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bstract

This review aims to highlight the most important recent advances in the area of anion-templated syntheses in supramolecular and coordination
hemistry. We published a comprehensive review on this area in 2003 and hence examples prior to this date will only be discussed when essential
or clarity of presentation. The current review has been divided into three main sections: (a) anion-templated synthesis of systems with well-defined

olecular weights; this includes macrocycles and cages, interlocked species (such as catenanes and rotaxanes), helical assemblies and other

elected examples. (b) Anions as templates in polymeric systems; this includes metal-organic frameworks, molecularly imprinted polymers and
ther selected examples, such as liquid crystalline materials. (c) Anion templates in dynamic combinatorial libraries.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The use of chemical templates is now a well-established
pproach for the rational synthesis of molecular and supramolec-

lar assemblies. As defined by Busch “A chemical template
rganizes an assembly of atoms, with respect to one or more geo-
etric loci, in order to achieve a particular linking of atoms” [1].

∗ Corresponding author. Tel.: +44 20 75941967; fax: +44 20 75941139.
E-mail address: r.vilar@imperial.ac.uk (R. Vilar).
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his strategy, not only allows for the synthesis of molecules in a
ore efficient manner, but also to prepare assemblies that have

nusual topologies, such as rotaxanes, helicates and catenanes
2]. Therefore, a templating agent can be said to contain the
equired information to organize a collection of building blocks
o that they can be linked together in a specific manner.

As has been discussed in depth elsewhere [3], there are two

ypes of templated processes: thermodynamic and kinetic. In
he former, the template binds to one of the products (i.e. under
hermodynamic control) shifting the equilibrium towards the
ormation of this product, which is hence obtained in high yields.

mailto:r.vilar@imperial.ac.uk
dx.doi.org/10.1016/j.ccr.2006.05.016
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n the case of kinetic templates, they operate under irreversible
onditions stabilizing all the transition states that lead to the
anted product. In many of the kinetically controlled reactions,

he template ends up strongly bound to the final species. In
hese cases it acts, not only as a kinetic template, but also as

thermodynamic one. In practice, it is often very difficult to
nambiguously determine whether a templated reaction is kinet-
cally or thermodynamically controlled. For the purposes of this
eview, a template (or directing agent) will be considered any
pecies that organizes an assembly of molecular building blocks
y non-covalent interactions favoring the formation of a spe-
ific product. The template can either be removed from the final
roduct or kept as an integral part of it.

Although templated reactions have been known for many
ears, the use of anions as templates is still a relatively young
rea of research. In contrast to the widespread use of cationic
emplation, it is only over the past few years that negatively
harged species have been successfully employed to direct the
ormation of specific molecules and assemblies. The slower
evelopment of this area (in comparison to cationic templates)
as been partially attributed to the fact that anions have a diffuse
ature, they are pH sensitive and have relatively high solva-
ion free energies [4–6]. However, as has been demonstrated
y the increasing number of anion-directed assemblies reported
ver the past 5 years, these limitations are not as critical as first
hought.

This review aims to highlight the most important advances
n the area of anion-templated syntheses in supramolecular and
oordination chemistry over the past 3 years. A comprehensive
eview on this area was published by one of us in 2003 [7]
nd hence only examples prior to that date will be discussed
hen essential for clarity of presentation. The review has been
ivided into three main sections: (a) anion-templated synthesis
f systems with well-defined molecular weights; this includes
acrocycles and cages, interlocked species (such as catenanes

nd rotaxanes), helical assemblies and other selected examples.
b) Anion templates in polymeric systems; this includes metal-
rganic frameworks, molecularly imprinted polymers and other
elected examples, such as liquid crystalline materials. (c) Anion
emplates in dynamic combinatorial libraries.

. Anion-templated synthesis of systems with
ell-defined molecular weight

.1. Anion-directed synthesis of macrocycles and cages

.1.1. Macrocycles
Over the past 3 years, most of the developments in anion-

emplated syntheses of macrocycles (both organic and inorganic)
ave focused on studying in more detail previously reported sys-
ems. This has led to a better understanding of the templation
rocess and also to exploiting anion-directed reactions for spe-
ific applications.
An efficient approach to assemble simple building blocks into
arge supramolecular aggregates is to use metal–ligand interac-
ions. If these interactions are orchestrated by the appropriate
emplate (e.g. an anion) a good level of control can be obtained

t
t
w
t

cheme 1. Schematic representation of the anion-directed synthesis of metalla-
acrocycles with different geometries.

ver the geometry of the final assembly. An elegant example of
his has been provided by Dunbar who has published a detailed
tudy of the templating effect that a range of anions have in
he formation of nickel(II) and zinc(II) metalla-cyclophanes
sing 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) as bridging lig-
nd (see Scheme 1) [8]. Following up from their previous studies
9,10], this group has unambiguously demonstrated that anions,
uch as [BF4]− and [ClO4]−, induce the formation of the tetra-
etallic square assemblies [{M4(bptz)4(CH3CN)8}X][X]7

M = ZnII, NiII; X = [BF4]−, [ClO4]−), while the larger octa-
edral anion [SbF6]− templates the formation of the molecular
entagon [{Ni5(bptz)5(CH3CN)10}SbF6][SbF6]9.

The X-ray crystal structures of these species have shown
hat in both the squares (Fig. 1) and pentagon (Fig. 2) one
nion is encapsulated at the centre of the corresponding metalla-
yclophane. Besides the fact that these anions pack efficiently in
he cavity of the corresponding assembly, the X-ray structures
rovided evidence that there are anion–� interactions between
he O/F atoms of the anions and the tetrazine rings of the bridg-
ng bptz ligand. This could be a determining factor in the ability
f the anion to dictate the size of the metalla-macrocycle formed.

To investigate the stability of these assemblies these reactions
ere carried out with different ligand-to-metal (M = ZnII or NiII)

atios in the presence of the corresponding anion. These studies
howed that the [M4]8+ cations readily form (in acetonitrile and
t room temperature) regardless of the ratio of bptz to MII salt (up
o 10:1), indicating that their formation is highly favoured. Fur-

hermore, there is no evidence of decomposition of the squares
hen they are refluxed in acetonitrile for up to 1 week. Similarly,

he formation of the pentagon is also observed under various
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ig. 1. Crystal structure of [{Ni4(bptz)4(CH3CN)8}BF4][BF4]7 showing the
ncapsulated [BF4]− anion.

etal-to-ligand ratios (although the yields are lower if the sto-
chiometry is not the correct one); the pentameric structure is
etained in acetonitrile even after refluxing for 1 week.

Interestingly, the analogous reaction to the ones described
bove between bptz and Ni(NO3)2 in acetonitrile yielded a prod-
ct that, according to the spectroscopic characterisation, consists
f a trimeric assembly (see Scheme 1). The same product is
eported to form when treating the molecular pentagon with
n-Bu4N][NO3]. To date, no structural characterisation of this
roduct has been reported.

The authors also investigated the possibility of converting

ne macrocycle to the other upon addition of the appropriate
nion. Their results demonstrated that the molecular pentagon
an be easily converted into molecular squares in the presence of
xcess [BF4]− and [ClO4]−. Interestingly, the conversion of the

m
s
t
o

ig. 3. Schematic representation of: (a) guanine-quartet with a cationic guest and (b)
uest.
ig. 2. Crystal structure of [{Ni5(bptz)5(CH3CN)10}SbF6][SbF6]9 showing the
ncapsulated [SbF6]− anion.

olecular pentagon to the square is also observed upon addition
f iodide; as the authors pointed out, the fact that a spherical
nion can direct the formation of the square might seem contra-
ictory to the idea that a specific shape of the anion is required
or the formation of the corresponding macrocycle. However, if
ne considers the large size and polarizability of iodide, it is not
nexpected that it can adopt the directionality of a tetrahedral
nion.

In contrast to the above, the conversion of the nickel square
o the corresponding pentagon in the presence of [SbF6]− is not
s favourable and only a part of it is transformed to the larger

acrocycle. This apparently higher stability of the molecular

quare in comparison to the molecular pentagon can be attributed
o the larger strain in the pentagon as is evident by the bending
f the btpz ligands in its crystal structure.

metalla-macrocycle 1 based on platinum(II) and methylpurine with an anionic
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ig. 4. Schematic representation of the molecular structure of the tri-platinum
II) complex 2.

Hydrogen bonded guanine tetrads are important structural
otifs in tetra-stranded DNA, which seems to play significant

oles in the telomeres as well as in regulatory regions of the DNA
11]. In these tetrads (see Fig. 3a), the four guanine bases are
nterconnected by eight hydrogen bonds and they are stabilized
y the presence of a cation at the centre of the square. Inspired
y this natural motifs, Lippert has recently reported a tetrad that
nstead of using hydrogen bonds to interconnect purine bases, it
mploys platinum(II) centres (see Fig. 3b) [12].

The synthesis of square 1 was carried out by the self-
ssembly of four units of [(NH3)2Pt(Pur)(H2O)]2+ (where
ur = 9-methylpurine) over a period of 5 days. In the self-
ssembly process, a second species is formed with a triangular
eometry (see Fig. 4). According to NMR experiments, the tri-
ngular species 2 is favoured (in a 0.6:1 ratio) to the square 1.
owever, if the self-assembly process is carried out in the pres-

nce of [SO4]2−, the proportion of the two species changes (now
he square is favoured over the triangle in a 2.5:1 ratio) and the

eaction takes place in 3 instead of 5 days. This change in the
reference for the square over the triangle has been attributed to
he templating properties of the sulfate anion.

o
t

Scheme 2. Synthetic procedure
Fig. 5. Crystal structure of the luminescent gold(I) rectangle 3.

Another example of anion-templated synthesis of metalla-
acrocycles has been recently provided by Yip and co-workers

13]. This group has reported the synthesis and host–guest
hemistry of a luminescent gold(I) molecular rectangle (3) (see
ig. 5). This complex is prepared by the sequence of reactions
hown in Scheme 2, which involve the removal of chloride from
he coordination sphere of the gold centres with AgNO3 or
g(CF3SO3).
Interestingly, when this reaction is carried out using AgBF4

r AgClO4 to remove the chloride, the bipyridine-free tri-gold
acrocycle 4 (see Fig. 6) is formed instead. This species had

een previously reported by the same authors [14] and was pre-
ared directly from refluxing a solution of the phosphine with
u(Me2S)Cl followed by addition of LiClO4.
The X-ray structure of this tri-gold assembly shows that one

f the anions is positioned at the centre of the metalla-macrocyle
ith its oxygen atoms directed to the centre of the anthracene

ings of the bridging phosphine. Although no further evidence
as been provided to demonstrate the potential templating role
f the anions, it is likely that they exert an important influence in
etermining the size and assembly of the macrocycles obtained.
uture studies should be carried out to investigate the nature
f the products resulting from the reaction between equimolar
ixtures of the phosphine, Au(Me2S)Cl and other AgX salts

including CF SO and NO ).

When studying the ability of anions to direct the formation

f a specific metalla-assembly, it is often difficult to separate
hose effects that are purely due to templation (as those dis-

for the preparation of 3.
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Fig. 6. Crystal structure of the tri-gold(I) macrocycle 4.

ussed above) from those that are a consequence of the different
oordinating capabilities of specific anions. An example of this
re a series of silver(I) complexes with 1,3-bis(benzimidazol-
-ylmethyl)benzene (5) reported by Amouri and co-workers
15]. More specifically, the reaction between AgX (X = NO3,
F3SO3) and 5, yields the metalla-macrocycles [Ag2(5)2]X2

hown in Fig. 7. The crystal structure of one of these metalla-

acrocycles (with X = CF3SO3) revealed that the anions are

irectly coordinated to the metal centres.
However, when the reaction is performed under the same

onditions but using AgBF4, the formation of an infinite coor-

F

t
o

Fig. 8. Crystal structure of the infinite coordination network re
ig. 7. Crystal structure of the silver(I) macrocycle [Ag2(5)2](CF3SO3)2.

ination network is observed. In this polymeric assembly, the
nions are not interacting directly with the silver(I) centres (see

ig. 8).

Similarly, Bu and co-workers have reported that the reac-
ions of various copper(II) salts with 2,5-bis(3-pyridyl)-1,3,4-
xadiazole (L1) yield very different products depending

sulting from the reaction between AgBF4 and ligand 5.
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Scheme 3. Schematic representation of the synthesis of the halide-templated
s
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ig. 9. Crystal structure of complex 6 showing the interaction between the cop-
er(II) centres and two of the perchlorate anions.

n the nature of the copper salt’s counterion [16]. When
u(ClO4)2 or Cu(NO3)2 are employed the metalla-macrocycles

Cu2(L1)2(H2O)6][ClO4]4 (6) and [Cu2(L1)2(NO3)4] (7) are
btained (see Fig. 9 for the X-ray crystal structure of 6). In
ontrast, when CuSO4 or Cu(OAc)2 are used, two different one-
imensional (1D) polymeric assemblies (X = SO4, 8; X = OAc,
) are formed (see Fig. 10).

The role of the anions in these systems is clearly very impor-
ant. While in the metalla-macrocycle 6, [ClO4]− simply acts as
counter-anion balancing the electrostatic charge, in the anal-
gous compound 7 the nitrate anions are directly coordinated
o the metals. In the 1D coordination polymers 8 and 9, the
ounteranions interact with the metal centres, in 8 each sulfate
s bound to one copper while in the structure of 9 the acetate
ridge two metal centres forcing the ligands to bind in a trans
isposition (generating a zigzag type structure). As the authors
oint out, the steric bulk and shape of the anions studied might

lso play an important role in directing the formation of a specific
ssembly.

Besides the extensive use of metal–ligand interactions to
repare different sized macrocycles, there are several exam-

s
t
I
t

Fig. 10. Crystal structure of the coordination polymer 8 showin
ynthesis of macrocycle 11.

les where anions template the formation of covalently linked
yclic species. For example, Wright and co-workers reported in
003 the halide-templated synthesis of a series of macrocycles
ontaining [{P(�-NtBu)2}(�-NH2)]n frameworks [17]. These
acrocyclic species were synthesized from the reaction between

ClP(�-NtBu)]2 and [NH2P(�-NtBu)]2 in the presence of a base.
hen this reaction is carried out in THF/NEt3 the major prod-

ct is the tetrameric species [{P(�-NtBu)2}(�-NH2)]4 (10) but
hen the same reaction is carried out in the presence of an excess
f LiCl the tetramer formation is suppressed and the synthesis of
he pentamer [{P(�-NtBu)2}(�-NH2)]5(HCl)] (11) is favoured
see Scheme 3). Structural characterisation of this pentamer has
hown that the chloride is positioned at the centre of the macro-
ycle interacting with the NH groups of the ring via hydrogen
onds.

More recently, it has been demonstrated that the pentamer
an also be templated by bromide and iodide [18]. For exam-
le, the use of LiI yielded the pentamer in a 44%. 31P NMR

pectroscopic studies have shown that the ability of the halides
o template the formation of the pentamer follow the order
− > Br− > Cl−. These investigations have also revealed that the
wo macrocycles (10 and 11) are not in a dynamic equilibrium

g the interaction between the anion and the metal centres.
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Fig. 12. Two different views of the crystal structure of macrocycle 11·(HI). As
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ig. 11. Two different views of the crystal structure of macrocycle 11·(HBr). As
an be seen on the bottom structure, the bromide is located inside the macrocycle.

ith each other, suggesting that their formation is kinetically
ather than thermodynamically controlled.

In their most recent study [18], Wright and co-workers report
he crystal structures of the pentamers with encapsulated bro-

ide and iodide (see Figs. 11 and 12). An interesting aspect
f the iodide-templated macrocycle is that, in contrast to the
hloride and bromide analogues, the anion sits 1.36 Å above the
lane of the ring. This is clearly due to the larger size of iodide
n comparison to the other halides.

The structural data obtained for the three assemblies, suggests
hat the least thermodynamically stable host–guest complex is
hat one with iodide. This is surprising since this anion is the one
hat acts as the best template for the cyclisation reaction to yield

he pentamer. To support these structural observations, the same
uthors have reported a computational study which confirms
hat the thermodynamic stabilities of model host–guest species
re in the order Cl ≈ Br > I, which is indeed the reverse of the

p
p
r
t

an be seen on the bottom structure, the iodide is located above the plane formed
y the macrocycle.

emplating trend observed experimentally. These observations
upport the proposition that the formation of this cyclic species is
n example of a kinetically controlled anion-templated reaction.

Other examples of anion-templated synthesis of covalently
inked macrocycles have been provided by Alcalde and co-
orkers [19]. This group previously reported the halide-directed

ynthesis of a series of [14] imidazoliophanes (Scheme 4) [20].
ecently, they have extended these studies to evaluate quantita-

ively the templating effect of halides, in particular of chloride,
n the formation of the macrocycles. The methodology used to
repare these cyclic structures is based on a “3 + 1” convergent
ynthesis taking place in two steps (see Scheme 4).

The preparation of the reaction intermediate 12 allowed the
uthors to evaluate the kinetics of the ring-closure reaction in the
resence and absence of the templating chloride. These studies

rovided clear evidence of the templating effect exerted by chlo-
ide since addition of [Bu4N]Cl to the reaction mixture increased
he ring-closure of 12 up to 10 times.
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Scheme 4. Schematic representation of the chl

Over the past few years, Sessler has studied the effect
hat anions have in the synthesis of various macrocycles [21].
ecently, he has reported the anion-induced synthesis of new
ipyrrole-based macrocyclic receptors [22]. The reaction of
iamine 13 (see Scheme 5) and diformylbipyrrole (14) was per-
ormed in different acidic media and, depending on the acid
sed (namely HCl, HBr, CH3CO2H, CF3CO2H, H3PO4, H2SO4
r HNO3), different distributions of oligomeric species and
acrocycles were obtained. However, when sulfuric acid was

mployed, the [2 + 2] macrocycle 15·2H2SO4 was formed in

early quantitative yield (see Scheme 5).

When 15·2H2SO4 was treated with triethylamine in
ichloromethane the anion-free macrocycle 15, was isolated in
5% yield and its solid state structure determined by X-ray crys-

s
v
a
i

Scheme 5. Reaction scheme for the synth
templated synthesis of [14] imidazoliophanes.

allography. This macrocycle was then titrated with different
nions showing strong interactions with tetrahedral anions, such
s dihydrogenphosphate and sulfate (with association constants
n acetonitrile of 107,000 ± 9600 and 63,500 ± 3000 M−1,
espectively).

Interestingly, when 15 was allowed to stand in acetonitrile
or 5 days in the presence of sulfate or dihydrogenphosphate,
t rearranged to give the [3 + 3] macrocycle 16 (see Fig. 13) in
7% yield (for sulfate) and quantitative yield (for H2PO4

−).
The formation of this (larger) macrocycle in the presence of
pecific anions, suggests that a dynamic equilibrium between
arious species is present and the addition of a specific template
mplifies the formation of one of them. As will be discussed
n Section 4 of this review, dynamic combinatorial approaches

esis of the macrocycle 15·H2SO4.
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Fig. 13. The larger macrocycle 16 forms when the reaction is left to stand for
long periods of time.
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Scheme 6. Reaction scheme showing the synthesis of different metalla-cages (
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ake use of this principle (i.e. modification of the equilibrium
pon addition of a template) for the synthesis of selective recep-
ors.

.1.2. Anion-templated synthesis of cages and capsules
As has been shown in the previous section, in an anion-

emplated process, there are several potential non-covalent inter-
ctions that can be employed to direct the reaction. Some of
hese interactions involve hydrogen-bonding between the anion
nd the building blocks to be assembled, weak metal· · ·anion
nteractions, anion· · ·� contacts or simply electrostatic attrac-
ion between the anion and positively charged species. Several
f these interactions have been shown to play an important role
n the synthesis of the metal-containing macrocycles and cages
hown in Scheme 6. These species were first reported [23,24] in
he late 1990’s and several studies followed to unambiguously
stablish the templating role of halides in the formation of the
etalla-assemblies [25,26].
The reaction between six equivalents of NiCl2 and eight

quivalents of amidinothiourea (Hatu) in methanol yields the
ark-green hexa-nickel cage [Ni6(atu)8Cl][Cl]3 ([17][Cl]3). In

ontrast, when the same reaction is repeated using other nickel
ources, such as NiX2 (where X = Br−, I−, [AcO]−, [NO3]−,
ClO4]−) the simple square planar orange compound Ni(atu)2
18) is formed, instead of the corresponding cage (see Scheme 6).

for example, 17) and macrocycles using Ni(atu)2 (18) as building block.
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ig. 14. The chloride-templated synthesis of metalla-cage 17 (upper right corne
een used as a colorimetric way of detecting chloride anions in methanolic solu
eferred to the web version of the article.)

ddition of chloride to any of these mixtures induces the forma-
ion of the cationic cage [17]3+ (with an encapsulated chloride
nd three external counterions). The formation of this cage is
ssociated to a colour change from orange (from the Ni(atu)2
quare planar building blocks) to dark-green (from the cage).
ecently, this colour change has been successfully exploited

o develop a chemical sensor for the quantitative detection of
hlorides in solution (see Fig. 14) [27]. This is one of the very
ew examples in which an anion-templated process has been
mployed as means to detect the presence of an anionic analyte
the template itself) in solution.

Bidentate pyrazolyl-based ligands have shown to be versatile
uilding blocks for the synthesis of a wide range of coordina-

ion assemblies. Amongst the complexes that can be formed,

cCleverty and co-workers reported in the late 1990’s the syn-
hesis of cages [Co4(Ln)6(X)][X]7 (where L2 and L3 = bidentate
yrazolyl-pyridine ligands; X = [BF4]−, [ClO4]−; see Fig. 15)

w
b
f
w

ig. 15. Schematic representation of ligands L2 and L3, and crystal structure of [C
igands have been simplified for clarity).
he figure) is associated with a colour change (from orange to green), which has
For interpretation of the references to colour in this figure legend, the reader is

nd proposed that the encapsulated anion had a templating
ole [28]. Further to their initial findings, the authors car-
ied out more detailed investigations of the assembly pro-
ess in solution and demonstrated by NMR spectroscopy
hat indeed the tetrahedral [BF4]− and [ClO4]− act as tem-
lating agents for the formation of the tetrahedral cages
29].

In a more recent paper, Ward and co-workers have also
xplored the effect that the length of the ligand has on the
ormation of the cages [30]. When L4 was used as a bidentate lig-
nd (see Fig. 16), the expected [Co4(L4)6(X)][X]7 (X = [BF4]−,
ClO4]−, [PF6]−, I−) cages were formed but in this case the role
f the anion is not as important as in the formation of the cages

ith the shorter ligands. As indicated by the authors, the assem-
led cage is sufficiently large to leave gaps in the centre of the
aces through which the encapsulated anion can easily exchange
ith the external anions.

o4(L2)6(ClO4)][ClO4]7 showing the tightly encapsulated anion (the bridging
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and [SO4]2− ions [33]. These ions form an unusual 64-
membered{K(SO4)}16 ring inside the metalla-host (see Fig. 18).

The nano-sized host:guest complex was obtained when high
concentrations of K2SO4 were present in a reaction mixture
Fig. 16. Schematic representation of the longer ligand L4 and cryst

Using the ligand shown in Fig. 17, Amouri et al. have recently
eported the synthesis of the coordinatively unsaturated metalla-
ages [Co2(L5)4(RCN)2(BF4)][BF4]3 (R = Me, Et, Ph) [31].
he X-ray crystal structure of this assembly (see Fig. 17) has

evealed that, as in the cages previously reported by McCleverty
nd Ward, the tetrahedral anion is encapsulated at the centre of
he cage. In these species, there is a direct interaction between
he coordinatively unsaturated cobalt(II) centres and the encap-
ulated [BF4]− anion. Although in this work, the effect of other
nions in the formation of the cage was not reported, consid-
ring the results previously obtained by McCleverty and Ward
nd the current evidence obtained by Amouri, it is likely that
his tetrahedral anion is indeed templating the formation of the

etalla-assembly.
Anions have also been found to be good templates in the for-

ation of large poly-oxometallic systems. In the early 1990s,
üller et al. reported several examples where anions, such as

itrate and halides controlled the aggregation of Vn+Ox poly-
edra into cage type structures, such as [HV18O44(NO3)]10+
19), [H4V18O42Br]9+ (20) and [HV22O54(SCN)]6+ (21) [32].
t was shown that the size of the anion dictates the struc-
ure and geometry of the products obtained. More recently,

üller et al. have reported several more nano-scale objects

ig. 17. Schematic representation of ligand L5 and crystal structure of
Co2(L5)4(MeCN)2(BF4)][BF4]3 showing the encapsulated anion.

F
a
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[

cture of [Co4(L4)6(BF4)][BF4]7 showing the encapsulated anion.

here anions (in particular [SO4]2−) play an important role
n defining their geometry and size. For example, the species
MoVI

114MoV
32O429(H2O)50(KSO4)16]30− (22) comprises a

olybdenum-based wheel-shaped host, encapsulating 16 K+
ig. 18. Crystal structure of 22 highlighting the K+ centres (larger spheres)
nd SO4

2− anions (polyhedral representation). The interaction of K+ with one
Mo6O6} unit is shown at the bottom left of the figure. In order to show
ore clearly the K+SO4

2− interactions, the structure of the {K(SO4)}16 ring
s presented on a smaller scale and removed from its environment at the cen-
re of the crystal structure (figure taken from Chem. Commun. (2003) 2000
33]—reproduced by permission of The Royal Society of Chemistry).
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In contrast to 23, compound 24 contains only one tripodal
rhodium phenylacetylene unit, which brings together three sil-
ver atoms. Interestingly, the X-ray structure of this assembly
revealed that one of the three triflate anions interacts with the
ig. 19. Two views of the crystal structure of the Cu36 aggregate reported by P
ct as a template (figure taken from Chem. Comm. (2004) 1598—reproduced by

nown to form mixtures of discrete wheel-shaped species. Con-
idering the inclusion of both ions inside the molybdenum-based
ost and their interaction with the external wheel, they appar-
ntly play a templating role in the formation of this specific
ano-wheel.

Other examples of large metallic assemblies influenced by the
resence of anions are the Cu36

II and Cu44
II aggregates recently

eported by Powell and co-workers. These large assemblies are
repared by mixing copper(II) salts with aminopolycarboxylates
n aqueous or alcoholic solvents. More specifically, a mixture
f (nitrilodipropionic)acetic acid, KOH and CuCl2 in methanol
ielded crystals of the Cu36 aggregate shown in Fig. 19 [34].
nterestingly, this structure contains a [KCl6]5− anion at its cen-
re which is proposed to act as an scaffold to assemble 28 of the
6 copper(II) centres. In the presence of other anions, the same
rocess leads to the formation of different structures.

Recently, the same authors reported the formation of a Cu44
ggregate (see Fig. 20) when (nitrilotripropionic)acetic acid,
sOH and CuBr2 were mixed in water [35]. In this assembly,

he two �8-bromide anions play an important directing role in
he formation of this unusually large copper aggregate.

In all the examples discussed so far, the templating anion
irects the formation of a specific assembly by pre-organizing
he building blocks around it. However, there are systems in
hich anions act as “external” templates organizing the build-

ng blocks by interacting with the surface of the assembly. An
arly example of this is the hexa-silver cage reported by James
nd Mingos, which is templated by anions, such as triflate and
itrate [36,37]. A more recent example where an anion acts
s an “external” template is the mixed-metal organometallic
ssembly reported by Tessier and co-workers [38]. The reac-
ion between the tripodal rhodium phenylacetylide and AgBF4

ields the Ag2Rh2 complex 23 in which BF4 act as counterions
nly (see Scheme 7 and Fig. 21).

However, when the analogous reaction is carried out with
g(CF3SO3) the formation of complex 24 is observed instead.

F
O
t
A

and co-workers [34] in which an encapsulated [KCl6] has been proposed to
ission of The Royal Society of Chemistry).
ig. 20. Crystal structure of the inorganic [Cu24(�8-Br)2(�3-OH)24(�-
H)8]14+ of the Cu44 aggregate reported by Powell and co-workers [35] (figure

aken from Inorg. Chem.43 (2004) 7269—reproduced by permission of The
merican Chemical Society).
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Scheme 7. Reaction scheme for the synthesis of the rhodium complexes 23 and
24.
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Fig. 21. Crystal structure of the tetra-metallic complex 23.

hree silver atoms directing the formation of the tripodal assem-
ly (see Fig. 22).

.2. Helical structures

There are only a handful of examples where anion-directed
pproaches have been employed for the assembly of metal-free
elices. The first examples were reported by de Mendoza and
o-workers (using sulfate anions and oligo-guanidinium strands)

39] and some years later by Kruger and co-workers (who
mployed chlorides to assemble pyridinium-containing ligands)
40]. More recently, Gale and co-workers have reported the
rst example of an anion-templated assembly of a helix formed

[
a
t
o

Fig. 23. Crystal structure of the helicate formed by two isophthalimide-co
ig. 22. Crystal structure of the tetra-metallic complex 24 showing the interac-
ion of the triflate anion with the three silver(I) centres.

y two neutral strands (containing amides as hydrogen bond
onors) [41]. More specifically, fluoride anions were shown to
irect the assembly of two isophthalimide-containing strands
nto a double helix. An X-ray crystal analysis of this assem-
ly (see Fig. 23) showed the formation of the helical structure
round two fluoride anions via N H· · ·F hydrogen-bonding, as
ell as by �–� interactions of the terminal nitroaromatic rings.

H NMR spectroscopic studies were carried out in solution being
onsistent with the formation of a 2:2 assembly.

.3. Interlocked assemblies

Traditionally, the preparation of molecular interlocked sys-
ems has been achieved by templation with cationic or neu-
ral species through hydrogen-bonding, �–� stacking interac-
ions, metal–ligand coordination and solvophobic interactions
42–52]. In contrast, until recently there were practically no
xamples reported of the use of anions as templates for the syn-
hesis of this type of interlocked systems.

The first examples of interlocked species synthesized by
nion-templated approaches were the pseudorotaxanes and
otaxanes reported in the late 1990’s by Stoddart and co-workers

53,54] and Vogtle and co-workers [55,56]. More recently, Beer
nd co-workers have developed a methodology for the anion-
emplated synthesis of a wider range of interlocked species based
n coupling the recognition of halides by a hydrogen-bonding

ntaining strands positioned around two templating fluoride anions.



3174 N. Gimeno, R. Vilar / Coordination Chemi

F
l

h
s
t
w
(

p
t
p
d
d

a
a
i
t
a
w
w
t

s
c
o
t
u

c
I
presence of hexafluorophosphate no interlocked product was
ig. 24. Schematic representation of the anion-templated synthesis of inter-
ocked species developed by Beer and co-workers [57].

ost (e.g. a macrocycle) with ion-pairing between the corre-
ponding halide and a second cationic species [57,58]. These
wo interactions provide the driving force for interpenetration,
hich can then yield the corresponding interlocked assembly

see Fig. 24).
Different sized isophthalamide-macrocycles containing

olyether functionalities were designed to act as the wheel
hrough which a cationic species could thread forming a [2]-

seudorotaxane. Molecules containing groups, such as pyri-
inium, imidazolium, benzimidazolium and guanidinium
erivatives, were used as the cationic threads (see Scheme 8).

d

–

Scheme 8. Schematic representation of the macrocycles and linear cationi
stry Reviews 250 (2006) 3161–3189

The assembly of pseudorotaxanes was achieved in all cases
nd was confirmed by single-crystal X-ray analysis as well
s 1H NMR studies [59]. These studies have indicated the
mportant templating role of the anion (chloride showing to be
he optimum template). The importance of the ion-pairing has
lso been investigated showing that strongly bound assemblies
ere formed in the case of the pyridiniun-based systems, while
eaker ones were obtained with imidazolium and guanidinium

hreads.
An analogous strategy to the above but including a “clipping”

tep, was employed for the formation of rotaxanes [60]. In this
ase, the thread also included two stoppers while the precursor
f the wheel contained two allylic end groups that could allow
he closing of the rotaxane by a simple olefin metathesis reaction
sing Grubbs’ catalyst (see Fig. 25).

Formation of the rotaxane in a 47% yield was achieved with
ompounds 25 and 26 in the presence of chloride (see Scheme 9).
nterestingly, when the same reaction was carried out in the
etected.
Formation of the rotaxane – when using chloride as template

was confirmed by 1H NMR spectroscopy. Large downfield

c molecules used as “wheels” and “threads” for rotaxane formation.
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ig. 25. Schematic representation of the anion-templated formation of a rotax-
ne by a clipping procedure.

hifts of the amide and the ortho-isophthalimide ring protons of
he macrocycle (δ = 2.24 and 0.70 ppm, respectively) indicated
he complexation of the anion by this hydrogen-bonding cleft.
he single crystal X-ray analysis of this species confirmed the

ormation of the interlocked product in which the macrocycle
ncircled the ion pair (see Fig. 26).

Once the anion-templated synthesis of the [2]rotaxane was
chieved, the ability of this assembly to act as selective receptor
or anions was studied. For this, the templating chloride from
he initial [2]rotaxane was first replaced by the non-competitive
nion [PF6]−. The binding of the [2]rotaxane towards acetate,
ihydrogen phosphate and chloride was then investigated
howing selectivity for chloride (with K = 1300 M−1 for Cl−,
00 M−1 for [H2PO4]− and 100 M−1 for [CH3COO]− in 1:1
DCl3:CD3OD). These differences in anion selectivity could be
scribed to the formation of a unique hydrogen-bonding pocket
y the diamide clefts of the cationic thread and macrocycle in
he rotaxane, with a complementary topology for the chloride
nion.

A further development of this methodology, involves the first
xamples of the anion-templated synthesis of [2] and [3]cate-

anes [61]. Compound 27 provided one macrocyclic unit of
he target catenane (incorporating the amide cleft for anion
ecognition) while the pyridinium compound 28 was selected
s thread to complement the binding sites of the macrocycle

d
r
p

Scheme 9. Schematic repres
ig. 26. Crystal structure of the rotaxane formed by a chloride-templated process
rom 25 and 26. Cyclization of 25 was achieved by olefin metathesis using
rubbs’ catalyst.

see Scheme 10). Functionalization of the thread with terminal
llylic groups enabled a ring closing metathesis reaction to be
arried out yielding the [2]catenane (29) in 45% yield. Traces
f a [3]catenane (<5%) were detected in this reaction. Single-
rystal X-ray crystallography confirmed the interlocked nature
f the two macrocyclic rings and the location of the chloride
nion within the amide cavity (see Fig. 27).

The choice of anion in this process was shown to be crucial
or the successful assembly of the interlocked species, chloride
eing the only one of the anions investigated to yield the [2]cate-
ane in acceptable yield.
Using an analogous anion-templated approach to the one
escribed above, a luminescent rotaxane has recently been
eported by Beer and co-workers [62,63]. This assembly was
repared from the rhenium(I) bipyridyl derivative 30 (which

entation of 25 and 26.
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Scheme 10. Schematic representation of the anion-templated synthesis of cate-
nane 29.
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ig. 27. Crystal structure of catenane 29 highlighting the position of the chloride.

s the precursor of the rotaxane’s wheel) and the calix[4]arene
yridinium chloride axle 31. In the presence of chloride, these
wo components were pre-organized so that when a ring closing

etathesis was carried out with Grubb’s catalyst the rotaxane

2 was obtained (see Scheme 11). Once 32 was formed and
he templating chloride removed, anion binding studies were
erformed using the luminescence of the rhenium(I) moiety as
he reporter signal. Addition of the tetrabutylammonium salts of

3

o

Scheme 11. Anion-tempalted s
stry Reviews 250 (2006) 3161–3189

hloride, nitrate and hydrogensulfate to acetone solutions of the
otaxane led to significant enhancement in emission intensity,
n particular for the hydrogensulfate. Titration curves allowed
o calculate anion association constants in acetone for the 1:1
omplexes (K > 106 for [HSO4]− versus K = 1.81 × 105 for Cl−).
nterestingly, the selectivity of the rotaxane for the anions studied
as opposite to that observed for the non-interlocked building
locks (namely 30 and the macrocycle resulting from ring clos-
ng metathesis of 30). These systems showed to be more selective
or chloride than hydrogensulfate (K = 3.10 × 105 for Cl− versus

= 3.52 × 103 for [HSO4]−).
Stoddart and co-workers have recently described interlocked

pecies where anions are not directly involved in their forma-
ion, but play a crucial role in determining the molecular motions
f the components of these interlocked species [64,65]. One of
hese species is a rotaxane with an axle comprising two “sta-
ions”: BPTTF and DNP [64]. The wheel of the rotaxane is
ositively charged and its motion from one station and the other
an be induced electrochemically. Interestingly, depending of
he counterion of the cationic ring one of the two translational
somers of the rotaxane is preferred over the other one (see
cheme 12).

In acetone, the PF6
− rotaxane exits as an approximately 1:1

ixture of the two translational isomers where the cationic ring
s located around the DNP recognition site in one isomer and
round the BPTTF in the other. However, when the bulkier
ounterion TRISPHAT is used, the proportion of translational
somers changes in favor of the one with the cationic ring located
n the BPTTF station (up to 95%). This preference towards the
PTTF station when having TRISPHAT could be explained as
n electronic as well as a steric effect of a larger molecule, such
s TRISPHAT.

. Anion templates in the synthesis of polymeric
aterials
.1. Coordination networks and polymers

Coordination networks have attracted great deal of interest
ver the past few years [66–69] due to their potential applications

ynthesis of rotaxane 32.
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nitrate anions is directly coordinated to the metal centre while
the other one remains outside the coordination sphere inter-
acting via hydrogen bonds with the urea groups of the lig-
and. We found a similar behaviour when the copper source
Scheme 12. Schematic representation of the translational i

n sensing [70,71], storage [72–75] and catalysis [76,77]. For
hese applications to be realized, it is essential to have efficient
ynthetic procedures for their preparation. A common problem
hen synthesizing this type of assemblies is that, due to the
ynamic nature of metal–ligand bonds and the various potential
eometries that metal centers can take, it is often difficult to
redict the exact nature of the final polymeric materials. The
tructures of metal-organic assemblies are highly dependent on
he geometry, bulkiness and flexibility of the ligands employed
s building blocks. The experimental conditions (such as the
olvent, temperature and crystallization method) and the nature
f the metals’ counterions can also have an important influence
n the structure of the final assembly.

Most of the metal-organic networks reported to date use metal
ations with charges varying between +1 and +3. Since the metal
ssembly in the crystalline phase needs to have all the positive
harges compensated by the corresponding negative charges,
n the design of coordination networks it is possible to either
se negatively charged ligands or have neutral ligands and use
he metal’s counter-anions to balance the charges. In the latter
ase, the counter-anions can be strongly coordinating and hence
nteract directly with the metal centre or be non-coordinating
emaining as part of the network without interacting directly
ith the metal. However, in the latter case anions can still play a

rucial role in determining the overall structure of the coordina-
ion network by acting as templates pre-organizing the ligands
mployed to build-up the assembly.

Due to this “dual” role of anions in coordination chemistry
i.e. negative ligands or non-coordinating counterions), it is usu-
lly difficult to separate the two phenomena when studying the
nfluence that anions have in determining the final structure of a

oordination network. Although in the past 5 years, there have
een many reports on the formation of metal-organic frame-
orks using a wide range of ligands and metals, systematic

tudies on the influence of the anion in the final structure are
S
d

rization induced by the presence of the TRISPHAT anion.

ot as common. In our previous review on anion templation
7], some of these studies were already presented showing the
reat influence that anions can have on the structures and prop-
rties of metal-organic materials formed. Following on from
hat discussion, a selection of more recent investigations in this
rea highlighting the dual coordinating/non-coordinating role of
nions is herein presented.

We have recently studied the formation of a series of cop-
er(II) coordination networks by reacting the hydrogen-bonding
ipyridyl ligand L6 with different anions (see Scheme 13) [78].

As can be seen in Figs. 28–30, the structures obtained
sing Cu(NO3)2, CuCl2, Cu(OAc)2 and CuSO4 as copper(II)
ources are very different. At the time we started our inves-
igations, the reaction between L6 and Cu(NO3)2 had been
reviously shown to yield a coordination network with for-
ula [Cu(L6)2(H2O)(NO3)][NO3] [79], in which one of the
cheme 13. Summary of the products resulting from the reactions between
ifferent copper(II) salts and L6.
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Reger et al. have reported the formation of several silver(I)

F
a

ig. 28. Crystal structure of the infinite coordination network formed by
[Cu(L6)2(H2O)Cl][Cl]}n.

mployed was CuCl2: a non-interpenetrating grid of formula
[Cu(L6)2(H2O)Cl][Cl]}n was formed with one of the chlo-
ides directly bound to the metal centre while the second one
emaining non-coordinated in the channels formed by the grids.

In contrast, when using Cu(OAc)2, the assembly obtained
onsists of a 2D network of copper(II) centres coordinated in
square-based pyramidal fashion with three independent L6

olecules and two acetate ligands. In this assembly, with general

ormula{[Cu(L6)(CH3COO)2]}n, the equatorial positions of the
opper centres are coordinated by two pyridine rings and two
cetate anions while the axial position is occupied by a third

c
a
o

ig. 29. Crystal structure of the polymeric chains of {[Cu(L6)(CH3COO)2]}n highligh
nd the N H groups of the ligand’s urea.
stry Reviews 250 (2006) 3161–3189

igand coordinated via its urea’s carbonyl group (see Fig. 29).
he coordination of each ligand L6 to three copper atoms via the
yridines and the oxygen of the urea group leads to the formation
f a polymeric assembly of Cu2(L6)2 rectangles.

Finally, the reaction between CuSO4 and ligand L6,
ielded yet a different assembly with formula{[Cu(L6)2(H2O)2]
SO4]}n (see Fig. 30). In this case, each copper(II) is coordinated
o four independent ligands via their pyridyl groups and to two
ater molecules giving an octahedral geometry. In contrast to the
ther structures described above, the anions are not coordinated
o the metals but are interacting via hydrogen bonds with the
ridging bipyridyl ligand and the coordinated water molecules.

It is clear from the assemblies discussed above that anions
ave a very important influence – whether by direct coordination
r non-coordinating counterions – in defining the final structure
f metal-organic networks.

A large proportion of coordination networks and polymers
re based on silver(I) or copper(I). Usually, these extended struc-
ures are prepared by mixing the corresponding metal salt with
ultipodal ligands in the appropriate stoichiometry. Since there

re several potential ways in which the components can assem-
le together (due to the flexible coordination geometry around
hese metal centres) the “choice” of the final assembly is strongly
nfluenced by the experimental conditions and by the nature of
he metal’s counter-anions. As discussed in our previous review,
ver the past few years several groups – such as those of Han-
on [80], Min and Suh [81], Schröder [82], Keller [83,84] and
hampness [85,86] – have carried out detailed investigations on

he impact that anions have in the formation of metal-organic
etworks using silver(I) and copper(I).
oordination networks and polymers using pyrazolyl-donor lig-
nds, whose structures are highly dependant on several factors,
ne of them being the nature of the counter-anions [87,88].

ting the hydrogen-bonding interactions between the coordinated acetate groups
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the structures reported. Once again, the anions play an impor-
tant role yielding discrete metalla-macrocycles for X = [BF4]−
or [CF3SO3]−, and a coordination polymer (of metalla-cycles)
for X = [NO3]−.
ig. 30. A simplified view of the crystal structure of the polymeric assembly
ncapsulated sulfate anion.

ore specifically, this group has reported the assemblies result-
ng from the reactions between three different silver salts
namely AgX with X = BF4, CF3SO3, NO3) and the tetrapyra-
ole ligand 1,1,5,5-tetra(1-pyrazolyl)pentane [CH(pz)2(CH2)3
H(pz)2, L7] (see Scheme 14) [88]. When AgBF4 or
g(CF3SO3) were used discrete [2 + 2] macrocycles with for-
ula [Ag2(L7)2][X]2 were obtained and structurally charac-

erised (see Fig. 31).
In these assemblies, the anions are non-coordinating and posi-

ioned outside the cyclic structures. Interestingly, with [BF4]−
he anion does not display any important supramolecular inter-
ctions with the metalla-cycles and hence does not play a role
n defining the extended supramolecular structure of the system
n the solid state. On the other hand, the [CF3SO3]− anions
re involved in multiple non-covalent interactions (including
ydrogen-bonding) with the metalla-cycles leading to the for-
ation of supramolecular chains in the solid state (see Fig. 32).
In contrast to the behaviour observed with the previous two

nions, when AgNO3 is employed in this reaction a coordina-
ion polymer with formula {[Ag(L7)][NO ]} is obtained (see
3 n

ig. 33). In this assembly, each bis(pyrazolyl)-methane unit
oordinates in a bidentate fashion. In addition, a weakly bonded
identate nitrate completes a pseudo-octahedral environment

cheme 14. Summary of the products resulting from the reactions between
ifferent silver(I) salts and L7.

F
m

(L6)2(H2O)2][SO4]}n highlighting the hydrogen-bonding interactions of the

round the silver(I) centres. The polymeric chains formed in this
ay, interact with each other via Ag O and CH· · ·O to generate
3D supramolecular structure in the solid state.

In the same paper, the authors also investigate the influence
hat the length of the spacer that links the bis(pyrazolyl)-methane
nits has in the structure of the metalla-assemblies. The reac-
ions between the same silver(I) salts discussed above and the
horter ligand [CH(pz)2(CH2)2CH(pz)2] were investigated and
ig. 31. Crystal structure of [Ag2(L7)2](BF4)2 showing the anions outside the
acrocyclic cavity.
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Fig. 32. Crystal structure of [Ag2(L7)2](CF3SO3)2 showing the extended structure formed due to non-covalent interactions between the triflate anions and the
metalla-macrcocyles.

3]}n showing the coordination of the nitrate anions to the silver(I) centres.
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Fig. 33. Crystal structure of the coordination polymer {[Ag(L7)][NO

Cheng and co-workers have recently reported a series of
olymeric metalla-assemblies based on zinc(II) or cadmium(II)
hose final structures depend greatly on the counter-anion
resent [89]. The reactions of MX2 (where M = Zn or Cd; X = Cl,
O3 or ClO4) with the bridging ligand 1,2-bis(1,2,4-triazole-1-
l)ethane, L8 (see Scheme 15) were investigated and the crystal
tructures of some of the resulting assemblies reported.

When the reaction was carried out with ZnCl2, a helical infi-
ite chain with formula [Zn(L8)Cl2]n was formed (see Fig. 34).
he coordination around the zinc(II) centres in this coordination
olymer is tetrahedral yielding a helix with a width of ca. 8.3 Å
nd a pitch of ca. 12.3 Å containing two zinc(II) ions per turn.
everal non-covalent interactions – such as C H· · ·Cl hydrogen

onds – are observed in this structure which help stabilising the
oordinated helical chains. Furthermore, the chains intertwine
ielding double helical arrangements of these coordination poly-
ers.

Scheme 15. Summary of the products resulting from the reactions between
different zinc(II) and cadmium(II) salts and L8.
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Fig. 34. Crystal structure of the right-handed helical infinite chain [Zn(L8)Cl2]n.
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Fig. 35. Crystal structure of the two-dimensional coordination polymer {[

In contrast, when either Zn(NO3)2 or Cd(NO3)2 are used
s metal sources, two-dimensional coordination polymers with
ormula {[M(L8)2(H2O)2](NO3)2}n (M = Zn, Cd) are formed
see Fig. 35).

The metal centres have octahedral geometry with four ligands
quatorially located and two axial water ligands. The nitrate
ounter-anions are imbedded in the network interacting via
ydrogen bonds with the coordinated water molecules forming
D supramolecular zigzag chains.
Finally, the reaction between L8 and Cd(ClO4)2 yields
et a different polymeric assembly, namely a 1D double-
ridged assembly with formula {[Cd(L8)2(H2O)2](ClO4)2}n

see Fig. 36).

a

d
d

Fig. 36. Crystal structure of the 1D double-bridged po
)2(H2O)2](NO3)2}n showing the nitrate anions imbedded in the network.

The metal centres have an octahedral coordination with
our ligands in the equatorial plane and two water molecules
n the axial positions. In contrast to the structure formed
hen using M(NO3)2, here two cadmium centres and two

igands form metalla-macrocycles which link with the neigh-
ouring macrocycle to yield the structure shown in Fig. 36.
he perchlorate counter-anions are involved in Cl· · ·H O
ydrogen-bonding with the coordinated water molecules
eading to the formation of a higher order supramolecular

ssembly.

An interesting study on the control exerted by anions in
efining the secondary structure of a series of silver(I) coor-
ination polymers has been recently reported by Lee and co-

lymeric assembly {[Cd(L8)2(H2O)2](ClO4)2}n.
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Scheme 16. Summary of the assemblies resulting f

orkers [90]. Using the bent-shaped bipyridyl ligand (L9) shown
n Scheme 16, this group has shown – using 1D and 2D X-
ay diffraction experiments – that as the size of the counter-
nion increases the secondary structure of this assembly in the
olid state changes from a folded helical chain to an unfolded
igzag conformation. As a consequence of this, the aggregation
ehaviour of the coordination chains changes dramatically in
he presence of different anions.

The solid state structure of these assemblies was confirmed
y small- and wide-angle X-ray measurements. These studies
howed that for smaller anions, such as [NO3]− and [BF4]−,
he cationic coordination chains can bind effectively an anionic
uest (through a cisodial conformation) yielding a helical
rrangement that organizes into a 2D hexagonal columnar struc-
ure (see Fig. 37). While X-ray studies show that complex 34
xhibits an intramolecular order, complex 33 (with [NO3]−) has
nly a liquid-like order within the column. This is probably due
o the fact that [NO3]− is too small as a guest for the cavity
ormed by the helical assembly which hence contracts to bind

he anion efficiently leading to a disorder of the helical pitch
ithin the column.
In the case of the assembly formed with Ag(CF3SO3), the

-ray studies in combination with simple CPK models suggest

s

t
l

ig. 37. Molecular formula of the polymeric helical arrangement of 34 and schemat
hem. Soc. 126 (2004) 7009—reproduced by permission of The American Chemical
e reaction between different silver(I) salts and L9.

hat the triflate counter-anion can be closely encapsulated by a
etalla-cycle formed by two ligands and two silver(I) centres

35). These macrocyclic species are proposed to self-assemble
nto a tubular (helical) structure, which organizes into a two-
imensional lattice (see Fig. 38).

The authors rationalize this structure (in comparison to the
elical chains formed with [BF4]−) by indicating that the size
f the cavity in 35 is enlarged for effective binding of the larger
riflate anion generating the macrocycles which self-assemble
nto tubular arrangements. Furthermore, the macrocycles stack
ith mutual rotation to avoid the steric hindrance generated by

he bulky dendritic substituents of the ligand. This generates
he helical columns observed in the secondary structure of this
omplex (see Fig. 38).

In contrast to the helical structures described above, in the
resence of the bulkier heptafluorobutyrate anion, the silver(I)
oordination chains (36) adopt unfolded zigzag conformation
see Fig. 39). This is most likely due to the larger size of
he anion, which prevents it from being encapsulated by the

ilver–ligand system.

The X-ray diffraction experiments of 36 also indicate that
he unfolded zigzag coordination chains self-assemble into a
amellar structure with in-plane two-dimensional order.

ic representation of its secondary structure (figure taken from ref. [90]; J. Am.
Society).
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ig. 38. Molecular formula of the metalla-macrocycles formed by 35 and sch
hem. Soc. 126 (2004) 7009—reproduced by permission of The American Che

.2. Molecularly imprinted polymers

Molecularly imprinted polymers (MIP) are materials capable
f recognizing and binding specific substrates [91,92]. They are
ormally prepared by polymerizing functional monomers in the
resence of a specific templating agent, which generates “cavi-
ies” complementary in size, shape and function to the original
emplate. Consequently, these polymers are able to act as selec-
ive hosts for specific guests having potential applications as

aterial for selective separation, sensing and catalysis (enzyme
imics).
Although MIPs have been studied for several years and

mprinted materials for a wide range of substrates have been
btained, until recently there were only few examples reported of
IPs templated by anionic species. For example, the MIPs inde-
endently reported by Shinkai and co-workers [93] and Powell
nd co-workers [94] in the late 1990’s demonstrated to be good
olymeric hosts for AMP and cAMP.

w
h
m

ig. 39. Molecular formula of the unfolded coordination polymer formed by 36 and s
. Am. Chem. Soc. 126 (2004) 7009—reproduced by permission of The American Ch
c representation of its secondary structure (figure taken from ref. [90]; J. Am.
Society).

Over the past 4 years, several new examples of anion-
emplated MIPs have been reported. Wulff, for example, has
sed phosphate and phosphonate templates to prepare imprinted
olymers that mimic the active site of carboxypeptidase-A (a
inc-containing enzyme that hydrolyses peptide bonds) [95].
he functional monomer 37 (containing a benzamidine group
s a hydrogen bond donor and a triamine to coordinate ZnII)
as polymerized by radical initiation together with ethy-

ene dimethacrylate (EDMA), methylmethacrylate (MMA), the
emplate (either diphenylphosphate (38) or phenyl-2-pyridyl-
hosphate (39)) and ZnCl2 (see Fig. 40).

After removal of the template, the catalytic ability of the
mprinted polymers to hydrolyse diphenylcarbonate was stud-
ed and compared to a control polymer prepared under the same
onditions but without the anionic template. The MIP prepared

ith 38 as a template, gave 1800-fold rate enhancement of the
ydrolysis reaction in comparison to the control. The enhance-
ent was even higher (3200-fold) for the MIP prepared using 39

chematic representation of its secondary structure (figure taken from ref. [90];
emical Society).
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ig. 40. (a) Molecular formula of the monomer and building blocks used to
enerate the MIP shown in (b).

s template. The high activity of the later can be explained by the
omplexation of the pyridine group of template 39 that stabilizes
favourable conformation during imprinting. In a similar study
y the same authors, it was shown that CuII can also be used in
he catalytic centre and also that a wider range of substrates can
e hydrolysed [96].

In another recent development, Spivak has published a sur-
ey of several commercially available functional monomers to
ield MIPs with selectivity to bind carboxylates and phosphonic
cids [97]. Up to five aromatic and aliphatic functional commer-
ial monomers containing binding moieties were explored (see
cheme 17). All of them were polymerized in the presence of

he template tboc-l-phenylalanine, which contains a single chi-
al centre allowing enantioselectivity.

The different MIPs obtained were evaluated by HPLC and

he retention factors were employed to calculate separation
actors of l- and d-enantiomers of the tboc-Phe. These val-
es allow comparison of binding and selectivity of the MIPs
tudied. The results showed a higher selectivity for the MIPs

cheme 17. Schematic representation of the different monomers and template
or the synthesis of MIPs.

n
o
a
i
b
g
a
m

f
w
i
M
a
o
d

stry Reviews 250 (2006) 3161–3189

repared using the pyridine-derivatives 2-VPY and 4-VPY than
ith the aliphatic amines. In contrast, the highest binding affinity
though poorer selectivity – was obtained for the MIPs prepared
ith the aliphatic amine monomers 2-DEMA and 3-APM. This

ffect was explained to be due to the more directional and spe-
ific interaction of the aromatic amines while the more charged
nd more basic aliphatic amines provide strongest binding inter-
ctions increasing the affinity of the MIPs for the guest.

Phosphate imprinted MIPs were prepared with 2-VPY and
-DEMA to evaluate binding and selectivity for this anion.
hiral aminophosphonic acids were used in this study, which
ave, in general, much better affinity for MIPs than carboxy-
ates. However, only the polymer containing the 2-VPY showed
electivity against the phosphate. Indeed, it seemed that the
electivity achieved with the phosphate was not as good as the
ne achieved with an analogous carboxylate. This was explained
ue to the reduced specificity of the interaction of both phosphate
roups against a single interaction of the carboxylate. More-
ver, specificity of 2-VPY containing polymer had an important
ependence on the pH.

The development of MIPs for imprinting small and simple
olecules, such as low molecular weight carboxylic acids, is

ften troublesome as good selectivities are not easily achieved.
i reported an indirect method to prepare 4-vynilpyridine MIPs
sing copper complexes of the corresponding carboxylic acids
s templates [98]. Polymers imprinted with formic, acetic or pro-
ionic acid showed very low retention factors (0.028, 0.069 and
.070, respectively). Both computational and chromatographic
tudies pointed out that this non-imprinting effect is probably
ue to the fact that these molecules are too small and simple
nd the cross-linking agent cannot form a regular cavity fitted
or them. Enlarging the size of the template and strengthening
he interaction between template and functional monomer by
orming, in this case, picolinamide-copper complexes, such as
he ones shown in Fig. 41, improve the selectivity of the MIPs
owards the acid-complex (25.9, 9.2 and 18.65 for formic, acetic
nd propyonic acid, respectively) and indirectly to the acid itself.

.3. Liquid crystals

An area of great current interest is the development of colum-
ar and cubic thermotropic liquid crystals [99–101] from self-
rganization of anisometric molecules [102,103]. One of the
pproaches employed to build and manipulate these interest-
ng materials is based on supramolecular interactions between a
inding motif in the anisometric molecule and a complementary
uest. This approach has the advantage of being very versatile
nd flexible since in the presence of different guests the same
olecules could yield very different materials.
Although the systematic use of anionic guests to template the

ormation of specific liquid crystalline structures has not been
idely studied, a recent report by Kim et al. demonstrates the

mportant role that anionic guests can play in this area [104].

ore specifically, this group has reported the effect of the size

nd nature of anions in the mesomorphic behaviour of a series
f self-organized structures based on the wedge-shaped guani-
inium derivative 40 (see Fig. 42). The guanidinium moiety is
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Fig. 41. Schematic representation of the formation of a MIP by

ell-known to form strong host–guest complexes with several
nions through electrostatic as well as hydrogen-bonding inter-
ctions.

Compound 40 yields several different self-organized struc-
ures depending of the counter-anion employed. For example,
ith the polyatomic anions [NO3]− or [BF4]−, a hexagonal

olumnar mesophase was formed. Changing to a cylindrical
nion, such as [HCCCO2]−, a rectangular columnar mesophase
as obtained, indicating that the anion has an effect not only in

he formation of columnar phases but also in the selection of a
referred arrangement of such columns. Finally, Cl− (a smaller
nd spherical anion) favors the formation of both a columnar
esophase and a cubic phase, which are not very common

hases in liquid crystals.
The authors propose that the different arrangements of [40]X

re due to the formation of a supramolecular structure where
our molecules of 40 assemble with the corresponding anion to
ield a disk-type assembly (see Fig. 42). These disks stack on top
f each other yielding an infinite column “glued” together via
avorable intermolecular non-covalent interactions. The spher-
cal (Cl−) and highly symmetrical ([NO3]− or [BF4]−) anions
avor hexagonal arrangements. On the other hand, the less sym-
etrical and linear [HCCCO2]− anion yields a rectangular

rrangement. A further interesting observation with the chloride-
ontaining system is that, when increasing the temperature, an
nverted micellar cubic phase is formed. This could be explained

s a collapse of the cylinders at higher temperatures resulting in
ormation of spherical aggregates, which are only favoured in
he case of a small and spherical anion, such as Cl−, with no
referred binding directionality.

a
D
m

Fig. 42. Schematic representation of the different self-assembled liquid
g copper(II) complexes with carboxylate ligands as templates.

. Anions as templates in dynamic combinatorial
ibraries

The pioneering work by Sanders [105–108] and Lehn
109–111] on dynamic combinatorial chemistry has become

powerful approach for the synthesis of selective molecular
eceptors [112]. This approach is based on the generation of
dynamic combinatorial library (DCL) of compounds formed
y linking different building blocks using reversible covalent or
on-covalent reactions. The use of a reversible reaction allows
he different members of the library to interconvert continuously,
enerating a mixture of compounds in equilibrium. Because of
he dynamic equilibria established in a DCL, the stabilization of
ny given compound by molecular recognition can amplify its
ormation. Hence, the addition of a template to the library under
he right experimental conditions, generally leads to the isola-
ion of the compound that forms the thermodynamically more
table host–guest complex with the added template.

These virtual libraries may be applied either to aid the discov-
ry of a substrate for a particular receptor (defined by Lehn as
asting) or for the construction of a particular receptor for a given
uest (defined by Lehn as molding). Both these approaches to
CLs rely not only on the reversible formation of bonds between

he different basic components of the mixture, but also on their
bility to display interactions (e.g. non-covalent, such as hydro-
en bonds) with the template.
A critical step in the generation of a DCL is the selection of the
dequate reaction to generate the library of potential receptors.
ifferent covalent reversible reactions, such as hydrazone for-
ation, disulfide exchange or imine formation are commonly

crystalline materials obtained in the presence of different anions.
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The equilibrium of the above mixture was shown to change
when an acid (namely CF3COOH) was added. This is due to the
fact that protonation of the amines on L10 induce diastereose-
lectivity. In this way, some of the products initially present in
Fig. 43. Schematic representation of a dynamic combinatoria

mployed to generate the DCL. Since non-covalent interac-
ions, such as hydrogen-bonding are reversible, they can also
e employed to generate these libraries.

Although in the past 10 years, there have been important
dvances in the area and dynamic combinatorial chemistry
as been successfully applied to develop receptors for various
ationic and neutral species, there are still very few examples of
CL’s for anions. One of these examples has been recently pub-

ished by Kubik and Otto who developed a dynamic library based
n disulfide exchange to prepare neutral receptors for anionic
pecies [113]. These receptors are based on dimers of cyclic
eptides that are joined together by different thiol-containing
pacers (see Fig. 43). The selectivity and binding properties of
he dimers is highly dependant on the length and flexibility of
hese spacers.

For example, the addition of sulfate or iodide to a virtual
ibrary of these dimers (having different spacers as the struc-
ural variation) amplified the formation of one specific receptor.
ddition of other anions, such as chloride or fluoride did not

hift the equilibrium at all. Interestingly, isothermal titration
alorimetry (ITC) studies revealed that the binding constants
f the new dimeric-receptors with sulfate and iodide (with val-
es around 106) are one order of magnitude higher than those
or the monomeric cyclic peptides.

A different approach to the generation of dynamic libraries
f anion-receptors has been proposed by Williams who has

hown that chloride is capable of modifying the distribution
f products in an equilibrated solution containing cobalt(II)
nd two different chelating ligands [114]. More specifically
mixture of 2,2′-bipyridyl, ligand L10 (see Scheme 18) and

S
b

ry of anionic receptors based on cyclic peptides and dithiols.

o(NO3)2 generates a library of complexes with general for-
ula [Co(bipy)X(L10)3−X]2+.
Since the octahedral coordination of chiral N,N′ chelating

igands to a metal centre can yield two different diastereoiso-
ers (either � or �) several different complexes are expected

o form. This was indeed the case when the mixture was anal-
sed spectroscopically. Electrospray mass spectrometry showed
hat all the possible combinations of products were indeed
resent in solution in the following ratio: [Co(L10)3]2+ (80%),
Co(bipy)(L10)2]2+ (100%), [Co(bipy)2(L10)]2+ (91%) and
Co(bipy)3]2+ (11%). Furthermore, 1H NMR spectroscopy indi-
ated that for each of the complexes – except for [Co(bipy)3]2+

hich give an enantiomeric pair – the corresponding �- and
-diastereomers were present.
cheme 18. Schematic representation of the products resulting from the reaction
etween cobalt(II), L10 and 2,2′-bipyridyl.
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cheme 19. Schematic representation of the reaction of a cobalt(II) salt and L11.

he mixture disappeared upon addition of the acid. Interestingly,
n even more dramatic change in the distribution of products
as observed when DCl instead of CF3COOH was added to the
ynamic library of complexes. The mixture shows essentially
nly two species, which the authors have identified on the basis
f their 1H NMR spectra as the homoleptic complexes {Cl2⊂�-
Co(L10H2)3]6+} and [Co(bipy)3]2+. Although the host:guest
omplex amplified in this library is not particularly stable (as
etermined by binding constants), the authors rationalise the
mplification of this complex on the grounds that coulombic
epulsion between the protonated amines is minimized by the
resence of chloride.

In a related system, Rice and co-workers have reported that
itrate can modify the distribution of products in a mixture
f cobalt(II) and two different N,N′ chelating ligands [115].
n the investigation, the authors first showed that reacting
o(ClO4)2 with ligand L11 yields a triple helicate with formula

Co2(L11)3][ClO4]4 (see Scheme 19).
In this metal complex, pockets for anion binding are formed

t both ends of the helicate in each of which a perchlorate is
ound via hydrogen bonds (see Fig. 44).

Interestingly, addition of two equivalents of [Bu4N][NO3]
o this complex yields the mixed-anion helicate [Co2(L11)3]
ClO4)2(NO3)2. The X-ray crystal structure of this complex
hows that the perchlorates initially bound to the two anion-
iding pockets of the helicate, have been replaced by nitrates.
Having established this, the authors investigated the distri-
ution of products that would form upon mixing [Co(ClO4)2]·
H2O, L11 and L12 (see Scheme 19 for the chemical structure
f the ligands) in a 2:1.5:1.5 ratio. The 1H NMR spectrum of

ig. 44. Crystal structure of [Co2(L11)3][ClO4]4 showing two of the perchlorate
nions biding to the cavities generated by the helical arrangement of the ligands
round the metal centres.

C
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stry Reviews 250 (2006) 3161–3189 3187

his mixture indicated that the four complexes [Co2(L11)3]4+,
Co2(L11)2(L12)]4+, [Co2(L11)(L12)2]4+ and [Co2(L12)3]4+ in
statistical distribution of 1:3:3:1. This was confirmed by ES
ass spectrometry, which also showed the presence of the four

ifferent complexes. However, when KNO3 was added to this
ixture the distribution of products changed dramatically with

he two homoleptic complexes [Co2(L11)3]4+ and [Co2(L12)3]4+

eing the main components of the mixture (with only 5% of the
eteroleptic compounds). The authors attribute this behaviour
o the strong binding of nitrate (which acts as a template) to the
nion-binding pockets in [Co2(L11)3]4+.

. Conclusion

Not many years have passed since the first examples of
nion-templated syntheses were reported in the early 1990’s.
owever, over the past 5 years there have been an increasing
umber of processes in which anions play an important direct-
ng role. As has been shown in this review – which mainly
overs the literature of the past 3 years – a wide range of molec-
lar and supramolecular assemblies have now been prepared
sing anion-directed processes. This includes metal-containing
ages and macrocycles, interlocked species (such as catenanes
nd rotaxanes) and helicates. Polymeric materials, both organic
nd metal-organic, with defined cavities have also been syn-
hesized using this approach. Furthermore, anions have been
sed to modify the type of structures obtained in liquid crys-
alline materials leading to a potentially very useful approach to
he control and manipulation of these materials. More recently,
he first examples of dynamic combinatorial libraries of anionic
eceptors (using anions as templates) have appeared in the lit-
rature. This promises to be an efficient methodology for the
reparation of selective receptors for anionic species.
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