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sequently, this property is of importance for a successful mimic
Fig. 1. The structures o

. Introduction

By virtue of their unique geometry, calixarenes (Fig. 1) are
ttractive for application in chemistry, physics, biology, medicine
nd in many interdisciplinary fields [1–11]. For example, David
utsche selected calixarenes as rigid synthetic platforms in the
esign of an aldolase mimic  and this lead him to his pioneering
ork on improved synthetic routes towards them [12].

At least 2n identical binding sites can be introduced in a
alix[n]arene scaffold, whereas the hydrophobic cavity formed
y its phenyl moieties offers an additional binding site for
on-covalent binding of a substrate. The resulting geometric
rrangement of the binding motifs within a single molecule can
ead to multivalent binding and thus to the selective formation of
ighly stable aggregates [13]. Other small scaffolds such as benzene
erivatives, cyclodextrins, monosaccharides, metal complexes, or
zamacrocycles are often synthetically less easily accessible.

Molecules with completely different biological properties can
e obtained simply by changing the conformation of the calixarene
ackbone as illustrated in Fig. 2 on calix[4]arenes. The larger calix[6
r 8]arenes are more mobile and can better adjust their confor-
ation to a geometry that is required for efficient binding of a

arget/substrate in their cavity (induced fit). In this article, recent
evelopments (since about 1999) in the biomedical chemistry of
etal binding calixarenes are highlighted. Beautiful work on other

iologically active calixarenes such as e.g. sulfonato calixarenes or
ydrocarbon or peptide functionalized calixarenes further demon-
trate the immense potential of this class of compounds. Since
everal excellent reviews on these studies exist already, they are
ot included in this manuscript [1–11,14]. Furthermore, thiacal-

xarenes, resorcinarenes and pyrogallolarenes are not included,
ecause these compounds have a different coordination and redox
hemistry.
. Artificial ion channels and ion shuttles

The intra- and extracellular concentrations of physiologically
elevant metal ions usually differ. The transport of inorganic cations

OROR OROR OR

OR

OR OR

cone partial cone (paco)

Fig. 2. The four possible conform
x[4,6 and 8]arenes [8].

between intra- and extracellular compartments occurs mainly
through two  mechanisms: (i) ionophore mediated transport by
which a chelator binds the metal ion and transports it through
the lipophilic cell membrane and (ii) formation of transmembrane
channels with selectivity for a certain metal ion [15]. Whereas ion
shuttles can transport cations with a rate of 104 ions per second,
channels can transport ions about 10,000 times faster. As a result,
there is considerably more interest in channels than in the devel-
opment of new ionophores. In general, these channels provide a
hydrophilic path inside the hydrophobic cell membrane. Malfunc-
tioning of natural systems can lead to severe diseases. Therefore,
better understanding of transport processes of metal cations across
phospholipid bilayers is desirable. A major challenge is the design
of model systems that do not only allow charged metal ions to pass
a hydrophobic bilayer but that also show selectivity for a particular
cation [15]. Especially systems that are able to transport the bio-
logically most relevant alkali metal cations, Na+ and K+, selectively
through membranes are of great interest. The ratio of the concen-
trations of Na+ and K+ in- and outside cells are important for e.g.
the proper functioning of signal transduction in nerves.

Reported in 1955, macrocyclon, a calixarene derivative with
tert-butyl or tert-octyl groups on the upper rim and polyethylene-
glycol functions at the lower rim, has anti-tuberculous effects [16].
Nowadays, there is speculation that the anti-tuberculous and anti-
inflammatory properties of these compounds might be due to
their possible function as ion channels [17]. In general, suitable
amphiphilic calixarenes can be incorporated into biological mem-
branes and then serve as artificial ion channels [18–20]. This type
of calixarene may  also be used for selective binding of metal ions.

There are strong indications that, as a result of the size and the
hydrophobicity of the calix[4]arene backbone, the potassium aquo
ion is partly dehydrated prior to its transport through the cavity
towards metal binding functions on the lower rim [15]. Natural
ion channels have this dehydration capability as well and, con-
OROR

OROR

RO

OR OR

OR

1,2-alternate1,3-alternate

ations of calix[4]arenes [8].

[15].
In principle, calixarenes can form ion channels through mem-

branes in two  different ways. Cone conformers are likely to form
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ig. 3. Two  possibilities of how calixarenes can span phospholipid bilayers (left,
mage reprinted with permission from Ref. [15]) and most common binding motif
f  calixarene based ion channels (right, CG = coordinating group).

hannels with the cavity located at either the outer or the inner sur-
ace of the membranes whereas 1,3-alternate conformers probably
orm channels with the calixarene cavity located inside the mem-
rane (see Fig. 3). The most promising ion channel mimics should
ave the potential to be included into lipophilic membranes and
t the same time should provide binding sites for metal ions to
llow the transport of charged species through the apolar cavity.
esearch on calixarene based artificial enzyme mimics is limited
o Na+ and K+ transport so far, but systems that are able to trans-
ort other physiologically important cations such as Ca2+ or Mg2+

an be envisioned as well. Sulfinylamidine and N-chalconeamide
unctionalized calixarenes were already shown to influence Ca2+

ransport by Mg2+, ATP-dependent calcium pumps in rat uterus
mooth muscle subcellular structures [21,22].

Calixarenes that cannot physically span the bilayer but can
ransport metal ions through the bilayer do not necessarily act
s ion shuttles. They can self-assemble within the bilayer to
orm channels for ions in analogy to the naturally occurring
ramicidin-like aggregates [15]. This makes the understanding of
he mechanism of action of such ionophores difficult. In many of
he examples discussed below, the ion transport mechanism is not
nown.

+
.1. Na channels

In a systematic study on the selectivity of the transport of alkali
etal ions through a phospholipid bilayer model by calixarenes 1 of

O
O OO

1

O O
OOO

O

O

O

t-Bu
t-Bu

t-Bu t-Bu

n = 1 - 5

Fig. 4. Na+ selective cal
ry Reviews 255 (2011) 2727– 2745 2729

various sizes (from calix[4–8]arenes, Fig. 4), Jin et al. demonstrated
that the tetramer (n = 1) leads to a permeability for Na+ ions that
is 20 times higher than that for all other metal ions tested [23].
Probably, this calixarene forms a dimer within the bilayer that is
able to span the membrane thus allowing efficient Na+ transport or
it serves as an ion shuttle. The higher calixarenes of this type have
some selectivity for larger alkali ions; compound 1 with n = 3, 4, and
5 show preference for K+, Rb+, and Cs+, respectively [18].

In studies of the parameters determining the metal ion flux
through artificial cell membranes, it may  be useful to have a
possibility to block this transport. For example, 2 [15] formed a
photo-switchable artificial Na+ channel which has a Na+-selectivity
similar to that of calix[4]arenes 1 (n = 1). Upon irradiation with UV-
light (>310 nm)  the anthroyl units dimerize and then block the way
for diffusing metal ions. Upon switching off the UV-light, the dimer
slowly falls apart and ion transport resumes.

The influence of different conformations of the calixarene back-
bone on the transport of protons and Na+ ions through liposomes
was investigated by inclusion of ionophores 3a–e bearing cholic
acid moieties (Fig. 5) into liposomal membranes [24]. The com-
pounds with 1,3-alternate conformation (3a–c) are much more
effective in ion transport than the corresponding compounds in
cone conformation. This indicates that different transport mech-
anisms might be acting in compounds 3. The authors rationalize
that 3d and 3e form dimers in the membrane whereas the 1,3-
alternate ionophores are able to span the bilayer providing a much
better channel. Acylation of the steroid moieties has only a minor
influence on the transport efficiency.

Triton (Fig. 6) is a well-known non-ionic surfactant that is widely
used to destroy liposomes and cell membranes by penetrating
the bilayers. This propensity was the inspiration to synthesize
4 [25]. However, 4 did not show any ion transport, but its
calix[6]arene analogue bearing methylated phenolic groups is a
good Na+ transporter possibly due to a weaker binding of the metal
and the resulting easier translocation of the metal ion through the
hydrophilic channel provided by 4. Alkali metal ion selectivities
have not been reported for these systems.

Compound 5 showed negligible activity, which was ascribed
to its inability to completely span the phospholipid bilayer [26].
Another reason could be that the long alkyl-spacers are not able to
provide a hydrophilic channel through the lipid bilayer.

Alternatively to the size of the available cavity, the selectivity of
calix[4]arenes for sodium ions can be controlled through the elec-

tron density on the chelating phenolic ether units. A decrease of
electron density on donor groups leads to overall weaker binding
but at the same time the selectivity for Na+ over K+ becomes up to 10
times higher (see Fig. 7) [27]. Compound 6 or derivatives were not

O
O OO

2

O O
OO

O O

t-Bu
t-Bu

t-Bu t-Bu

O
O

O O

ixarenes [15,23].
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Fig. 5. Cholic acid containing ionophores 3a–e [24].
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Fig. 6. Triton and calix[4]a

valuated as ion transporters yet but their high selectivity makes
hem attractive model structures for future investigations.

.2. K+ channels

Control of the Na+/K+ ratio inside artificial cells requires the
resence of both Na+ and K+ channels. However, only a few reports
n calixarene based selective K+ ionophores have been published

nd only little is reported about K+ transport through phospholipid
ilayers. A promising mimic  of K+ transport was reported by Arduini
t al., who showed that the tubular 8 (Fig. 8) forms channels with
bout the required length to span such a bilayer [28].

O
O OO

6

N O
NON

O

N

O

CN CN

Fig. 7. Calix[4]arene 6 has 10.2 times higher selectivity for 
5

based ionophores [25,26].

A four-fold symmetric arrangement of Thr-Val-Gly-Tyr-Gly
polypeptides forms the selectivity filter of the K+ channel in Strep-
tomyces lividans. Compounds 9 are mimics of this system and were
used to learn more about the mechanism of cation transport and
about the origin of the selectivity of this system [29]. Initially, the
K+ ion is bounded by the phenolic and the valine carbonyl oxygen
atoms of all compounds studied. Hydrogen bonding was crucial
in this system: for the tripeptide, the Nval-H···O Cval bonds are

much stronger than for the shorter peptides. This effect stabilizes
this species and as a result the metal binding is relatively weak.
This might facilitate the release of the ion and therefore, the ion
translocation.

7

O
O OO

N O
NON

O

N

O

Na+ over K+ compared to its parent derivative 7 [27].
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Fig. 9. A K+ selective calix[4]arene dimer [30].

Beer and co-workers reported that another possibility to span
he bilayer by calix[4]arene dimers is with compounds similar to
0 (Fig. 9) with interconnected lower rims [30]. It may  be expected
hat elongation of the bridges between the calixarene units of 10
ith, for example, ethylene glycol moieties, may provide a channel

or K+ cation transportation that spans the bilayer but the synthesis
f such a dimer is a challenge.

. Metalloenzyme mimics

Enzymes are amongst the most selective catalysts available.
heir active sites provide a variety of non-covalent interactions
ith substrates that control the recognition process and, therefore,
he selectivity of the enzyme. These include hydrogen bonding,
harge/charge, CH/� and cation/� interactions. Many enzymes
ontain metal ions that play a key role in the structural organization
f the peptide, in the recognition processes of substrates or as the
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Fig. 10. Possible mechanism for HPNP cleavage
9

annels [28,29].

catalytic centers in the active site. In the latter case, the enzyme
does not only act as a very large ligand with preorganized metal
binding sites, but it also provides a cavity and a corridor to control
the access of the substrate and, therefore, selectivity and reactiv-
ity of the metal ion site [1].  Enzymes are complex systems that are
not easy to study. Therefore, simpler low molecular weight model
systems are used to gain insight into the action of enzymes. Accord-
ingly, there is still a need for good mimics that can be characterized
simpler than the parent enzymes. Supramolecular approaches to
enzyme mimics are of special value because the complex nature
of enzymes can be mimicked without too much synthetic effort
[31]. It is not surprising that calixarenes find applications in metal-
based catalysis of standard organic transformations [32] and as
building blocks for such metalloenzyme mimics. Calixarenes can
easily be functionalized and in addition offer a platform to prear-
range chelating groups or bound metal ions in a three-dimensional
space. Furthermore, calixarenes can adopt different conformations
(induced fit or dynamic preorganization) and can coordinate other
molecules to mimic  hydrophobic pockets of enzymes [1].

3.1. Calix[4]arenes

3.1.1. Zn2+-based phosphodiesterase and lipase mimics
Many metal containing phosphodiesterases use one, two  or

three divalent metal centers such as Zn2+ for the activation of
the substrate [33,34]. The prearrangement of metal centers using
synthetic spacers is crucial in mimics of such enzymes since tetra-

hedrally coordinated Zn2+ centers are assumed to activate the
phosphate group and a nucleophilic water molecule, to stabilize
the pentacoordinate phosphorus transition state and possibly the
leaving group by cooperative action (Fig. 10)  [35]. In studies of

2

Zn2+
O N

N N

H

ate

O
P

O O-

O

HO
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NO2

O-

 by trinuclear phosphatase models [35].
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Fig. 11. Mono-, di- and trinuclear Zn(II) phosphatase

hosphatase activity, 2-hydroxypropyl-p-nitrophenyl phosphate
HPNP, Fig. 10)  is used as RNA model substrate, the intramolec-
lar cyclization reaction, and the release of p-nitrophenolate being
he driving force of the reaction. Reinhoudt and co-workers inves-
igated the performance of calix[4]arenes 12–15 as enzyme mimics
Fig. 11).  Although Zn2+ is chelated by non-natural chelating units
nd the catalysis was performed in a MeCN/aqueous buffer mixture,
he results gave information on the mode of action of correspond-
ng enzymes (Fig. 10). The particular chelating units applied were
elected because they are easily accessible and are able to complex

 variety of divalent transition metal ions [34].
Relative rate acceleration factors krel, defined as the ratio of the

bserved rate constant of the reaction in the presence of the cat-
lyst and the rate constant of the non-catalyzed reaction, can be
sed to directly compare the activity of catalysts. The parent sys-
em 11 has a much lower catalytic activity than its mononuclear
alixarene based conjugate 13.  This indicates that the calixarene
ackbone is involved in the catalysis, probably by binding the sub-
trate inside the hydrophobic pocket [35]. The dinuclear complex
4a shows a rate acceleration of 23,000 in the transesterification of
PNP over the non-catalyzed reaction, whereas the mononuclear
3 analogue is 50 times less active. This suggests that the metal
enters have cooperative action and that the hydrophobic cavity

s involved in the binding of the substrate. On the basis of exten-
ive kinetic studies, the high catalytic activity of 14a was ascribed
o the high affinity of the substrate to the binding site. The rate of
onversion was moderate, the high catalytic activity being a conse-
ics and relative rate acceleration factors krel [33–35].

quence of the high stability of the intermediate Michaelis–Menten
like substrate/receptor complex. The mechanism is analogous to
that depicted in Fig. 10,  but now the phosphate function is bound
by a single metal ion. The more rigid calix crown model compound
12 exhibits a lower substrate affinity and a lower catalytic activity
than the conformationally less restricted 14a,  which demonstrates
the need for some flexibility within the calixarene to enable cooper-
ative effects between the metal centers (induced fit). The trinuclear
complex 15 induces a rate acceleration of 32,000 compared to the
uncatalyzed reaction, which is rationalized by the activation of the
nucleophile (water) by the third metal center (see Fig. 10). Com-
pound 16,  the vicinal analogue of 14a, has a lower activity probably
due to weaker binding of the substrate (Fig. 12)  [36]. In a later study,
it was observed that a trinuclear complex similar to 15,  but now
with two Zn2+ and one Cu2+ ions, accelerates the reaction even more
and shows high selectivities for certain RNA nucleotides [37]. Prob-
ably, this is caused by the synergy of the metal ions: Zn2+ leads to
good substrate binding, Cu2+ to high conversion.

Comparison with the natural system, where basic histidine units
often support the catalysis by providing hydroxide ions, led to the
development of 14b [33]. Rather than activation of water by a third
metal ion in the form of a hydroxo complex, hydroxide is gener-
ated by one of the tertiary amine groups in proximity of the bound

substrate. The decrease in catalytic activity with respect to 14a is
caused by the weaker binding of HPNP due to the partially blocked
access to the hydrophobic cavity as well as to a slower conver-
sion, which can be ascribed to a less favorable binding geometry
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f the substrate. Both facts can be explained by the steric demands
f the dimethylamino groups that hamper the binding of the sub-
trate and, therefore, the simultaneous binding of HPNP to both
n-centers.

The ability of complexes 11,  14a, 15 and 16 to cleave carboxylic

cid esters was investigated by solvolysis experiments in methanol
Fig. 12)  [36]. Potentiometric titrations performed on model com-
ound 11 showed that the complex behaves as a weak acid with a
Ka of 9.5 which corresponds to the deprotonation of a Zn2+ bound
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 solvolysis reaction tested [36].

methanol molecule. This implies that for the di- and trimetallic Zn-
complexes, one Zn-unit binds a solvent molecule as its methoxide
whereas the second one is able to bind 17b via its COO− function
(see Fig. 12). As a result, in binuclear complexes, one metal ion pre-
organizes the substrate for the nucleophilic attack of the activated

solvent molecule that is provided by the other metal. At the same
time, the binding of the carboxylate by the Zn2+ center activates the
substrate for nucleophilic attack by the electron withdrawing effect
of the metal ion. With 17a as the substrate, the conversion is much
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lower; the lack of a carboxylate group leads to less efficient bind-
ng to the catalyst. Interestingly, and opposite to what was found
n the studies with HPNP, the vicinal Zn2-16 is catalytically much

ore active than the corresponding geminal Zn2-14a isomer. The
elatively high activity of the vicinal isomer in this case may  be
aused by either better substrate binding or different conforma-
ion or hydration of the catalyst due the use of a different solvent
ystem (MeCN/buffer for transesterification of HPNP and methanol
or methanolysis). The general superiority of vicinal compared to
eminal isomers in the solvolysis of phenol esters was  supported
n a later study [38]. Similar pyridine based calixarenes have been
roposed as metalloenzyme mimics but no experimental evidence
as been given [39].

Various azacrown ethers attached to the upper rim
f calix[4]arenes were used to chelate Zn2+ [40]. 1,5,9-
riazacyclododecane has three binding sites for metal coordination
nd, therefore, is favorable for tetrahedral coordination of Zn2+.
ince the mononuclear analogue was not soluble in the solvent
pplied (MeCN/aqueous buffer pH 7), compound 18 was  chosen

s a mononuclear reference. These compounds showed only low
atalytic activities in the cleavage of HPNP. Since the activities
f the bimetallic complexes 19 and 20 (after correction for the
ifferent metal concentrations) are not much superior to those of
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the monomeric 18,  it can be concluded that there is lack of cooper-
ation between the metal centers and that the calixarene core has
no significant effect. Nonetheless, these complexes catalyze the
solvolysis of various phenol esters by methanol efficiently [41]. As
for the dimetallic complex 16,  one Zn2+ binds a methoxide, which
can act as a nucleophile in the solvolysis reaction of the coordi-
nated substrate (see Fig. 12). Phenol esters containing carboxylate
functions were again good substrates since they provide a binding
site for the second metal center and are activated upon binding to
the metal (see above).

The strong chelator 1,4,7,10-tetraazacyclododecane (cyclen)
complexes Zn2+ resulting in a rigid and bulky substituent attached
to the calixarene core [42]. The steric demands of the two chelates
in 22 hamper the binding of the substrate and reduce the catalytic
activity very dramatically. By contrast to the systems described
above, the mononuclear analogue shows superior catalytic activity
over the dinuclear 22 due to the reduced steric hindrance.

3.1.2. Cu2+-based phosphatase mimics
The Cu2+ complexes of ligands 19,  20 and 21 (Fig. 13)  are

sufficiently soluble in water to study transesterification without
the need of organic co-solvents. Although these complexes are
less active than their Zn-analogues, they have the advantage over
other Cu2+-based enzyme mimics that there is no dimerization of
the copper centers leading to catalytically inactive species [40].
Model reactions with HPNP revealed that there is no cooperative
action of the distally arranged Cu-atoms in 19 but a strong syn-
ergistic effect in the vicinal isomer 20.  The trimetallic 21 shows
slightly less catalytic activity than 20,  which indicates that two
vicinal copper centers perform the catalysis, whereas the binding
of the substrate is slightly hampered by the third chelate. Espe-
cially the trimetallic Cu3-21 catalyst shows remarkable selectivity
for certain diribonucleoside-2′,3′-monophosphates, which repre-
sent better models for RNA than HPNP and which allow detection
of specific cleavage, if any. These compounds appeared also to be
very selective in the phosphodiester cleavage of single-stranded
RNA oligonucleotides [43]. The catalyst is highly efficient under
close to physiological conditions and resembles the natural RNAses

A in their selectivity.

Attempts to mimic  metal enzymes more closely using methyl-
imidazole as histidine analogue showed successfully that a
cooperative effect of functional groups attached adjacent to the

O
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ferase 25 and acylases 26–27 [46,47].
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etal centers can play an important role in catalysis (Fig. 14)  [44].
he general mechanism is similar to that shown in Fig. 10,  the dif-
erence being that the hydroxide is not provided by a third metal
enter but by a catalytically active Cu2+-center. When the amino
unction in 23c (Fig. 14)  is protonated, it can assist in the binding
nd stabilization of the transition state. The corresponding Zn2+-
3c shows poor catalytic activity.

.1.3. Mimics for Cu+ containing enzymes
In the reduced type 1 site (T1PR) in human ceruloplasmin, a

ermanently reduced Cu+ is bound close to the active site although
t probably does not participate in any catalysis [41]. To elucidate

he role of the metal center, the binding environment of the metal
as mimicked by attaching two histidine analogues and two cys-

eine or methionine molecules to the lower rim of calixarene 24
Fig. 14). The metal is complexed by two imidazoles and one sulfur

Generation 1
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O
O

O

R
R R

N N N N N N

L
Generatio

Fig. 18. The three generations of cal
oenzyme mimics [49,50].

atom leaving one coordination site for a potential substrate. Unfor-
tunately, apart from some structural details, no further information
on the performance of this compound as enzyme mimic was pro-
vided [45]. Nevertheless, the fact that the metal is oxygen stable is
very promising for future investigations.

3.1.4. Ba2+ complexes as acylase mimics
Many enzyme catalyzed transacylation reactions proceed via a

double displacement mechanism. First, an acylated enzyme inter-
mediate is generated, which then acts as acylation agent for the
nucleophilic substrate [46]. This principle is well-known in organic
chemistry, for example from the pyridine catalyzed esterification

of activated carboxylic acids (Fig. 15).

In such reactions, first pyridine reacts with the acylation agent
creating a highly active species that subsequently transfers the acyl
group to an attacking nucleophile. In mimics, the challenge is to

N N N

X

n 2 Generation 3

ix[6]arene funnel complexes.
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chieve efficient transfer of the activated acyl to the nucleophile.
his can be realized by using phenolic alcoholates, which are better
eaving groups than alkoxides. In calixarene 25,  the phenolic groups
an thus act as acyl-acceptors/acyl-donors, whereas the complexed
a2+ acts as activating Lewis acid. The protonated amino groups

unction as intramolecular proton donor for the leaving group (phe-
olate) that is released in the first acylation reaction. In comparison
o derivatives that do not contain the amino functionalities, 25 does
ot show better catalytic activity, which was ascribed to the steric
emands of the diethylamino groups.

In a later study, two Ba2+-ions were bound by crown ether
oieties on the upper rim of calixarenes 26 and 27 (Fig. 16)  [47].

thanolysis studies of various phenol esters indicated that the dis-
ance between the metal ions determines the substrate specificity
f the catalyst. A similar reaction mechanism as depicted in Fig. 10
ight also be operative in these reactions.

.1.5. Self-assembling supramolecular enzyme mimics
Many natural enzymes consist of several self-aggregated sub-

nits. Therefore, a general interest exists in combining several
uilding blocks to artificial assemblies with properties that neither
f the individual components has. Some examples demonstrate
hat calixarenes can be very useful in the design of such aggre-
ates. These examples are based on the water soluble p-sulfonato
alixarenes that were shown to interact with a range of metal
ons before [48]. A supramolecular heme mimic  was obtained by
ormation of a complex between p-sulfonato calixarene 28a and
orphyrins (Fig. 17)  [49]. Thanks to strong charge/charge interac-

5 −1
ions association constants are as high as 10 M in water, whereas
he amide side chains provide sufficient water solubility. The for-

ation of ternary complexes with nitrogen containing compounds
epends on the size of the base. Small bases like 4-methylpyridine
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Fig. 20. Second and third generation ligands [64,65].
, R' = SO3

l complexes of the first generation [56,57].

are bound inside the cavity spanned between calixarene and por-
phyrin, whereas larger molecules like caffeine are bound on the
surface of the assembly. The self-assembled Co2+ complex shows
a modest but significant facilitated O2-transport through mem-
branes due to the reversible binding of oxygen to the complex.

Nau and coworkers described the construction of enzyme mim-
ics by dynamic self-assembly of p-sulfonato calix[4]arene 28b with
an organic guest and a divalent metal ion. The resulting system
shows cooperativity in the binding (host-assisted metal–ligand
bond formation) [50], demonstrating that the apolar guest pro-
vides an additional binding site for the metal, which stabilizes its
interaction with the ligand. This proof of concept might lead to the
development of a new generation of metalloenzyme mimics.

3.2. Calix[6]arenes

Enzyme mimics based on the calix[4]arene core are, as shown
above, very suitable to study the effects of multinuclearity, the
distance between the metal ions, and the flexibility of the linker
on catalytic activity and selectivity. For monometallic enzymes,
calix[6]arenes are better platforms since they do not only allow the
binding of the metal in a polydentate way, but they also provide
a hydrophobic channel that is similar to the hydrophobic pock-
ets in the active sites of enzymes [1]. Calix[6]arenes are less rigid
than calix[4]arenes and much more difficult to freeze in a particular
conformation. On the other hand, they possess six phenolic oxygen
atoms that can be functionalized in a defined way  and they have a
hydrophobic cavity that is larger than that in calix[4]arenes, which
thus enables the complexation of larger guests. Calix[6]arenes can
be methylated at three distal positions leaving the three remain-
ing positions for the attachment of chelating groups. Therefore,
tetrahedral metal ions with coordination number four are ideal
candidates to be complexed because they can be bound very effi-
ciently while still exhibiting one free binding site for e.g. substrate

binding. Studies on calix[6]arene based enzyme mimics are so far
focused on the binding of the metal, its influence on the complex-
ation of a guest, its redox chemistry as well as on the influence of
modifications on the calixarene core on those properties.
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Fig. 21. Pyridine based third generation ligands [70,72].
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to the steric restriction by the rather small calix[6]arene funnel.
Therefore, a fast dissociative exchange on the Cu+-species occurs to
yield Cu2+-33 (MeCN) after reoxidation. Thus, thermodynamically
favored ligand exchanges can be suppressed by steric shielding of
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Calix[6]arene based enzyme mimics, the so-called funnel com-
lexes or calix-zymes, can be divided in three generations (Fig. 18)
1]. A way to fix the calix[6]arene platform in the cone confor-

ation that is best suited for metal and guest complexation is by
he complexation itself. First generation ligands were designed for
his purpose and allowed detailed investigations of coordination
hemistry, substrate binding and redox activity of the metal [51].

 second generation provides an additional binding site for metal
omplexation at the lower rim. These ligands are able to complex
ivalent metal ions more efficiently than the first generation, block-

ng possible dimerization and substrate binding outside the cavity.
urthermore, they provide the possibility to attach redox active
igands that are important in controlling the redox behavior of the
ound metal.

The most prominent limitations of the two first generations of
omplexes are the relatively weak binding of the metal ions due
o the flexible calixarene core and the long distances between the
onor atoms [1]. Furthermore, oligonuclear species can be formed

n the presence of, for example, bridging anions. In third gener-
tion ligands, the calix[6]arene azacryptands, the donor sites are
nterconnected by a fourth coordinating atom, which locks the cal-
xarene core in the cone conformation.

.2.1. Cu+/Cu2+-metalloprotein mimics
The pyridine based ligands 29 (Fig. 19)  show poor binding of

n2+ but are very good ligands for Cu+ [1]. The steric protection
f the metal centers and coordination of a nitrile guest stabilize
u+ in this low oxidation state thus avoiding the oxidation to Cu2+

y molecular oxygen and the dimerization of the metal ions [52].
he Cu+ ion is tetrahedrally coordinated by the three pyridine units
nd e.g. a solvent molecule inside the cavity in a bicapped trig-
nal pyramidal coordination geometry [53]. The redox potential
rom Cu+ to Cu2+ as well as the substrate binding is controlled by
he ligand [54]. Due to the transmission of the chiral coordination
eometry to the calixarene backbone, Cu+-29 exists as two differ-
nt helical enantiomers at lower temperatures [55]. Effects of upper
im substitution on the binding and exchange of guest molecules
MeCN, PhCN) were investigated using 29a and 29b [56]. The steric
emands of the six tert-butyl groups in 29a lead to a preference for
inding the smaller MeCN over PhCN. The opposite holds for 29b
ince the cavity becomes larger upon removal of three tert-butyl
roups. The rate of MeCN exchange is greatly enhanced for 29b
ince there is no ‘closing of the door’ by the bulky substituents.

Polyimidazole binding sites of peptides can be mimicked by
ompounds 30.  The coordination geometry of their Cu2+ complexes
s similar to that in 29 [57]. A water molecule located inside the cav-
ty can selectively be exchanged by guest molecules like nitriles. In
he absence of coordinated solvent molecules or a guest, di-, tri- and
etranuclear clusters are formed [58–60].  Cu+-30a is able to bind CO
nside its cavity. The C O stretch vibration in the resulting adduct is

 very sensitive probe for changes in the supramolecular environ-
ent like in copper proteins [61]. Studies of complexes of 30a with

o2+ and Ni2+ demonstrate the broad applicability of this spectro-
copic technique in complexes incorporating metal ions other than
u [62]. The water soluble Cu+-30b is a stable Cu+ complex that
oes not undergo oxidation or dimerization [63].

The second generation ligand 31 (Fig. 20)  contains an additional
henolic oxygen atom for metal binding [64]. This model for a
yrosine binding site can be oxidized into the corresponding phe-
oxyl radical and, therefore, play an important role in mimicking
nzyme catalysis. Indeed, Cu+-31 undergoes fully reversible oxi-

ation at low temperatures and is able to oxidize benzyl alcohol
o benzaldehyde. The corresponding Zn2+-bound tyrosinyl radical

imic  is stable for hours and does not undergo reaction with benzyl
lcohol.
ry Reviews 255 (2011) 2727– 2745 2737

The successful application of the third generation Cu2+-32 com-
plex to enzyme mimicry by Izzet et al., is a clear highlight in this
field of research [65]. This complex exhibits a remarkable stability
and a very high affinity towards small neutral guests such as water,
EtOH, DMF, and MeCN. The cuprous center undergoes defined and
reversible redox chemistry. Thanks to the different affinities of
Cu2+/Cu+ for different guests, an electrochemically controlled lig-
and exchange could be performed: Cu2+-bound DMF  is expelled
from the metal upon its oxidation and replaced by MeCN, which
remains metal bound even after reduction. This may be considered
as ‘anti-thermodynamical’ electro-driven ligand exchange.

Cu+-32 is able to activate molecular oxygen forming a Cu2+-
superoxide complex in a fast and irreversible way [66]. In a
coordinating solvent like MeCN, the superoxide is released into
the solution and substituted by a solvent molecule, whereas in
the non-coordinating dichloromethane, the superoxide leads to
oxygen insertion into the triethylene triamine (tren) ligand. On
the basis of density functional theory (DFT) calculations using the
B3LYP basis set the experimental IR data were attributed to the
corresponding oxygen species bound to the metal ion thus gaining
insight into mechanistic details of the superoxide decomposition
[67,68].

The coordination of anionic guests was  not possible with the
third generation tren complex 32 (Fig. 20),  whereas its pyridine
analogue Cu+-33 (Fig. 21)  is able to bind anions such as fluoride,
azide, chloride, hydroxide, or alkoxide very efficiently [69]. This
can be rationalized by steric differences between the complexes. In
32, the phenolic oxygen atoms point towards the free coordination
site of the metal and hamper the binding of anions by charge–dipole
interactions. This is not the case in 33,  which consequently offers
better access of the guest to the binding site. The redox chemistry of
Cu+-33 is unique [70]. Whereas the acetonitrile complex of Cu+-33
does not react with molecular oxygen neither in solution nor in the
solid state, the complex without enclosed acetonitrile undergoes
defined oxidation in the solid state. The Cu+ center is able to acti-
vate one of the methylene bridges connecting the pyridine units to
the calix[6]arene core. The resulting product contains a C O group
that inhibits further oxidation of the ligand. Calixarene 33 forms a
Cu2+ complex with interesting redox behavior in cyclic voltamme-
try [71]. MeCN replaces DMF  in Cu2+-33 (DMF) in dichloromethane
only after reduction to Cu+ on the cyclic voltammetry timescale.
This is attributed to the fact that the normally associative ligand
exchange in Cu2+ species cannot take place in Cu2+-33 (DMF) due
35 36

Fig. 22. Ditopic ligands of the first generation [78,81].
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Fig. 23. Coordination driven disas

 weakly bound ligand. This gives evidence that only after prelim-
nary reduction of the metal center in Cu2+ enzymes, coordination
f a substrate may  occur to initiate a catalytic cycle.

The replacement of the bridging N-atom in 33 by a phosphorous
onor results in a very special complex 34 with a P-atom in axial
rans-position with respect to the binding guest (Fig. 21)  [72,73].
his leads to a higher selectivity for binding of the �-accepting DMF
ver MeCN or EtOH as compared to 33.

.2.2. Mononuclear Zn2+-metalloprotein mimics
Pyrazole, benzimidazole, or methylimidazole attached to the

alix[6]arene platform can form very stable, mononuclear com-
lexes with tetrahedrally coordinated Zn2+ [74]. However, attached
ertiary amines are too basic and lead to hydroxide precipitation,
hereas pyridine forms very weak complexes [75]. The Zn2+ com-
lex of 30a (Fig. 19)  exists as its aquo ion with the water molecule
ound inside the cavity [76]. A second water molecule is held

nside the cavity by hydrogen bonds with the metal bonded water
olecule and a phenolic oxygen of the calixarene core and by
H/� stabilization. The two water molecules can be simultaneously

eplaced by amines, alcohols, nitriles or amides [74,77,78].  Sharp
ines in 1H NMR  spectra for the encapsulated guest indicate that
he exchange between free and encapsulated guest is slow on the
MR time scale.

Replacement of the three tert-butyl groups on the upper rim
y primary amine functions to give the water soluble 35 (Fig. 22)
pens the possibility for (a) coordination of a second Zn2+-atom or
b) additional interactions with a host leading to better specificity
78–80].

When 35 is reacted with two Zn2+ atoms, a binuclear com-
lex is formed that entraps an (H3O2)− ion as a bridging motif.

n mononuclear Zn2+-35, the imidazole units inside the cavity bind
he metal ion. This complex is able to bind larger guests than its
exa-tert-butyl derivative 30a, and in contrast to its binuclear ana-

ogue, complexes only a single water molecule. The aniline nitrogen
toms point towards the entrance of the cavity, thus blocking its

ccess for other guests. Upon addition of a bulky guest, the cavity
pens and the encapsulated water molecule is exchanged by for
xample benzylamine. This process goes along with a large change
n the receptor’s geometry (large induced fit), whereas small guests
ly of the dimeric complex 37 [83].

cause only a small change of the conformation. Hydrogen bonding
between the aniline units in a MeCN complex leads to an increase of
aniline basicity by about three pKa units thus providing, in addition
to the metal center and the hydrophobic cavity, a third recognition
unit within the molecule.

The triazole containing 36 is able to bind a first Zn2+ ion inside
the cavity through the imidazole units, whereas a second equiva-
lent of metal ion can be bound to the triazoles [81]. Despite the
limited accessibility of the cavity in the binuclear complex, the
imidazole-bound Zn2+ can bind a nitrile anion. In contrast to Zn2-
35, where the free coordination sites of the metals point to each
other, the second Zn2+ in Zn2-36 points outwards from the cavity
and is able to bind a second guest on the periphery of the com-
plex. A double displacement of two different metals was achieved
in Cu/Zn2+-36 [82]. When Zn2+ is complexed at the lower rim imida-
zole units, the structure is rigidified such that the tetragonal Cu2+

cannot be complexed on the upper rim but Cu+ is able to bind to
the triazole units in this complex. If Cu+/Zn2+-36 is oxidized to
Cu2+/Zn2+-36, the metal ions swap places in the molecule. This
observation might help to explain e.g. copper translocation within
enzymes.

A bimetallic complex is obtained by coordination of the pri-
mary amino groups in calix[6]arene 37 (Fig. 23)  with stoichiometric
amounts of Zn2+ under formation of a �-hydroxo-bridge [83].
Coordination of a guest outside the cavity is possible because the
primary amines are sterically not demanding and thus allow coor-
dination of the metal outside of the basket. The hydroxo-dimer
can be converted into monomeric complexes using e.g. carboxylic
acids, sulfonamides or primary amines. Guest binding studies of
the different dimer/monomers revealed that the selectivity for
guests can be efficiently controlled by the charge of the resulting
complex. The second generation ligand 31b forms three different
monomeric Zn2+ complexes [84]. A dicationic complex is formed
by complexation of the metal ion by the two imidazole units and
the phenolic hydroxide. The latter can be deprotonated to yield a
monocationic phenolate complex. The third species can be obtained

by addition of hydroxide or chloride that coordinates to the metal
center from the outside of the cavity. In this neutral compound
the normally 5-coordinate metal center undergoes a change of
coordination number from five to four by release of an imidazole



emistry Reviews 255 (2011) 2727– 2745 2739

p
t

m
c
d

s
t
w
c
c
c
s
v
z
e
t
b
a
a
g
t
s
e
t
T
c
a
s
a

3

t
c
t

i
p
b
v
f
i
a

m
i

Zn2+ Zn2+

P
P

O

O
O

O
O O

P
PO

OO

O

O
O

D.T. Schühle et al. / Coordination Ch

endant arm. The affinity for guests decreases in the order dica-
ionic > monocationic > neutral.

The third generation Zn-32 is stabilized by a coordinating MeCN
olecule and does not undergo dimerization [85]. This ternary

ompound is stable against anion coordination under basic con-
itions due to the strong chelate effect of the tren unit.

All calixarene based metalloenzyme mimics described here are
o much reduced in complexity compared to the natural parent sys-
ems that they do not allow to study all of the enzymes’ features
ith one model complex. Rather, they shed some light on spe-

ific features of enzymes and the way they function. Whereas most
alix[4]arene based systems are catalytically active, they cannot
ompete with natural systems in terms of activity, selectivity and
ubstrate diversity but they can help to understand which effects
ariations in metal–metal distances in multinuclear metalloen-
ymes can have, how important a certain degree of flexibility of the
nzyme’s active site is for efficient substrate binding and how sub-
le changes can block or boost catalytic activity. The calix[6]arene
ased enzyme mimics studied up to now do not possess catalytic
ctivity. The rationale for their use as enzyme mimics is that they
llow one to study the (redox) chemistry of the central metal ions,
ive clues of how guest binding can be controlled by the design of
he pocket and show conformational changes around the active
ites occurring upon substrate binding. Furthermore, some new
vidence has been gained that can explain how metal exchanges or
ranslocations might occur in a controlled way in metalloenzymes.
he very elegant chemistry of these calix[6]arene based mimics
ould not yet contribute much to the understanding of natural met-
lloenzymes but the observations so far clearly indicate that more
ophisticated systems will be able to shed light on mechanistic
spects of metalloenzymes.

.2.3. Metalloenzyme inhibitors
As described above, some phosphatases have two  Zn2+ ions in

heir active site. Compounds that have high affinities to the metal
enters and block the access of the substrate can efficiently inhibit
hese enzymes (Fig. 24).

Calixarenes 38 and 39 are, for example, good inhibitors for calf
ntestine alkaline phosphatase (Fig. 25)  [86,87]. The methylenebis-
hosphonates are able to interact with the enzyme’s active site
y complex formation. The hydrophobic calix[4]arene could pro-
ide additional interactions with the pocket of the enzyme. Amino
unctionalization of the phosphonate pendant arms leads to chiral
somers that show different inhibition activity depending on the

bsolute stereochemistry.

Interestingly, tests on Yersinia bacteria that have one of the
ost active protein tyrosine phosphatases (PTP’s) with various cal-

xarenes (amongst which 38–40) showed that especially 40 can
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Fig. 25. Alkaline phosphatase and protein ty
Fig. 24. Proposed mechanism of the inhibition of Zn-containing phosphatases by
bisphosphonates.

inhibit the PTP (KA = 0.92 �M),  which is an outer membrane pro-
tein of the bacterium [88]. PTP’s catalyze the dephosphorylation of
phosphotyrosine residues in proteins but do not have a metal center
in their active side. Nevertheless, interactions with metal ions and
the phosphonato-calixarenes and a resulting effect on the bacteria
cannot be excluded. Yersinia bacteria can cause diseases ranging
from gastrointestinal syndromes to bubonic plague. The inhibition
of PTP’s of these bacteria could open the way  for new therapeutics
for diseases caused by Yersinia bacteria but this has yet to be tested
in clinical trials.

4. Agents for radiotherapy and medical imaging

As already mentioned before, calix[4]arene derivatives are able
to form stable complexes with main group and transition metal
ions. For some medical purposes, lanthanides or actinides are of
great interest. Already in the early days of calixarene chemistry, it
was found that calixarenes can bind those trivalent cations very
efficiently [89].

4.1. Radiotherapy

Ionizing radiation can be used effectively in the treatment of
cancer. To minimize the damage of healthy cells, radioactive metal
ions are complexed by strong chelators, which are coupled to e.g.
antibodies or specific peptides to deliver the agent to the diseased
site and thus avoiding the damage of healthy tissue. Crucial for suc-
cessful application of such systems are bifunctional ligands that can
be attached to a targeting vector and form very stable complexes
with radionuclides. An attractive isotope for radiotherapy is the �-

225 3+
emitter Ac which has a half-life time of 10 days. Calixarenes
of type 41 were prepared and their Ac3+ coordination was studied
(Fig. 26). The binding to receptors and immune response of mice of
these complexes were reported [90].
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Fig. 29. Calixarene based chela

In vivo tests of 41a/b in mice showed that the binding to the
arget strongly depends on the nature of the targeting vector (anti-
odies or peptides), the dosage and the injection method. The
uthors conclude that the conjugation of 41b to humanized anti-
odies will probably not lead to an immune response, while the
argeting will not be disturbed. It may  be doubted whether the
omplexation of Ac3+ by the carboxylates and the amide carbonyl
f 41 is strong enough to prevent leaching of the metal ion under
hysiological conditions (Fig. 26).

Complexation studies of 230U with the sulfo-calix[6 and 8]arene
nalogues of 28b performed in blood serum show that although
he complexation of uranium by such ligands is efficient, serum
roteins and carbonate lead to the destruction of the desired com-
lexes [91]. Therefore, in vivo application of such compounds is not
ossible.

The most prominent transition metals used for radiotherapy
re 99mTc and the �−-emitting 186Re and 188Re. Re(V) can be effi-
iently complexed by for example N2O2- or N2S2-donors that are
rearranged properly. Therefore, 42 and 43 were prepared [92].
nfortunately, apart from the information that 43 is stable in PBS,
o further characterization relevant for possible applications was
erformed.

.2. Luminescent agents

The lanthanides Eu3+ and Tb3+ are widely used as luminescent
robes. Because of their toxicity, they need to be complexed by
trong chelators. The complexation is also necessary to shield the
etal ions from coordination of water, which would quench the

uminescence. To enhance their luminescent properties, organic
ntenna molecules that bind to the metal ions are used for effective
ensitization. The advantage of lanthanide based probes com-
ared to organic agents is that the emission bands are extremely
arrow and therefore, those agents are more sensitive than
rganic dyes.

Both the Eu3+ and Tb3+ complexes of the bipyridyl contain-

ng 44–46 (Fig. 27)  have very promising luminescence properties
n acetonitrile, but their solubility in water is not sufficient [93].

hen a water molecule is bound to a luminescent ion, it quenches
ts luminescence rather efficiently. Therefore, studies need to be
52

r MRI  contrast agents [96,97].

performed in water to know whether these systems are suit-
able for bioimaging. Attachment of two  bipyridyl groups to a
di-iminodiacetic acid calix[4]arene backbone resulted in chelators
47 and 48 (Fig. 28)  that form very stable, strongly luminescent
complexes especially with Tb3+ [94]. These compounds are still not
sufficiently water soluble but the results of luminescence studies
performed in methanol, that has a quenching effect similar to water,
are very promising. These studies also showed that the quantum
yield is independent on whether the bipyridyl units are attached to
the calixarene via their 3- or 4-position.

4.3. Magnetic resonance imaging (MRI) contrast agents

In most clinical magnetic resonance imaging (MRI) scans, the 1H
signal of water protons is observed and the image reflects either the
proton density or differences in the longitudinal (T1) or transver-
sal (T2) relaxation time of water protons in certain compartments
of the body. The majority of MRI  contrast agents contain Gd3+-ions
that are able to shorten the T1 relaxation times of surrounding water
molecules very efficiently and lead to a brightening in MR  images of
areas that contain the agent [95]. The ability of an agent to shorten
T1 is expressed as longitudinal proton relaxivity (r1), which is the
relaxation rate enhancement of water protons in s−1mM−1 Gd3+.
Because the dose of an MRI  contrast agent required to obtain good
contrast is much higher than for luminescence probes, the ther-
modynamic and kinetic inertness of the complexes is of utmost
importance to prevent adverse side effects to the patient. There-
fore, there is a need to develop chelators that are able to bind Gd3+

very efficiently and have high relaxivity.
In a first study towards calixarene based MRI  contrast agents,

calix[4]arene tetraamide 49 (Fig. 29)  was  used to chelate Gd3+ [96].
The relaxivity of this complex in a dmso/water mix  (9:1) at 20 ◦C and
400 MHz  is 3.40 s−1 mM−1, the stability constant is about 1000 M−1.
For practical applications, the stability and the water solubility are
much too low and, therefore, no further studies on this compound
were performed.
A more stable Gd-complex is formed with 50 [97]. The pres-
ence of four additional chelating groups results in the formation
of an octa-coordinated metal ion and an increase of the stability
constant to 2 × 105 M−1, which is still too low for practical applica-



2742 D.T. Schühle et al. / Coordination Chemistry Reviews 255 (2011) 2727– 2745

O
O O

HN
O

N
N

N
N

NH

N N

NN

O

HN

O

HN

O

O

O
O

O

O

O

O

O
O

O

O

O

N
N

N
N

O

O

O
O

O

O

NN

N N

O

O

O

O
O

O

O

Gd

GdGd

Gd

O O
O O

NH
HN

NH
NH

NN
N

N
N

SiH2

O

O

O

O

O

Gd
O

N N
N

N
N

O

O

O

O

O

O

Gd
O

O O

N

N

NN

N

O

O

O O
O

OGd

O
O

N

N

N N

N
O

O

O
O

O

O Gd

O
O

54

MRI contrast agents [100,101].

t
a
s

i
c
c
r
a
i
o
t
i
b
a

w
1
m
t
t
i

1
c
(
m
c
a
r
b
(
o
m
5
t
c
a
s
w
3
d
v
r
f

m
v

O
O O

HN
O

N
N

N
N

NH

N N

NN

O

HN

O

HN

O

O

O
O

O

O

O

O

O
O

O

O

O

N
N

N
N

O

O

O
O

O

O

NN

N N

O

O

O

O
O

O

O

Gd

GdGd

Gd

C17 H35C17 H35

55
53

Fig. 30. Self-aggregating 

ions. This compound interacts with human serum albumin (HSA)
nd, therefore, opens the way to the development of new, water
oluble calixarene based MR  angiography agents.

Casnati and co-workers used di-imidodiacetic acid functional-
zed calixarene 51 for Gd3+ complexation and found a stability
onstant of greater than 1013 M−1 [98]. The relaxivity of the free
omplex is 9.6 s−1 mM−1 at 20 MHz  and 25 ◦C. The HSA-adduct is
ather stable (KA = 2.4 × 104 M−1) and has a relaxivity of as high
s 60 s−1 mM−1. Interestingly, the unbound compound has three
nner-sphere water molecules (q = 3), whereas its HSA-adduct has
nly one. This can be explained by the fact that in the free form,
he amide groups do not participate in the metal binding whereas
n the complex with albumin, for example aspartate or glutamate
inds to the metal and thus, increases the stability of the resulting
dduct.

Compound 52 can form a stable complex with eight Gd3+ ions,
ith a stepwise formation constant for each Gd3+ ion of more than

017 M−1 [99]. This compound is also highly soluble in water, which
akes it the first calixarene based MRI  contrast agent reported

hat could be used for in vivo studies. Unfortunately, no parame-
ers describing the suitability of this compound as a contrast agent
n terms of relaxivity were given.

The attachment of cyclic 1,4,7,10-tetra(carboxymethyl)-
,4,7,10-tetraazacyclodedecane (DOTA) based chelators to the
alixarene core leads to efficient contrast agents. Compound 53
Fig. 30) is a highly rigid compound both as monomer and in

icellar aggregates [100]. It forms spherical micelles above a
ritical micelle concentration (cmc) of 0.21 mM at 37 ◦C with

 hydrodynamic radius of 2.2 nm.  The high rigidity leads to
elaxivities up to 18.3 s−1 mM−1 at 20 MHz  and 37 ◦C. Upon HSA
inding, this compound (KA = 1.2 × 103 M−1) has good relaxivities
24.6 s−1 mM−1 at 20 MHz  and 37 ◦C). The relaxivity-limiting factor
f this system is a relatively slow exchange rate kex between water
olecules bound to the Gd-centers and bulk water. Calixarene

4 contains four pyridine-N-oxide chelating units that are known
o have close to optimal water exchange kinetics [101]. This
ompound has remarkable relaxivities of 31.2 s−1 mM−1 at 20 MHz
nd 25 ◦C in form of its micelles (radius 8.2 nm,  cmc  = 35 �M,
ee Fig. 30). Binding of the monomer to HSA leads to solutions
ith observed relaxivities of up to 40.8 s−1 mM−1 at 20 MHz  and

7 ◦C in the presence of 2.0 mM albumin. This compound has a
ensity of relaxivity of 39.2 g l−1 s−1, which is one of the highest
alues reported so far. The density of relaxivity is a measure of the
elaxivity per mass unit contrast agent and is of great importance

or practical applications in MRI.

The inclusion of bis-octadecyl calixarene derivative, 55,  into the
embrane of DSPC-based liposomes yielded nano-containers with

ery good relaxivities (Fig. 31)  [102]. This was attributed to the fact
Fig. 31. Calixarene 55 for inclusion in the outer surface of liposomal membranes
[102].

that a majority (at least 80%) of 55 is oriented on the outer surface of
the liposomes. In general, Gd-atoms that are entrapped inside lipo-
somes have a low contribution to the relaxivity due to the limited
propagation of their effect to the bulk water due to the slow dif-
fusion of water molecules across the membrane. Aggregates of 55
have a large potential in multimodal imaging since e.g. radioactive
material can be included in their interior (for PET and SPECT imag-
ing) or fluorescent dyes can be included in either the membrane or
the cavity of the liposomes.

5. Other applications

Carboxylic acid based di- and tetranuclear Sn(IV) complexes and
their anticancer and antibacterial activity are well documented in
the literature [103]. In a recent paper, the beneficial effect of such
compounds 56 (Fig. 32)  on the suppression of blood and tissue
oxidative stress caused by lead in male albino Wistar rats was inves-
tigated [104]. The positive effect was  attributed to the binding of 56
to cysteine moieties in peptides, which then hampers the binding
of lead.

Cell cycle progression is dependent on the intracellular iron level
since iron-containing proteins catalyze key reactions involved in
e.g. DNA synthesis. In particular, ribonucleotide reductase activity
is dependent on the intracellular iron level. Since this activity is

crucial in the rate-limiting step in DNA synthesis, there is poten-
tial to target iron with chemotherapeutics [105]. Attempts to use
calix[4]arene based iron chelators to decrease cell viability on the
human hepatocarcinoma HepaRG cell line showed that the tested
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alixarenes do not bind iron but can decrease cell viability due to
ther effects on their cytotoxicity [106,107].

One of the most prominent chemotherapeutics is cisplatin [108].
ompared to cisplatin, 57 is less cytotoxic in human ovarian cancer
ell lines (Fig. 33). Sulfonatocalix[4]arene 28b was tested as a drug
elivery agent for 57 and for a possible activity enhancement [109].
he platinum complex interacts with the calixarene via ionic inter-
ctions as well as hydrogen bonding between its amino groups and
he sulfonato moieties of 28b, whereas, the hydrophobic dipyra-
olylmethane part is complexed by the calixarene cavity. However,
o change in activity of 57 in the presence of 28b was observed
hich is due the low stability of the complex in vitro.

Tricarboxycalixarene 58 exhibits a high affinity towards the
BD1 domain of the MRP1 protein. Using fluorescence spec-

roscopy it has been proven that this binding process is dependent
n the availability of magnesium ions. The association is of the same

rder as that observed for the natural substrate ATP-Mg [110].

Cutaneous contamination represents the second highest con-
amination pathway in the nuclear industry. An oil-in-water
ano-emulsion containing the calix[6]arene shown in Fig. 18
n of micellar 54 at 25 ◦C and right: a liposomal suspension of 55 included in DSPC-
5 ◦C (circles). The curves indicate the result from the fitting to a theoretical model

(R = CH2COOH) was  investigated in terms of its suitability to remove
uranium from skin. Thanks to the high binding affinity of this cal-
ixarene to uranyl, the transcutaneous uranyl uptake through skin
was decreased by 98% [111].

6. Conclusion

In summary, calixarenes are multifunctional building blocks for
many (biological) applications. They show very good properties as
artificial ion channels, metalloenzyme mimics/inhibitors and can
be used in radiotherapy and medical imaging. In many applica-
tions, calixarenes are only used as synthetic platforms to prearrange
functional groups in a three-dimensional space. The ion transport
through artificial cell membranes (partial dehydration of the ion)
directly benefits from the presence of the hydrophobic basket.

In some cases, this is also beneficial for the substrate binding in
enzyme mimics. Even though calixarene based ion channels are
already quite sophisticated, there are still many challenges to be
addressed by the enzyme mimics. In the case of calix[4]arene based
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imics, the catalytic properties of the complexes are good but there
re only a few cases where the calixarene is more than a spacer
etween functional groups. Calix[6]arenes are the more promising
imics since they show a direct use of the calixarene itself with

urprising similarities to natural systems. To achieve real cataly-
is with these systems is a challenge that remains to be tackled. In
adiotherapy and medical imaging, calixarenes can be used as syn-
hetic platforms that allow the attachment of metal chelates. The
ydrophobic nature of the calixarene backbone may  lead to hepatic
ptake. If this is not desired, it can be circumvented by attaching
ydrophilic moieties to the agents or by including them in e.g. lipo-
omes. Benefits for applications in these fields are that calixarenes
re able to carry a high payload of metal ions and thus, to multiply
he desired properties of mononuclear analogues.
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