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Abstract

In the discussion that follows some of the more recent progress in the area of anion binding by synthetic polyamine receptors is presented,
with emphasis given to work undertaken by the authors’ groups. A continuing theme in these studies has been the relationship between receptor
structure and its anion extraction properties.

Systematic solvent extraction and structural studies for halide and perrhenate complexes with polyamines of tripodal, macrocyclic and mac-
robicyclic architecture that contain both aromatic moieties and four to eight amine functions have been performed in order to derive relevant
structure-binding/extractability relationships. The results demonstrate that the binding and extraction behaviour of the polyamines towards halides
and perrhenate is a complex function of their structural features, degree of protonation and lipophilic properties. The extraction is characterized by
the preferred formation of mono- and diprotonated amine species in the organic phase. X-ray structure studies of iodide and perrhenate complexes
with open-chain tetraamino derivatives and octaamino cryptands in different protonation states lead to the conclusion that in the first case only
limited chelation of the anion occurs and in the second only highly protonated species are able to encapsulate the anion. The structural patterns

observed are strongly influenced by the presence of water molecules in the crystals.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Anion recognition, binding and transport is now a major
eld of supramolecular chemistry reflecting its relevance to bio-
hemical systems, medicine and pharmacy, analysis, catalysis,
ecycling and environmental processes. In particular, anion coor-
ination chemistry has developed into an independent research
rea focussed on the structure and binding modes of anions
1–6]. Over the years manifold receptor architectures for anions
ave been synthesized and a considerable number have now been
nvolved in structural and transport studies. The goals of these
tudies have been to understand specific binding behaviour, to
erive structure–function relationships and, last but not least,
o find useful applications. In contrast to the binding mode of
ations which usually involves strong coordinate bonds, anion
inding is significantly weaker. For example, it is often associ-
ted with multiple hydrogen bond interactions acting in concert
ith electrostatic interactions, sometimes also with additional
-interactions. Here the most important factor determining the

tability of anion complex species is the presence of strong ionic
ttractions which may frequently account for ∼80% of the sta-
ility of such complexes [7]. As a consequence, the design of
nion receptors with the required binding strength and selectivity
s a subtle task involving the careful positioning of the necessary
inding sites in a suitable molecular framework or platform. Due
o the predominantly weak interactions involved in anion com-

lexation, the selected medium (water or an organic solvent) will
lso play a decisive role in influencing complexation behaviour
nd especially the aqueous-organic phase transfer in such anion
xtraction systems.

fi
i

i

Fig. 1. Representative ligand type
try Reviews 250 (2006) 2987–3003

There is a continuing interest in the binding properties of
olyaza compounds since these ambivalent ligands are able to
nteract with both metal cations [8,9] and anions [10–13]. Both
ypes of binding behaviour are strongly influenced by structural
actors that include ligand architecture and rigidity as well as by
he number and basicity of the nitrogens present; the behaviour
n solution is also pH dependent.

Protonated amine and quaternary ammonium functions incor-
orated in a suitable ligand topology make attractive receptors
or anions mainly based on achieving a balanced combina-
ion of electrostatic and hydrogen bonding interactions with the
nion of interest. This is illustrated by the many synthetic sys-
ems now reported as well as by numerous examples found in
ature [10–13]. Representative synthetic examples are shown
n Fig. 1 while natural systems include the use of protonated
inear polyamines with different numbers and spacing of the
mine functions as important regulators of cell growth and dif-
erentiation through a strong but reversible interaction with the
hosphate moieties of DNA [14] and the existence of polyamine-
ontaining spider toxins that are potent inhibitors of glutamate
eceptors [15].

Our interests have included both the design and synthe-
is of new anion binding systems incorporating amine func-
ions as well as their application to both health-related and
nvironmental areas [16–20]. For each of these uses a num-
er of special receptor requirements has needed to be ful-

lled, with appropriately balanced lipophilicity being of crucial

mportance.
It also needs to be noted that a further area of related research

nvolves the construction of anion directed supramolecular coor-

s with amine functionalities.
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ination frameworks which are of increasing interest for the
evelopment of new nanosized materials [21–24].

. Anion extraction

.1. General considerations

A continuing theme in our investigations, as well as in those
f other groups [25–29] has been the application of supramolec-
lar principles to the two-phase solvent extraction of anions in
n attempt to increase both extraction efficiency and selectivity
or particular anions. In this context it is noted that industrial
nion extraction processes are currently largely based on non-
pecific ion-pair formation processes (involving hydrophobic
mines and quaternary ammonium salts) [30].

Compared with the diversity of cation extraction systems
o far reported [30], the scope for designing and synthesising
ew anion systems is more restricted. This is a consequence of
he intrinsic nature of anions which are generally larger than
ations (and have a resulting lower charge density) and may
ften be associated with high hydration, with particular anions
lso showing acid–base properties (resulting in changes in spe-
iation) [31].

Many factors need to be considered in the design of an extrac-
ion reagent. For example, apart from both high lipophilicity and

hemical stability, an extractant should give rise to rapid com-
lexation and decomplexation rates and ideally show selectivity
or the substrate of interest. Suitable solubility characteristics
or use in the chosen two-phase system is also necessary. While

i
w
s
p

Scheme 1. Strategies A–D for a
try Reviews 250 (2006) 2987–3003 2989

hese are common requirements with respect to the extractant, a
umber of different approaches may be possible in terms of the
verall extraction process.

Four strategies (A–D) for achieving the supramolecular
xtraction of an anion Y− are summarised schematically in
cheme 1.

In each case the supramolecular receptors typically con-
ain multi-binding sites consisting of hydrogen bond donors
including protonated amines) as well as quaternary ammo-
ium functions incorporated in a framework which may, to a
esser or greater degree, show steric complementary to the anion
f interest. In all cases considerations of charge neutralisation
re important if efficient phase transfer is to take place. The
pproaches represented by strategies A and B are related in that
oth involve the presence of positive sites (a quaternary ammo-
ium group or a protonated amine) on the respective receptors
hat interact electrostaticly with a bound anion and hence con-
ribute to overall charge neutralisation; however, they differ in
hat A involves an ion exchange step while B incorporates a
rotonation step. In the case of C, an uncharged host receptor is
mployed incorporating anion complexing units (typically urea,
hiourea, amide, or pyrrole groups). This approach inevitably
equires co-transport of a counterion together with the nega-
ively charged supramolecular complex into the organic phase
nd an efficient extraction will depend strongly on the lipophilic-

ty of this counterion. In contrast, for the synergistic approach D,
here the neutral host is combined with a quaternary ammonium

alt R4N+X− (providing a hydrophobic cation in the organic
hase), the anion extraction is accompanied by counter-transport

chieving anion extraction.



2990 K. Wichmann et al. / Coordination Chemistry Reviews 250 (2006) 2987–3003

multa

o
i
t
p

s
E
t
i
a
t
t
i
i
u
c
a
c

f
b
r
e

<
H
a
i
w
H

2

o
e
t
o
o
o
d
3

Scheme 2. Strategies E–G for achieving si

f the corresponding anion X−. This last example D is a mod-
fication of C involving synergistic effects that are generated
hrough the introduction of a second extractant in the organic
hase.

Scheme 2 shows three further approaches leading to the
imultaneous extraction of both an anion and a cation. Systems
and F each contain dual receptor sites for such an uptake and

hus are useful for the extraction of a metal salt MY. They differ
n that for E both receptors are separate entities while in F they
re combined in a single molecular unit. While the synthesis of
he single components employed for E may often be more facile
han the combined system F, the latter may show advantages
n use since both entropic factors and (potentially) enhanced
on pairing interactions may act to increase cation and anion
ptake in this case. Furthermore, specific self-organisation pro-
esses involving defined metal binding sites may favour effective
nion phase transfer based on assembly formation of the single
omponents as shown in the approach illustrated by G.

The relative behaviour of different anions in two-phase trans-

er systems has long been known to reflect the Hofmeister
ias which ranks the various anions in order of their ‘natu-
al’ lipophilicity [32–34]. For example, with trioctylamine as
xtractant the order for extraction of SO4

2− < PO4
3− < S2O3

2−

o
r
t
t

neous extraction of an anion and a cation.

F− � Cl− < NO3
− < Br− � I− [35] corresponds well with the

ofmeister order. With regard to this, a continuing theme in
nion receptor research has been directed at effectively modify-
ng the hydrophilicity/hydrophobicity balance of bound anions
ith respect to their phase transfer behaviour such that the
ofmeister order is circumvented [25–29].

.2. Polyamine extractants

The advances in anion binding chemistry mentioned previ-
usly for polyamine systems clearly continue to offer consid-
rable scope for the development of new efficient (and selec-
ive) anion extraction reagents. Indeed, a significant number
f synthetic anion receptors based on protonated polyamine
r quaternary ammonium groups incorporated in, for example,
pen-chain, macrocyclic, cryptand, calixarene, steroid and den-
ritic backbones have already received attention [10–13,25–29,
6–41].

In the discussion that follows some of the more recent devel-

pments in the area of anion binding by synthetic polyamine
eceptors are highlighted, with emphasis given to work under-
aken by the authors’ groups. In these latter studies a continuing
heme has been the relationship between receptor structure and
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ts anion extraction properties. For ease of presentation, repre-
entative anion binding systems are discussed in turn based on
heir structural type.

. Anion binding and extraction studies

.1. Open-chain receptors based on
ris(2-aminoethyl)amine (tren)

Several tripodal protonated tren derivatives substituted with
romatic moieties have been investigated as extractants for
ertechnetate and perrhenate ions [18], as well as for chloride,
romide and iodide ions [20], using the extraction system NaX
X− = Cl−, Br−, I−, TcO4

−, ReO4
−) – buffer – H2O/polyamine

CHCl3. Lipophilicity data for these polyamine ligands had pre-
iously been obtained using water/1-octanol distribution mea-
urements at different pH values [18,20]. The extraction of

hloride and bromide at pH 5.5 was found to be low (≤8%),
hereas the extraction of iodide, pertechnetate and perrhenate is
enerally higher. The favoured extraction of the later over chlo-
ide and bromide undoubtedly reflects the differences in their

w
i
f
t

ig. 2. Perrhenate and iodide extraction (%) by the protonated tripodal polyamine
4+·Br−] [18,20]; [Na(I, ReO4)] = 1 × 10−4 M; [ligand] = 1 × 10−3 M/CHCl3; pH 5.5
try Reviews 250 (2006) 2987–3003 2991

ree hydration enthalpies (−338 kJ/mol for Cl−, −314 kJ/mol
or Br−, but −282 kJ/mol for I−, −245 kJ/mol for TcO4

−
nd −240 kJ/mol for ReO4

−) [31] influencing phase transfer,
ut the extent to which other factors, for example, the size
f the anion (radii: Cl− = 1.72 Å; Br− = 1.88 Å; I− = 2.10 Å;
cO4

− = 2.52 Å; ReO4
− = 2.60 Å) [31] also play a role is dif-

cult to say (Fig. 2).
The highest iodide extraction is observed for the polyamines 2

84%) and 5 (82%) as well as for the quaternary ammonium com-
ound [4+·Br−] (86%). The very large differences in percentage
xtraction between 1, 2 and 3 likely reflect the relative influences
f two important factors affecting extraction behaviour: (i) the
ipophilicity of the system and (ii) the protonation behaviour of
he extractant. In agreement with the first, the more lipophilic
ompound 2 shows enhanced extraction of iodide over that
bserved for 1. In the case of 3, factor (ii) may dominate the
bserved behaviour since iodide extraction is strongly increased

ith decreasing pH – from 12% at pH 5.5 to 93% at pH 2.1 –

ndicating that the optimum protonation of this amine derivative
or effective extraction had not been reached at pH 5.5. Never-
heless, the partitioning of these two factors is difficult, because

derivatives 1–3, 5 and 6 as well as by the quaternary ammonium compound
(MES/NaOH buffer).
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of the tetraprotonated tris[2-(benzylamino)-ethyl]amine cation
[2(1·H4)4+, also containing perrhenate and chloride anions,
crystallizes in a 1:1:3 ratio, with the lattice structure assem-
992 K. Wichmann et al. / Coordination C

ipophilicity drops strongly with increasing protonation, as was
onfirmed by the octanol-water distribution measurements men-
ioned earlier. It is noted that, as expected, iodide extraction by
he lipophilic quaternary ammonium compound [4+·Br−] is both
uite high and pH-independent.

Somewhat similar extraction behaviour to that found for
odide has also been observed for the extraction of the tetra-
edral perrhenate anion with these ligands; even so, the high
xtraction efficiency of 1 towards ReO4

− in comparison with
− is remarkable. Obviously the pronounced lipophilicity of per-
henate compensates well for the hydrophilicity of the ligand in
his case. Generally, a 1:1 composition of the extracted anion
omplexes was found to dominate; although in some loading
xperiments a 1:2 ratio (ligand to anion) has also been detected.
hese results lead to the conclusion that only mono- or diproto-
ated amine species are responsible for anion phase transfer in
hese systems [20].

Interestingly, protonation constants in methanol-water were
ound to differ only slightly between ligands incorporating
econdary and tertiary amines; namely, 1, 5 and 3, 6, respec-
ively [19,20]. Overall, the results suggest that the proto-
ation behaviour of the lipophilic ligands in the two-phase
water/chloroform) extraction system, and hence also their spe-
iation, differs significantly from that occurring in the above
ingle phase (methanol–water mixture) system [19,20,42].

While, clearly, appropriate caution needs be exercised when
nterpreting solution behaviour in terms of solid-state structures,
evertheless the availability of solid-state information may aid in
he understanding of solution behaviour in particular instances.

Crystal structures of anion complexes of protonated tren
ith various anions, halides, sulfate and phosphate, have
een reported, with the protonated ligands adopting chelating
rrangements in most instances [40,41,43,44]. For example, in
he chloride complex of triprotonated tren, one chloride is bound
o a trigonal arrangement of N+H donors to form a trigonal pyra-

id; interestingly, the exposed face of this chloride interacts
ith a number of CH2 groups forming CH· · ·C1− hydrogen
onds [41]. In this latter study the structure of the above com-
lex was determined as part of an extensive comparative study
n which the X-ray structures of nineteen hydrogen bonded
roducts formed from reaction of diethylenetriamine, N-(2-
minoethyl)propane-1,3-diamine, triethylenetetramine, N,N′-
is(3-aminopropyl)-ethylenediamine and tren with hydrochlo-
ic, hydrobromic or hydroiodic acid were determined. It was
oncluded that the coordination environments adopted by the
ydrogen bonded halides are largely imposed by the conforma-
ion and the available protonation sites on the host, the host:guest
atio, the existence of any hydrogen bonds between the proto-
ated hosts as well as by the size and electronegativity of the
omplexed halide. In this context it is noted that the spherical
alides are species that are able to participate in a wide range of
ydrogen bonded networks, with the structure of the latter being
argely influenced by the properties of the poly-protonated amine

pecies involved.

Structural details of a tren molybdate hydrate com-
lex are shown in Fig. 3. The hydrogen-bonded species,
4(trenH3)3+·6(MoO4)2−·6H2O], forms a 3D network of

F
t

ig. 3. Structure of the [(trenH3)3+·(MoO4)2−]+ cation in the compound
4(trenH3)3+·6(MoO4)2−·6H2O] [43].

ations, anions and water molecules in which all hydrogen-bond
onors are used [43]. Four of the tetrahedral anions have one
olybdate oxygen atom hydrogen bonded to three protonated

mine groups of a tripodal cationic ligand in an unusual struc-
ural motif. A similar structure was also discussed for the binding
f perchlorate by protonated tren [44].

In contrast to the numerous anion complex structures with
rotonated tren, only four complexes of its tribenzylated deriva-
ive 1 have been described until now [19,20,45].

The structure of a mixed perrhenate/chloride complex of
he tetraprotonated compound 1 is shown in Fig. 4. A solution
ig. 4. Structural motif of the complex [(1·H4)4+·(ReO4)−·3(Cl)−]n showing
he perrhenate binding [19].
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ig. 5. Structure detail of the compound [(1·H3)3+·3(I)−·H2O] showing iodide
nd water binding [20].

led from linked sandwich-like ‘dimeric’ units of composi-
ion [2(1·H4)4+·2(ReO4)−·6(Cl)−] [19]. The X-ray structure
dopted may, at least in part, be attributed to the cationic lig-
nd exhibiting different (concerted) binding patterns for the two
nion types present. The sandwich-like structure incorporates
trong N+H· · ·O(Re) and weak CH· · ·O(Re) hydrogen bonds
nvolving the large tetrahedral perrhenate, with the bonds serv-
ng to optimize the distances between the positively charged
mmonium ions. The smaller spherical chloride anions assist in
he formation of a 2D network by participating in N+H· · ·Cl−
nd CH· · ·Cl− hydrogen bonds while additional aromatic edge-
o-face CH· · ·� interactions between aromatic substituents on
ifferent layers result in the observed 3D assembly.
The structure of a corresponding iodide complex with the
riprotonated cation (1·H3)3+ is shown in Fig. 5 [20]. In this
omplex the iodide ion is bound by two strong charge-assisted
+H· · ·I− hydrogen bonds between two ligand molecules and

t
r
a
s

ig. 6. Structure of the monoprotonated Schiff base tetrafluoroborate complex [(7·H
unctions of the ligand together with only two weak CH· · ·FB hydrogen bonds betwe
try Reviews 250 (2006) 2987–3003 2993

further two weak CH· · ·I− bonds with one of the ligands.
t is interesting to note that a water molecule, which is fixed
y this last ligand using both a N+H· · ·O(w) and a CH· · ·O(w)
ydrogen bond, also gives an additional weak interaction with
he iodide anion. This latter structural detail provides an exam-
le of what appears to be an important influence affecting
he hydrophilicity–lipophilicity balance for such complexes;
amely, the effect of both the bound anion and water molecules
n the above balance. Thus, for example, the quite different
xtraction behaviour of ligand 1 towards perrhenate and iodide
see Fig. 2) might largely reflect such an influence. Another
tructural feature, namely the pronounced spreading of the three
odand arms of the protonated ligand 1 is present in both the
bove systems, reflecting the significant repulsion of the proto-
ated arms and thus leading to a reduced chelating tendency of
his tripodal system. Such a tendency was also confirmed in the
esults of DFT structure calculations [19].

An NMR titration study indicated that the triprotonated lig-
nd 1 also binds H2PO4

− and HSO4
− more strongly than NO3

−.
he X-ray structure of [(1·H3)3+·3(H2PO4)−·H3PO4] shows

hat four phosphate ions are associated with the protonated lig-
nd and these were assigned as three H2PO4

− entities. The
tructure of the related bromide complex, [(1·H3)3+·3(Br)−],
iffers slightly even though the tripodal amine unit remains
riprotonated and quasi-planar. In this case C2v-like symmetry
s present, with two of the ligand’s arms pointed in a simi-
ar direction with a bromide ion lying between them. The two
emaining bromides are positioned ‘outside’ of the tren arms
45].

Structure-related tripodal Schiff base ligands also possess
ome potential for anion extraction although their chemical
tability is rather limited. For example, the monoprotonated

risbiphenyl substituted Schiff base 7 extracts iodide or per-
henate to a small extent (2–5% at pH 7.4). The structure of
corresponding tetrafluoroborate complex [(7·H)+·(BF4)−] is

hown in Fig. 6. In part, reflecting the presence of three strong

)+·(BF4)−] showing three strong hydrogen bonds between amine and imine
en an outside located BF4

− and (7·H)+.
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ig. 7. Structural details of the dimeric unit of the iodide complex [4 ·I ]
a) and of the corresponding nanoporous self-assembled framework (b)
20].

ntramolecular N+H· · ·N C hydrogen bonds, only weak bind-
ng of the BF4

− anion via two CH· · ·FB hydrogen bonds is
resent.

An interesting result arising from the crystallisation pro-
ess of iodide with the quaternary ammonium cation (4+)
s the formation of the anion-directed framework shown in
ig. 7 [20]. The structure consists of a dimeric arrangement
ormed from two [4+·I−] units which are stabilized mainly by
lectrostatic interactions between the iodides and the quater-
ary ammonium cations. Further stabilisation results from two

−
eak CH· · ·I hydrogen bonds involving each iodide as well
s from additional �–� interactions between aromatic moi-
ties (Fig. 7a). In this way the self-assembly process leads
o a nanosized hydrophobic pore pattern which was shown to
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nclude organic solvent molecules such as methanol or ace-
onitrile (Fig. 7b). TGA measurements show that the release
f the solvent molecules begins only at temperatures above
0 ◦C.

.2. Macrocycles

A large number of macrocyclic polyamine-based receptors
or anions has now been investigated both in solution and the
olid state [12,13,46–62]; however, the number of such systems
mployed for anion solvent extraction has been relatively lim-
ted.

One extraction study has centred on the series of structurally
elated N4O2-donor macrocycles 8–13 (Fig. 8). Generally simi-
ar halide extraction properties to those found for the open-chain
erivatives 1–6 discussed in Section 3.1 were observed for these
ystems [20]. Namely, in all cases only very minor extraction of
hloride or bromide occurred while much greater iodide extrac-
ion was observed for 9–12; however, iodide extraction by 8 and
3 was also poor. On the one hand this latter behaviour again
ppears to reflect the low lipophilicity of the unsubstituted lig-
nd 8 while, on the other, the significantly different protonation
ehaviour of 13 (which contains only tertiary amines) in the
rganic phase is likely important in this case; the extraction of
odide by 13 becomes significantly higher at lower pH (and this
lso correlates well with the behaviour of ligand 3). Despite
roposing different protonation behaviour for 13 in the organic
hase, it nevertheless needs to be noted that the protonation
onstants in 95% methanol for this tertiary amine system do not
iffer greatly from those for 8, 10 and 11 containing secondary
mines [63].

The results for the pH dependence of 12 (Fig. 9) are in accor-
ance with complex protonation equilibria being present for this
ystem since high iodide extraction was found to occur over the
road pH range 2–6 (but falls off significantly at lower and higher
H values) [20].

As noted already, water molecules are not infrequently asso-
iated with ligand-bound anions in solid-state structures and
uch behaviour has been postulated to occur in solution for par-
icular phase transfer systems [20]. A further example of such
ehaviour in the solid state occurs in the case of the anion com-
lex of diprotonated 11 which binds a PF2O2

− anion in its cavity
ogether with a connecting ‘internal’ water molecule to yield a
ationic cluster unit of type [(11·H2)2+·(PF2O2)−·H2O)]+ [63]
Fig. 10).

Reaction of the mixed N2O2-donor macrocycle 14 and the

odium salts given by NaX (X = picrate, ClO4 , BF4 , PF6 ,
CN− and BPh4

−) in methanol yields crystalline ion-pair prod-
cts in each case incorporating the protonated macrocycle as the
ation, with the respective anions as the counterion [64]. The
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Fig. 8. Iodide extraction (%) by protonated N4O2-donor macrocycles 8–13 [20]; [NaI] = 1 × 10−4 M; [ligand] = 1 × 10−3 M/CHCl3; pH 5.5 (MES/NaOH buffer).
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ig. 9. pH Dependence of iodide extraction (%) by the protonated N4O2-don
HCl] = 1 × 10−1 M; pH 2.0 with [HCl] = 1 × 10−2 M; pH 5.5–8.2 (MES/NaOH

esults confirm that the affinity of 14 for protons is greater than
or the sodium ion and that the mode of ligand protonation as

ell as the hydrogen bonded network that forms is highly depen-
ent on the properties of the available anion (and, in particular,
ts size, shape and polarizability). Also, the choice of solvent was

e
b
i

ig. 10. Part of the structure of the complex [(11·H2)2+·(PF2O2)−·(H2O)]+·(PF6)− s
63].
acrocycle 12 [20]; [NaI] = 1 × 10−4 M; [ligand] = 1 × 10−3 M/CHCl3; pH 1.0
ES/NaOH buffers).

hown in one instance to influence whether inter- or intraligand
rotonation occurs. As expected, the positioning of a proton

ither inside or outside of the molecular cavity results, as might
e predicted, in very different hydrogen bond networks forming
n the respective protonated macrocyclic arrays. The proton-to-

howing the hydrogen bonding motif bridging between ligand, anion and water
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igand ratios were found to be 1:2 for the perchlorate, tetrafluo-
oborate, hexafluorophosphate and thiocyanate salts and 1:3 for
he picrate salt. The corresponding ratio for the tetraphenylbo-
ate salt was 2:3. Overall the study serves to confirm that the
tructure adopted by ‘simple’ host–guest systems of the present
ype is highly dependent on subtle changes of both the conditions
mployed and the nature of the host–guest components them-
elves. That is, from the above as well as from a range of other
tudies it is clear that the weak interactions involved in anion
inding are quite sensitive to small changes in the experimental
onditions as well as to structure variations in the acceptor-anion
ystem under investigation.

.3. Cryptands
In early studies it was observed that the extraction behaviour
f tetrahedral tetraammonium receptors of type 15 (incorpo-
ating either 6 or 8 methylene linking groups between four

ig. 11. Perrhenate and iodide extraction (%) by protonated aminocryptands 16a–21
HEPES/NaOH buffer).
try Reviews 250 (2006) 2987–3003

uaternary nitrogen centres) towards anions is rather poor. This
s largely a consequence of the low solubilities of these tetra-
ositively charged species in organic solvents [17]. The extrac-
ion order of I− > Br− > Cl− found for these anions again mirrors
heir hydration free energies, with the strongly hydrated oxoan-
ons sulfate and hydrogen phosphate also showing only weak
nteraction.
[16,18,20]; [Na(I, ReO4)] = 1 × 10−4 M; [ligand] = 1 × 10−3 M/CHCl3; pH 7.4
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An investigation of the halide (Cl−, Br−, I−), pertechnetate
nd perrhenate extraction by a number of protonated cryptand
erivatives has been carried out under comparable conditions
o those employed for the tripodal and macrocyclic polyamine
erivatives discussed above [16,18,20].

The results for iodide [20] and perrhenate [16,18] extrac-
ion by seven amino cryptands 16a–21 are summarized in
ig. 11. It is clearly evident that the octaamino cryptands
6a–19b allow only limited extraction towards both perrhen-
te and iodide. In all cases the perrhenate extraction is slightly
igher, reflecting the relative lipophilicity differences between
hese anions. Under the same conditions, only 20 and 21
how useful extraction efficiencies, but these are lower than
bserved for their open-chain analogue 2. For each of 16a–21
he data presented were obtained within the optimum extrac-
ion pH range of 7–8 determined for these amino cryptands.
he observed differences in extraction efficiency very likely

eflect the presence of additional protonation equilibria in
he case of the octaamino derivatives 16a–19b [18] rela-
ive to the pentaamino species 20 and 21 [65], with all of
he former being more highly protonated under the condi-
ions employed, resulting in reduced lipophilicity for these
ystems.

In accord with the above (and as expected), cryptands 17 and
9 were each shown to exhibit six protonation steps [18] while
he corresponding tren derivative, 1, showed four [19]. For com-
arison, the dibenzylated macrocyclic ligand 11, a very efficient
odide extractant from the ligand series 8–13, exhibited only
wo under the conditions employed for the measurement [63].
his fact is illustrated in Fig. 12 which shows the pH depen-
ence of the protonation behaviour for ligands 1, 13 and 19b
18,19,63].

At least with respect to the extraction of both perrhenate and
odide ions into an organic phase, the above results are in keeping

ith extraction efficiency being enhanced when ligands incorpo-

ating a lower number of protonated amine groups are employed.
ndoubtedly this is due to the presence of higher lipophilicities

ig. 12. Calculated distribution curves of protonated polyamine species for 1, 13
nd 19b as a function of pH using the pKa values of 1 and 13 in methanol/water
19,63] and of 19b in water [18].
istry Reviews 250 (2006) 2987–3003 2997

for the resulting complexes. Indeed, this is also in agreement
with the exclusive extraction of 1:1 and 1:2 (ligand to anion)
species also found in case of the functionalised tren derivatives
(see Section 3.1).

Amino cryptands of different structure generally form both
inclusion and exo-cavity complexes with a large number of
different anions, for example, with the spherical halides but
also with various tetrahedral anions. Such products are sta-
bilised in many cases by the presence of linking water molecules
[10,11,37,38].

During our anion binding studies three different iodide
complexes of the unsubstituted hexaprotonated ligand 16b
(R = H) were isolated from the same solution, with the
respective structures differing significantly in terms of the
number of bound water molecules present [20]. Such formation
of different anion complex structures during crystallisation
very likely reflects the complexity of the species present in
solution which, as we have discussed already, may be greatly
influenced by a number of factors. The isolated products
were of composition: [(16b·H6

6+·(I)−]5+·4(I)−·(I3)−·0.5H2O,
[(16b·H6)6+·(I)−]5+·3(I)−·2(I3)−·4H2O and [(16b·H6)6+·
(I)−]5+·2(I)−·3(I3)−·6H2O. Two X-ray structures are shown in
Fig. 13.

The structures clearly illustrate the effect that water con-
tent may have on the structure adopted. In the nearly water-
free product (Fig. 13a), the encapsulated iodide is not sta-
bilised in the centre of the cage. Instead, two half-occupied
iodide positions were identified off-set from the centre to wards
each ‘end’ of the cage. Each ‘half-occupied’ iodide is asso-
ciated with three strong N+H· · ·I− hydrogen bonds that fall
in the range 2.54–3.05 Å. Further weak CH· · ·I− hydrogen
bonds (C· · ·I− 3.8–4.4 Å) to the three aromatic groups com-
plete the coordination sphere of each iodide. The calculated
(PM3) energy barrier of 6 kcal/mol for the interchange between
the iodide positions in the cage is small and therefore “hop-
ping” between the two positions seem a reasonable interpre-
tation of the observed result. The formation of triiodide ion
during crystallisation is evidently a consequence of air oxidation,
as previously reported for other systems [52]. The exo-cavity
anions I− and I3

− are weakly bound by CH· · ·I− or CH· · ·I3
−

interactions.
In contrast to the above structure, the other two com-

plexes of hexa-protonated 16b have an iodide ion located
almost centrally in the cage. In the case of the structure illus-
trated in Fig. 13b, this is likely due to the influence of the
two water molecules that also occupy the cryptand’s cavity.
The included iodide ion is bound to five secondary amine
nitrogen atoms of 16b via water-mediated strong hydrogen-
bonds, with I−· · ·O(w) and O(w)· · ·N+ distances falling in the
range 3.43–3.57 and 2.81–3.01 Å, respectively. Additional weak
interactions with the three aromatic units CH· · ·I− (C· · ·I−
4.2–4.4 Å) complete the iodide coordination sphere. As in the
previous case, the exo-cavity iodides and triiodides interact only
weakly with the ligand via CH· · ·I− or CH· · ·I − hydrogen
3
bonds.

The structures of anion complexes of mono- or diproto-
nated cryptands that have been determined so far [16,20] reveal
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Fig. 13. Hydrogen bonding modes of the encapsulated iodide in crystals of (a) [(16b·H6)6+·(I)−]5+·4(I)−·(I3)−·0.5H2O and (b) [(16b·H6)6+·(I)−]+·2(I)−·3(I3)−·6H2O
[20].
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are encapsulated within the cavity of the pyridine-containing
cage 19b (R = H), the latter acts as a cleft rather than a
cavity-binder. Each of the three anions, two perrhenate
and a perchlorate, occupy the three clefts formed by each
Fig. 14. Structure of the exo-cavity iodide complex [16b·H2]2+·2(I)−·

he importance of positive charge repulsion on the conforma-
ions adopted by the protonated structures. For example, in
ontrast to the hexaprotonated species, the diprotonated lig-
nd 16b (R = H) shows a flat arrangement of its iodide complex
16b·H2]2+·2(I)−·8H2O (see Fig. 14). This ligand conformation
s stabilised by two intramolecular hydrogen bonds in each tren
capping) fragment, restricting the space for encapsulation, with
nion binding thus occurring outside the cavity. A characteristic
eature of this iodide complex is the presence of discrete hex-
meric and dimeric water clusters incorporating short hydrogen
onds O(w)· · ·O(w) (2.64–2.85 Å) and N· · ·O(w) (2.69–3.05 Å),
eading to an extended hydrogen bond network connecting the
igand molecules in all three directions. The exo-cavity iodide
ons show only very weak interactions with secondary amine
unctions (N· · ·I− 3.5–4.3 Å).

X-ray analysis of a single crystal of the complex
(17b·H6)6+·(ReO4)−]5+·5(ReO4)−·5H2O (Fig. 15) [18]
howed that it does not differ greatly from the structure of
he perchlorate analogue reported earlier [67]. One anion is
ncluded in the cavity being held by a similar mix of direct

+H· · ·O(Re) and indirect (water-mediated) hydrogen bonds to
hat in the perchlorate analogue; however, unlike the perchlorate
tructure, N+H donors from both ends of the cryptand are
nvolved in direct H-bonding to the anion. There are also

ydrogen bonds directed to anions outside of the cryptand
avity.

In contrast, in [(19b·H6)]6+·6(ReO4)−·[19b·H6]6+·4(ReO4)−·
(ClO4)−·3H2O neither of the oxoanions ReO4

− and ClO4
− F

(

showing the formation of dimeric and hexameric water clusters [20].
ig. 15. Molecular structure of the perrhenate complex [(17b·H6)6+·
ReO4)−]5+·5(ReO4)−·5H2O [18].



hemis

c
t
t
N
o
n

t
l
c
m

a
p
a
w
i
p
c
a
p

3

w
s
i
a
n
s
s
b
H
[

∼=
d
H

c
a
t
t
c
c
t
p
d
t
t
c
d
a
p
t
[

3

a
b
b
a
m
t
O
t
t
s
s
p
t

K. Wichmann et al. / Coordination C

ryptand cation [18]. However, such a 1:3 structure (ligand
o anion) does not appear to form in solution since NMR
itration data yielded a good fit for a 1:1 model. A further
MR study performed at pH 3 indicated that complexation
f perrhenate is stronger than occurs for perchlorate or
itrate.

It is noted that up to the present no inclusion complexes of
he pentaamino cryptands 20 and 21 appear to have been iso-
ated. Both the penta-protonated and the mono- or diprotonated
ations bind ClO4

− and ReO4
− only in an exo-cavity arrange-

ent [16,65,66].
In summary, relative to the tripodal and macrocyclic lig-

nds discussed above, octaamino cryptands show significantly
oorer extraction of halide, pertechnetate or perrhenate anions
s a consequence of the formation of highly protonated species
ith pronounced hydrophilicity over a broad pH range. Since it

s established that inclusion complexes only form when such
olyamino cages are extensively protonated, it may be con-
luded that inclusion complexes are of little significance in
queous/organic phase transfer processes for systems of the
resent type.

.4. Calixarenes

A number of anion receptors based on calixarene frame-
orks have now been investigated [12,68,69], but only in

ome cases have they been used in solvent extraction stud-
es. These latter include calixarene derivatives incorporating
minoalkyl (22) [70,71], pyridyl (23) groups [72] and quater-
ary ammonium groups (24). Such species in their protonated
tate have been demonstrated to be very good extractants for
elected oxoanions. For example, derivatives of type 22 have
een shown to readily extract chromium(VI) as HCrO4

− or
Cr2O7

− from acidic aqueous solution into a chloroform phase
71].
The order of decreasing extraction of S2O3
2− > SeO4

2−
SO4

2− > HCrO4
− > NO3

− for 22b at pH 2.6 clearly favours
ivalent anions over monovalent ones and hence yields anti-
ofmeister behaviour [70]. The observed behaviour in this

f
r
a
S

try Reviews 250 (2006) 2987–3003 2999

ase is likely a reflection of the conditions employed having
marked influence on the speciation present in the respec-

ive anion systems [71]. The introduction of pyridine units to
he calixarene platform (ligand 23) also leads to interesting
hromate extraction behaviour for the acidic pH range <2. In
ontrast, the methylation of the pyridine nitrogens in 23 leads
o a significant decrease in the degree of phase transfer which
oints to the importance of hydrogen bond formation for the
ichromate binding (in addition to the electrostatic interac-
ion) [72]. There is an improvement in the extraction properties
owards Cr(VI) on protonation of different amine functions in
alix[4]arene diamide derivatives of type 24a,b. Reflecting the
ifferent basicities of the amine substituents, 24a yields moder-
te extraction at pH <2 and 24b gives high extraction in the
H region between 2.5 and 3.5. In comparison, the extrac-
ion abilities of the related amine-free systems are very low
73].

.5. Heteroditopic extractants

A range of heteroditopic host systems that combine both
nion and cation binding sites in the one framework have
een reported [27], one category of this type being based on
is-salicylaldimine (salenH2) derivatives incorporating attached
mine and/or amide groups (located in either open-chain or
acrocycle configurations) [74–76]. An example of each of

he latter types is given by 25 and 26 [77,78], respectively.
n binding a metal salt such as nickel(II) or copper(II) sulfate,

hese uncharged ligands undergo a zwitterionic transformation
o form an overall neutral assembly which is soluble in non-polar
olvents such as chloroform. A comparison of the solid-state
tructures of copper(II) sulfate and neutral ‘copper-only’ com-
lexes demonstrated how incorporation of the metal ion into
he salen2− unit preorganises the protonated anion binding site
or accommodation of the sulfate group [77]. These systems
epresent very efficient pH-switchable extractants for nickel(II)
nd copper(II) sulfate of the type illustrated by strategy F in
cheme 2.
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X-ray structure determinations of the nickel(II) and cop-
er(II) sulfate complexes of the tert-butyl substituted ligand 26
howed that in the solid state the SO4

2− anion does not occupy
he cavity enclosed by the hexamethylene strap but rather is
ound intermolecularly as a hydrate to tertiary nitrogen atoms
n adjacent complexes to form a dimeric hydrogen bonded struc-
ure of stoichiometry 2:2:2:2 (ligand:metal:sulfate:water) [78].
owever, in solution it was postulated that multi-equilibria asso-

iated with different binding modes of the anion occur.
In a further development, a structurally related receptor to 25

ncorporating mixed amine/amide anion-binding functions has
een demonstrated to give interesting pH dependent Cl−/SO4

2−
electivity [79].
p
i
h
h

try Reviews 250 (2006) 2987–3003

Another promising ditopic receptor for the simultaneous
inding and extraction of a cation and an anion is given by
he multi-functionalized tripodal amine ligand 27 which yields a
ronounced anti-Hofmeister tendency with respect to the extrac-
ion of silver salts. Using this ligand the extraction of silver
ogether with hydrophilic acetate matches the extraction in pres-
nce of the lipophilic picrate [20].

.6. Dendrimers

Reflecting their unusual topology, dendrimers have been
hown to exhibit a diverse range of host-binding behaviour that
ncludes anion binding [80].

Readily synthesized lipophilic urea-functionalized den-
rimers such as 28 have been reported to show efficient phase
ransfer (water/chloroform) behaviour towards pertechnetate,

errhenate and ATP anions [81]. Such dendrimers are read-
ly protonated at their ‘inner’ tertiary amine functions and
ence are capable of binding anions. The incorporation of the
ydrogen-bond donor entity, urea, is also advantageous in this



hemis

r
a
h
f
a
h

p
4
o
(
(
d
t
t
e
a
t
e
a
b
o

4

p
t
s
i
t
r
a
p
a
m
t
p

v
w
p
s
b
b
e
D
p
i
o
w
b
p

t
T
l

[
m
a

s
i
n
m

A

t
t
B
r

K
M
V
w
a
T
M
a

R

[
[

[
[

[

[
[

K. Wichmann et al. / Coordination C

egard as this group has also been well documented to act as
n anion binder [2–4]. Moreover, the respective products have
ydrophobic peripheries which will clearly aid the phase trans-
er process; in addition, their demonstrated pH dependency
llows controlled release of guest anions from the dendrimer
ost.

Multi-crown dendrimers of four different generations incor-
orating polyamine functions have been synthesized by grafting
, 8, 16, and 32 benzo[15]crown-5 moieties on to the periphery
f oligoethyleneoxy-modified polypropyleneamine dendrimers
POPAM dendrimers) [82]. The extraction of pertechnetate
present in the aqueous phase as sodium pertechnetate) by these
endrimers has been reported. In this study it was demonstrated
hat the crown ether units are quite poor in terms of the simul-
aneous extraction of the sodium cations under the conditions
mployed. On the other hand, the (protonated) amine nitrogen
toms in the dendrimer core readily bind to and promote phase
ransfer of the pertechnetate anion. As expected, the extraction
fficiency increases with both increasing dendrimer generation
nd decreasing pH. This observation is in accord with the anion
eing bound to protonated tertiary amine groups in the interior
f the dendrimer.

. Concluding remarks

As illustrated in the above discussion, various categories of
olyamine receptors displaying a wide range of molecular archi-
ectures have now been employed for anion binding, both in the
olid state and in solution. Such behaviour has been extensively
nvestigated and continues to show considerable potential for
he analytical sensing and monitoring as well as for the sepa-
ation of individual anions, especially in relation to industrial
nd environmental applications. One general advantage of the
olyamine systems consists in their often good synthetic avail-
bility and the corresponding possibility for facile structural
odification—allowing a ready extension of the present spec-

rum of anion, cation and ditopic receptors with tailor-made
roperties in the future.

An understanding of anion binding by synthetic hosts pro-
ides an aid for interpreting biochemical anion recognition as
ell as for gaining insight into natural anion membrane transport
rocesses. In this connection it will be interesting to extend the
tudy to new polyamine host/anion guest systems with defined
ound water molecules (or clusters) as models for the water
ehaviour in biological systems [83–85]. Important studies on
nhanced anion complexation by incorporation of water [86] or
MSO [87] into the binding motif are now complete. These open
romising possibilities for controlling the binding selectivity by
ncorporation of solvent molecules. More generally, the results
f such studies are of major potential importance for obtaining a
ider understanding extraction behaviour, with implications for
oth the structural and thermodynamic aspects of the extraction
rocess.
Apart from the topics discussed in this review, it is noted
hat other aspects of anion binding are being actively pursued.
hese include the chiral recognition of anions [88–90], the use of

igand-bound metal centers especially for cascade coordination

[

[

try Reviews 250 (2006) 2987–3003 3001

91,92] or for second-sphere coordination [93,94] as well as
olecular dynamics simulations of anion complex formation

nd phase transfer processes [95–97].
Last but not least the construction of anion-directed

upramolecular assemblies has become a topic of considerable
nterest and is of increasing importance for the development of
ew nanosized materials for use in a range of analytical, environ-
ental, industrial and biochemical/medical applications [98].
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