donor groups. This was confirmed in the

olid state with the crystal structures of the chloride and sulfate
alts showing 1,2-alternate and cone conformations, respectively
Fig. 11).

Lees and co-workers reported binuclear rhenium(I) com-
lexes bridged by a pyridine ligand bearing an amide-type bind-
ng site 106 and 107 [108]. The luminescence of the rhenium(I)

ricarbonyl pyridine units allows the sensing of different anions.
uminescence titration experiments in dichloromethane showed
binding affinity trend CN− > F− > I− > Cl− ∼ Br− ∼ OAc−
H2PO4

− > NO3
− > ClO4

−. The higher binding affinity found
produced with permission from J. Am. Chem. Soc. 126 (2004) 5030. Copyright

or I− than for Cl− and Br− is explained in terms of the involve-
ent of an excited state in the quenching process.

Kikuchi and co-workers developed a fluorescent sensor for
nions which works in neutral aqueous solutions, based in a
d(II)-cyclen complex equipped with a fluorescent aromatic
mine 108 [109]. Anions are able to displace this weakly coor-
inated amine producing a shift of the λmax in the excitation
Scheme 7. The signalling mechanism in fluorescent sensor 108.
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ives equipped with Zn(II) dipicolylamine complexes [110].
hese complexes bind phosphorylated peptides in aqueous
olution, resulting in an increase of the fluorescence emission
f the anthracene moiety, whereas non-phosphorylated peptides
o not produce any response at all.

Tsukube and co-workers have prepared other Eu3+ and Tb3+

riflate salts bearing tris(2-pyridylmethyl)amine ligands 112 and
13 [111]. The authors determined the anion selectivity showed
y the complexes adding tetrabutylammonium salts in acetoni-
rile to solutions of the hosts and observing the luminescence
pectral changes. [Eu-112][CF3SO3]3 responded selectively to
O3

− whereas in the case of [Tb-112][CF3SO3]3 the biggest
ncrease of the luminescence intensity was observed for chloride.

hen complexes bearing the achiral ligand 113 were evaluated,
he same selectivity was observed, but the sensitivity was much
ower.

Beer et al. have prepared a series of bimetallic cryptands,
14a,b–116a,b, by self-assembly of redox-active metals with
ithiocarbamate ligands [112]. These species are able to sense
ifferent anions by following the perturbations of the metal
edox couple. Addition of tetrabutylammonium dihydrogen-
hosphate in dichloromethane produced the biggest cathodic
hift of the redox couple Co(III)/Co(IV) in compounds 115a
nd 116a: 125 and 90 mV, respectively.

Fabbrizzi and co-workers have used an indicator displace-
ent strategy to produce a fluorescent sensor for histidine [113].
acrocyclic ligand 117 can coordinate two copper(II) metal
ons in an appropriate fashion to bind an additional carboxylate
roup binding both metals in a cascade complex arrangement.
hen [Cu2(117)]4+ is treated with fluorescent indicators con-

aining a carboxylate group, the fluorescence is quenched by

g
e
a
i

istry Reviews 250 (2006) 3219–3244

oordination of the latter to the metal complex. Addition of an
mino acid produced a competitive displacement of the fluores-
ent indicator restoring the fluorescence emission. This process

s most efficiently performed by the imidazole group, so favour-
ng histidine. The authors demonstrate the selective sensing of
his amino acid at pH 7 using eosine Y as fluorescent indicator.

Ferrocene units have been attached to a variety of anion recep-
ors to produce electrochemically active sensors [114]. Chen and
o-workers reported the ferrocene compounds 118–123 bearing
ultiple amide groups, which bind selectively dihydrogenphos-

hate over other anions [115]. Two arm ferrocene hosts 121–123
orm complexes with a 1:2 stoichiometry, whereas the one arm
ompounds 118–120 forms 1:1 complexes.

Moutet and co-workers have reported a series of ferrocene
ontaining 4,4′-bipyridinium receptors 124–126 [116]. These
ystems provide strong electrostatic interactions with anionic

uests in addition to possible charge transfer complexes with the
lectron acceptor bipyridinium groups. The anion recognition
bilities of these compounds were measured through the shifts
n the ferrocene oxidation waves. Sensing of ATP2− in water
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as achieved. The anion recognition properties of 124 and 125
re amplified by using poly-126 films deposited onto electrode
urfaces by oxidative electropolymerization.

Tucker and co-workers reported compound 127, a ferrocene
nit bearing a 4-nitrophenyl urea group as anion binding unit and
crown ether moiety as cation binding motif [117]. Addition of
BAF to an acetonitrile solution of this compound produced a
hange of the colour to yellow, which is reverted by addition of
+ resulting in an optical output in the presence/absence of a

ombination of anion and cation.

Beer et al. have reported the synthesis of 1,1-diamido-
errocene systems 128 and 129, designed to form monolay-
rs on the surface of gold electrodes [118]. Formation of the
onolayers produces a sensing amplification effect, and redox

esponses to addition of anions show an enhanced cathodic shift.
ompetition experiments reveal that monolayers of 128 and
29 selectively sense dihydrogenphosphate over other anions in
rganic media (CH3CN:CHCl3), meanwhile perrhenate detec-
ion is favoured in water.

Astruc and co-workers reported related amidoferrocenyl
lkanethiol derivatives 130, 131 and prepared gold colloids with
hese ligands adsorbed in different proportions and with different
hain lengths of the alkanethiol moiety [119]. The authors stud-

ed the electrochemical recognition of anions by these systems,
nding that permethylation of the Cp ring produced a weakening
f the recognition properties, which are enhanced by the acetyla-
ion, highlighting the importance of the amidoferrocenium form

i
a
a
l

ig. 12. Crystal structure of the fluoride complex of diborane 132. Reproduced
ith permission from Chem. Commun. (2004) 1284 (Fig. 2). Copyright Royal
ociety of Chemistry 2004.

n the recognition process. Dihydrogenphosphate and hydrogen-
ulfate can be sensed using these particles, whereas chloride,
romide and nitrate did not produce any potential shifts.

Solé and Gabbaı̈ have reported a bidentate diborane deriva-
ive 132 capable of acting as a colorimetric sensor for fluoride
120]. This receptor displays a rigid structure providing a bind-
ng pocket with an optimum size to bind fluoride (Fig. 12), larger
alides are not accommodated into this site and no interaction is
bserved in the case of chloride, bromide or iodide. Coordina-
ion of fluoride leads to population of the LUMO of the molecule
nd loss of the yellow colour. This complex is very stable and
ompetitive titration experiments indicate that the binding con-
tant for fluoride is at least 5 × 109 M−1 in tetrahydrofuran.

In the past few years, a number of theoretical studies
ighlighted the existence of anion–� interactions, involving
ypically electron deficient systems, such as perfluoroaro-

atic compounds and electron-poor heteroaromatic derivatives
121–123]. There are a number of metal complexes struc-
ures reported displaying short contacts between anions and �-
lectron clouds, mainly involving coordination compounds, but

t is only very recently that these interactions have been classed
s ‘anion–� interactions’. Gamez and co-workers have reported
supramolecular copper complex of a dendritic octadentate

igand N,N′,N′′,N′′′-tetrakis{2,4-bis(di-2-pyridylamino)-1,3,5-
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ig. 13. Representation of the encapsulated chloride anions in the tetracopper
omplex of ligand 133. Reproduced with permission from Angew. Chem. Int.
d. 43 (2004) 5815. Copyright 2004, Wiley-VCH.

riazinyl}-1,4,8,11-tetraazacyclotetradecane (azadendtriz) 133
124]. This supramolecular entity is capable of encapsulating
wo chloride anions in a cavity formed by four pyridine rings
Fig. 13). The anion–� interactions are favoured by the enhanced
lectron-poor character of the pyridine rings by coordination to
he copper(II) ions.

Meyer and co-workers have observed chloride-triazine
nteractions in a copper(II) chloride complex containing the
exakis(pyridin-2-yl)-[1,3,5]-triazine-2,4,6-triamine ligand 134
125]. The chloride anion is situated about 3.17 Å above the ring
atching the C3 axis of the triazine moiety (Fig. 14), which is

erfectly correlated with the theoretical predictions for this sys-
em. This interaction appears to persist in solution and in the gas
hase and can be detected in the ESI mass spectrum.

. Anion directed assembly
Anion directed assembly is an emerging area of supramolec-
lar chemistry and has been recently reviewed [126,127].

number of reports concerning the synthesis of various

i
[
i
1

istry Reviews 250 (2006) 3219–3244

etal complexes involving anion templation have appeared.
hampness and co-workers have reported a hexanuclear cage
omplexes [M6L6X](X)5 [M = Cu(I), Ag(I); L = 6,6′-bis(4-
thynylpyridine)2,2′-bipyridine; X = BF4

−, SbF6
−] 135, which

ncapsulate one BF4
− or SbF6

− anion inside their cav-
ty (Fig. 15) [128]. When a significantly larger anion, such
s [Co(C2H11B9)2]−, is used no hexanuclear but binuclear
omplexes are obtained. Similarly, when a hexanuclear cage
omplex with X = BF4

−, SbF6
− is treated with solutions of

a[Co(C2H11B9)2], only substitution of the non-encapsulated
nions is achieved.

Steed and co-workers have reported a study regarding the
emplation role of nitrate in the assembly of a silver(I) complex
ontaining a pyridyl ligand 136 bearing an urea group in the
hree position [129]. Reaction of the free ligand with different
ilver salts yield complexes of 1:2 stoichiometry [Ag(136)2]+.
on-complementary anions, such as CF3SO3

− and SO4
2− form

nfinite hydrogen-bonded assemblies in the solid state, whereas
he nitrate complex displays a discrete 1:1 assembly as a result
f the chelation of the anion by two ligands attached to the
ame metal centre (Fig. 16). NMR titration experiments proved
ifficult due precipitation of complexes, but binding constants
or [Ag(136)2]+ towards nitrate where calculated at 17,000 M−1

K11) and 1660 M−1 (K12) in the presence of triflate.

Rice and co-workers have studied the ligand–ligand self-
ecognition processes within complexes of the type [Co2(L)3]4+

n which L is a tetradentate N-donor ligand [130]. When L con-
ains an amide group, e.g. 137, an anion receptor cavity is formed
pon metal complexation, and as X-ray crystallography con-
rmed the cavity is suitable for nitrate complexation (Fig. 17).

statistical sample of homo- and heteroleptic complexes is
ormed upon mixing the metal and a mixture of ligands 137
nd 138 (the latter species does not contain any hydrogen-bond
onor groups). However, upon addition of nitrate, the mixture is
esolved and only the homoleptic species are observed. On the
ther hand, presence of the perchlorate anion, which does not
nteract with the amide groups, makes no significant difference
o the statistical mixture.

Vilar et al. continued their studies on metallacages [131,132]
nd reported the templating role of chloride and bromide

n the synthesis of hexanickel and nickel–palladium clusters
M2Ni4(atu)8X][X]3 (atu = deprotonated form of amidinoth-
ourea; M = Ni, X = Cl, 138; Br, 139; M = Pd, X = Cl, 140; Br,
41), forming an octahedral cage around the encapsulated halide
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F e chloride-triazine interaction. Reproduced with permission from J. Am. Chem. Soc.
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ig. 14. Two different views of the crystal structure of complex 134 showing th
26 (2004) 4508. Copyright American Chemical Society 2004.

Scheme 8) [133]. Synthesis of these species is dependent of the
resence of these halides and the presence of other anions, such
s I−, NO3

−, OAc− and ClO4
− does not lead to the formation

f the cages but rather mononuclear complexes. Assembly of
he chloride cage 138 in methanol is accompanied by a dramatic
hange of colour from orange to green, an effect that has been
uccessfully employed for the colorimetric detection of micro-
olar amounts of chloride.
Beer and co-workers have reported the synthesis of a fam-

ly of luminescent pseudorotaxanes synthesized by halide anion

irected assembly [134]. When a rhenium(I) complex 142, bear-
ng a bipyridyl macrocycle ligand containing two amide groups
apable of binding anions, is titrated in acetone solution with

ig. 15. Crystal structure of the hexanuclear cage complex [Cu6L6BF4](BF4)5

howing the encapsulation of the tetrafluoroborate anion in the solid state. Repro-
uced with permission from Chem. Commun. (2003) 682. Copyright Royal
ociety of Chemistry 2003.

Fig. 16. X-ray structure of complex [Ag(136)2](NO3)·MeOH Reproduced with
permission from Chem. Commun. (2004) 1352. Copyright Royal Society of
Chemistry 2004.

F
t
m

ig. 17. Crystal structure of the complex cation [Co2(137)3](NO3)2
2+ showing

he amide-nitrate interactions. Reproduced with permission from Chem. Com-
un., 2004, 654. Copyright Royal Society of Chemistry 2004.
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Scheme 8. Schematic representation of the
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ig. 18. Crystal structure of the [2]catenane 146 binding the chloride anion.

yridinium bisamide halide salts 143a–c, pseudorotaxane for-
ation takes place. In this solvent medium, ion-pairing between

he pyridinium cation and halide anion is very strong, and conse-
uently halide complexation at the rhenium(I) bipyridyl amide
ecognition site of 142 results in the cationic pyridinium moiety
orming an interlocked assembly with the macrocycle. Halide
nion templation is demonstrated as no evidence of interpen-
tration was seen when a hexafluorophosphate pyridinium salt
as employed.

Analogous strategies can be used in the synthesis of inter-
ocked molecules [135] and were used by the same authors to
roduce the first examples of [2]- and [3]catenane structures syn-
hesized by anion templation [136]. The strategy used was to mix
macrocyclic receptor 144, containing an amide cleft for anion

ecognition, with a pyridinium chloride thread 145a, designed to
omplement the binding sites of this molecule, allowing rotax-
ne formation. As the thread is equipped with terminal allyl

roups, subsequent ring-closing metathesis (RCM) affords the
atenane structure 146 (Fig. 18). The crucial template role of
he chloride ion is demonstrated by the dramatic decrease in the
ield achieved by using a pyridinium bromide 145b, and the

R

synthesis of metallacages 138–141.

act that no catenanes are isolated from reaction with iodide or
exafluorophosphate salts 145c and 145d.

. Conclusions

The examples cited in this review give a broad overview
f advances in anion receptor chemistry and anion-templated
ssembly over a 3-year period. This review and the other reviews
n this issue of coordination chemistry reviews illustrate the
remendous effort that is still being applied to the production of
nion receptor systems. The challenge now is to apply these sys-
ems to real-world problems. Progress in this area is being made
ith new generations of compounds being used for transport
f anions in separation processes. Additionally, anion transport
cross biological membranes in order to treat diseases, such as
ystic fibrosis and cancer is attracting increasing attention and
his area is likely to see rapid growth in the coming years.
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New J. Chem. 27 (2003) 211.
[124] P. de Hoog, P. Gamez, I. Mutikainen, U. Turpeinen, J. Reedijk, Angew.

Chem. Int. Ed. 43 (2004) 5815.
[125] S. Demeshko, S. Dechert, F. Meyer, J. Am. Chem. Soc. 126 (2004) 4508.
[126] R. Vilar, Angew. Chem. Int. Ed. 42 (2003) 1460.
[127] N. Gimeno, R. Vilar, Coord. Chem. Rev., this issue.
[128] O.V. Dolomanov, A.J. Blake, N.R. Champness, M. Schröder, C. Wilson,
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