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bstract
While metal coordination through functional groups on cavitands has been known for many years, the interaction of a range of metals with the
-electrons of the arene rings has triggered great interest in the last 15 years. This article reviews the occurrence of this type of bonding and its
ffect on the shape and properties of calixarenes and related macrocycles. The review covers both cation–� interactions involving labile metals
nd the synthesis and inclusion chemistry of inert transitional metal organometallic cavitands.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Metal-binding by cavitands containing aromatic �-surfaces
nd the resulting modifications in their properties is of enduring
nterest [1–13]. The calixarenes and their relatives, particularly
he partially pre-organised cone isomer of calix[4]arenes have
een studied for many years in this regard, Fig. 1 [14–17]. In the
olid state the calixarenes exhibit an extensive inclusion chem-
stry with interesting gas and liquid sorption properties [18–22],
lthough binding to neutral guests in solution by the unmodified

osts is weak. Related to the calixarenes is cyclotriveratrylene
CTV), a rigid, shallow bowl-shaped macrocycle with electron-
ich aromatic rings that is also well known both as a host in its

� Based on a keynote lecture presented at the 37th International Conference
n Coordination Chemistry, 13–18 August 2006, Cape Town, South Africa.
∗ Corresponding author. Tel.: +44 191 334 2085.
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li metal

wn right [23,24] and as a component in cavitands and crypto-
hanes [23,25,26]. In the solid state the compound stacks the
ase of each host in the cavity of an adjacent molecule. Neutral
uests occupy channels created in the lattice void [27]. Classi-
ally there exist two principal CTV host phases (� and �) in
hich the guest is situated outside the cavitand bowl. The phase

hat occurs depends on the hydrogen bond donor ability of the
uest [23]. The structure of a third type of CTV inclusion com-
ound has also been established, which hosts solvent acetone
olecules between two of the bowls [28]. More recent work has

hown that larger guests such as carbaboranes and fullerenes
ive intra-cavity inclusion compounds [29,30]. CTV also has an
xtensive coordination chemistry via the ether oxygen atoms,
esulting in extremely complex solid-state architectures, which
ave been recently reviewed [31].
The coordination of metal cations to macrocycles such as cal-
xarenes and CTV can alter their shape and electronic properties,
nd thus change their ability to act as host for cationic, neutral
r anionic guests [32]. Metallation of these compounds has been

mailto:jon.steed@durham.ac.uk
dx.doi.org/10.1016/j.ccr.2007.01.005
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nation and a second combined oxygen and �-coordinated Na+

ion within the calixarene bowl. The two Na+ ions are bridged
by a water molecule leading to the suggestion that the structure
is a mimic of biological alkali metal cation transport, Fig. 3
ig. 1. (a) Structure and conformations of calix[4]arenes and (b) structure of
yclotriveratrylene (CTV).

erformed mostly through the functionalisation of the oxygen
toms or the substituents of the calixarene upper (wide) rim.
he first transition metal complexes of calixarenes exploited the
inding properties of the phenolic oxygen atoms to form com-
lexes of cobalt, iron and titanium [33]. The amido complexes of
hese metals were reacted with the calixarenes to simultaneously
eprotonate the phenolic oxygen atoms and coordinate the metal.
ach metal ion bridges between two calixarene molecules, how-
ver the oxygen-binding mode for each differs. Attachment of
endant arms functionalised with nitrogen, phosphorous, sul-
hur and oxygen donors has lead to the coordination of a range
f metals. Many examples can be found in previous reviews of
his work [34–36].

The interaction of ligand �-systems with transition metals
as been known since Zeise’s salt, K[Pt(�2-C2H4)Cl3]·H2O was
iscovered in 1827 [37]. The bonding of metals with cyclic
romatic �-systems was first observed with the discovery [38]

nd structure determination [39] of the iron sandwich complex
errocene in 1951 and 1956, respectively. Since this time, inter-
ctions between cations and �-systems has become an integral
art of organometallic chemistry [40–42].

F
c

istry Reviews 251 (2007) 1747–1760

This article surveys the metal–� complexes of macrocycles
uch as the calixarenes and CTV, and the effect of binding metals
o the �-system on the shape and properties of the macrocycles.

. Alkali metal inclusion and Cs+ selectivity

The affinity of varying sized calixarenes for alkali metals
s well known, but the presence of metal–� interactions was
ot established until X-ray crystal structure determinations were
erformed on these systems [43]. Previously, it was thought that
he phenolic oxygen atoms play the greatest role in the binding
f the metal cations. However, Harrowfield et al. showed that the
-ray crystal structure of the mono-caesium derivative of p-tert-
utylcalix[4]arene (1) involves a caesium cation included within
he calixarene bowl, Fig. 2. The distance from the centroid of the
ryl ring to the caesium ion is 3.57 Å, within the sum of Cs–C
an der Waals radii, and far shorter than any oxygen–caesium
istance.

Thus it was concluded that the major interaction was that
f the cation–� interaction. 1H and 133Cs NMR spectroscopic
tudies in chloroform-d show that the caesium ion maintains its
avity-bound position in solution with the ligand in the cone con-
ormation, in contrast to the fluxional free calixarene. Work on
hese inclusion compounds has been extended to bis(homooxa)-
-tBu-calix[4]arene [7]. The calixarene binds the caesium ion
n an analogous manner to 1 with additional interactions to
he ether oxygen, the lower phenolic rim hydroxyl group of
nother calixarene molecule and three water molecules. The
elated hexahomooxacalix[3]arene as a lower-rim diethylamide
erivative (2a) is able to complex two Na+ ions as PF6

− salts
o give a complex displaying both lower rim oxygen coordi-
ig. 2. Caesium bound in the cavity of calix[4]arene (1). The host adopts the
one conformation and a coordinating acetonitrile molecule caps the cavity [43].
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ig. 3. X-ray structure of the disodium complex of 2a showing the two different
a+ environments and the intra-cavity bridging water molecule [44].

44]. Simultaneous coordination of alkali metals by the aryl
ings and a functionalised lower rim has also been observed in
alix[4]arenes [45]. A dimethoxy, dimethylester functionalised
-tert-butylcalix[4]arene 2b has been shown to bind potassium
odium and lithium ions through the dimethylester (R2) groups.
t has been shown by 1H NMR spectroscopy that the Li+ and
a+ ions are bound by the cone conformation, whereas X-ray

rystallographic studies of the potassium salt confirm that the
,3-alternate conformation is present with the potassium ion
eld by both ester groups and between two distal aryl rings.
he cation’s closest contacts are to the carbonyl and phenolic
xygen atoms of the methylester groups, R2, with K–O distances
f 2.62–2.83 Å. However, the metal ion is also coordinated
y the aromatic rings with K–C distances as short as 3.20 Å.
he solid-state structure of the sodium analogue displays a par-

ially flattened cone conformation of the calixarene with binding
hrough the ester groups, R2, and the oxygen atoms of the macro-
yclic ring methoxy groups (R). The latter interaction replaces
he cation–� interaction present in the K+ example.
The strong preference for �-coordinated caesium is also evi-
ent in unsubstituted calix[4]arene [46]. In the caesium salt
f the deprotonated calix[4]arene, 3, the Cs+ ion is included
ithin the cavity partially by interactions with the �-system

b
s
c
s
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nd partially by binding with the deprotonated phenolic oxy-
en atom to form one-dimensional calixarene–caesium chains
Fig. 4a). This binding is not shared equally by all four oxygen
toms so the calixarenes do not lie perpendicular to the Cs. . .Cs
xis.

In the analogous sodium salt {Na2(calix[4]arene-
)2[(CH3)2CO]3}·2Cl3CH·2H2O (4), the sodium ion is
ot held in the electron-rich cavity, but forms a dimeric struc-
ure bound by the lower rims of two calixarenes (Fig. 4b). The

etal ions are bound in a bidentate fashion by one calixarene
nd in a monodentate mode by the other. The coordination
phere is completed by an acetone molecule capping each
odium cation and one acetone bridging the two sodium cations.

Similar polymeric chains to 3 are observed when coor-
inated uranyl oxo groups act as ligands to the alkali
etal cations [47]. The products are obtained from reac-

ion p-tBu-tetrahomodioxacalix[4]arene (5) with both uranyl
nd alkali metal salts and the uranyl cations bind to
he fully deprotonated lower rim. For the smaller, harder
ithium and sodium cations, the axial oxygen atoms of
he uranyl group coordinate only one cation each, result-
ng in monomeric Li2[UO2(5)(H2O)5(CH3OH)] and bridging
imeric Na2[UO2(5)(H2O)(CH3OH)6]2 structures. The ter-
inal alkali metal cations are capped by solvent methanol

nd water molecules and there is no interaction with
he aryl �-system. In contrast, the axial oxo groups of
he coordinated uranyl group bind two cations each for
he larger, softer potassium and caesium cations to give
oordination polymers of K2[UO2(5)(H2O)2(py)] (6) and
s2[UO2(5)(H2O)0.5(CH3OH)3]·0.5Cl3CH (7), Fig. 5. For

hese cations, two metal atoms are coordinated within the cal-
xarene cavity and some cation–� interaction is observed. In
, each cation is coordinated to a single arene ring with dis-
ances of K1. . .centroid 3.50 Å shortest K1. . .C contact 3.18 Å;
2. . .centroid 3.65 Å shortest K2. . .C contact 3.26 Å.
The coordination of the caesium ions in 7 is markedly differ-

nt from the cation binding in 6, with each cation coordinated to
wo aromatic rings each; Cs1. . .centroid 3.58 and 3.71 Å, short-
st Cs1. . .C contact 3.60 and 3.61 Å; Cs2. . .centroid 3.79 and
.73 Å, shortest Cs2. . .C contact 3.75 and 3.79 Å. The coordina-
ion of the caesium ion to both the arene rings of one calixarene
nd to the uranyl group of another, leads to the formation of
oordination polymer chains. Limited 1H NMR spectroscopic
tudies suggest that the cone conformation for all four alkali
etal coordinated calixarenes is maintained in the solution state.

. Engineering cation–� interactions

While the observation of the interaction of alkali metals
ith �-systems is often serendipitous, attempts have been made

o specifically engineer three-dimensional cation binding by
ation–� interactions in supramolecular systems through the use
f lariat ethers [48] (Fig. 6). This work has been spurred on by the

iological importance of the interaction between cations and �-
ystems, especially the issue of K+ selectivity within membrane
hannels (albeit that such interactions are not observed in the
tructure of a natural K+ channel [49]). Gokel and co-workers
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Fig. 4. Structures of (a) the caesium salt of calix[4]arene where Cs+ inclusion into the cavity and coordination of phenolic oxygen atoms gives a coordination polymer
in 3 [46] and (b) the sodium salt of the calix[4]arene yields a discrete sodium bridged dimer in 4 [47].

Fig. 5. X-ray structures of coordination polymers formed in the alkali metal salts of calix[4]arene, 6 and 7. For (a) the potassium salt 6, each cation is coordinated
to one aryl ring within the cavity and for (b) the caesium salt 7, the cation is coordinated to two aryl rings [47].
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ig. 6. Structure of lariat ethers 8–14. 8: R = H; 9: R = CH2CH2CH3; 10:
= CH2CH=CH2; 11: R = CH2CCH; 12: R = CH2Ph; 13: R = CH2CH2Ph;

4: R = CH2CH2C6H4OH; 15: R = CH2CH2-indolyl; 16: R = CH2CH2C6F5

50,51].

ave synthesised lariat ethers with pendant arms containing
lkene, alkyne and arene groups (10–12) to study the interac-
ion of the side arms with the metal cation. Binding of Na+ and

+ by the macrocycle is observed but solid-state structures of 10
nd 11 show that there is no interaction between the side arms
nd the metal cation [50,51].
Hence Gokel and co-workers have synthesised lariat ethers
ith longer side arms containing aromatic groups that emulate

he amino acids phenylalanine, tyrosine, and tryptophan (13,
4, and 15, respectively) [52–54]. Solid-state structures for 15

e
s
s
b

ig. 7. (a) Free ligand 15 with pendant arms positioned away from macrocycle, and
he macrocycle from pendant arms [52–54].

ig. 8. (a) coordination polymer formed by the silver(I) complex of N-allylaza-15-cr
omplex of (N-3-butenylaza-18-crown-6 (18) [55].
istry Reviews 251 (2007) 1747–1760 1751

nd its KI complex were obtained by X-ray crystallography.
he uncomplexed macrocycle has both side arms pointing away

rom the macrocycle ring. In contrast, on metal complexation
oth side arms arrange themselves to interact directly with the
etal cation, one above and below the macrocycle ring, as seen

n Fig. 7. In 15·KI the pyrrole ring is positioned closest to the
etal cation with the shortest contact being 3.3 Å. The iodide

ounter ion is hydrogen bonded to the NH group of one of the
yrrole rings. Structures were also obtained of 13 and 14 as their
I complexes. These systems undergo the same conformational

hange upon K+ complexation to give a cation–� interaction. For
4 the iodide is again hydrogen bonded to the macrocyclic ring
ia the phenolic hydroxyl group, however no hydrogen bonding
nteraction is observed for the KI complex of 13. To investigate
hether these structures were formed from attractive cation–�

nteractions or were the result of crystal packing induced short
ontacts, complexation of KI with the fluorophenyl derivative,
6, was investigated. If packing forces are dominant then the

lectron-poor fluorinated analogue, which is similar in size and
hape to the phenyl derivative, should show similar packing. The
olid-state structure of the complex however shows the K+ cation
ound in the macroring with both side arms directed away from

(b) 15 coordinated to K+ with interaction to the cation from above and below

own-5 (17) compared to (b) the discrete ‘scorpionate’ structure of the silver(I)
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ig. 9. (a) Molecular structure Ta–calix[4]arene complex with a sodium ion b
ith a potassium ion bound within the cavity by two aryl rings [59].

t. The iodide counter ion is in direct contact with the cation and
orms an infinite chain of K+. . .I− stacks.

Similar lariat ether structures with allyl side arms complex sil-
er cations with differing Ag+. . .� interaction depending on the
ength of the side arm [55]. The structure of silver-coordinated
-allylaza-15-crown-5 (17) was obtained (Fig. 8a). The soft Ag+

its within the crown macrocycle with the closest ring contact
eing with the nitrogen atom. With the short propenyl side arm,
here is a cation–� interaction from the terminal allyl group with
silver ion bound by another lariat ether. The side arm from this

econd ether lariat is coordinated to another silver ion bound by
further lariat ether molecule to give a coordination polymer.
he Ag. . .� interaction is shown in the short contacts to the
llylic group Ag(1). . .C(12) 2.36 Å and Ag(1). . .C(13) 2.42 Å.

The structure of the silver(I) complex of N-3-butenylaza-18-
rown-6 (18) was also obtained and shows a different silver
oordination mode to 17, Fig. 8b). As observed in complexes
0–15, extending the side arm length by a single CH2 group
rovides enough ‘reach’ for the alkene to coordinate the silver
ound within its own crown ether. Again the nitrogen provides
he closest contact of the ring donors with distances Ag(2)–N(2)
.49 Å and there is also an interaction with the �-electrons of
he allylic group. This is illustrated by the short Ag–C contacts
ith distances of Ag(2)–C(32) 2.58 Å and Ag(2)–C(31) 2.61 Å.
hese longer-arm lariat ethers also bind potassium cations in the
olid state [48,55–58] albeit with much longer K. . .C distances
ut there is less evidence for K+–� interactions in solution,
nlike the Ag+ analogues.
. Inclusion involving transition metals

The Cs–� interaction is prevalent in calix[4]arenes, while
nteraction of smaller alkali metal ions with the cavity �-

t
b
m
t

in the cavity by one aryl ring, and (b) molecular structure of Ti–calix[4]arene

ystem is less common. By coordinating transition metals to
he oxygen atoms of the lower phenolic rings and treating
hese compounds with an excess of the alkali metal cations,
otassium and even sodium cations have been included in
he cavity, bound by the �-rings. The first such example
59] utilised reaction of MC15 (M = Ta, Nb) with p-tBu-
alix[4]arene to form a dimeric calixarene structure with
ridging metal. This was then subjected to an excess of
lkali metal phenolate to yield lithium, sodium and potassium
ations (M*) bound within the cone conformation cavity [p-
Bu-calix(O4M(OPh)2)(M*(THF)2)]. Many of the compounds
btained are isostructural, emphasising the ability of the transi-
ion metal to shape the calixarene conformation for the smaller
lkali metals.

For the sodium adduct 18 (Fig. 9a), the metal is held asym-
etrically within the cavity by one of the aromatic rings in an
6 fashion with Na. . .centroid 2.47 Å, shortest Na. . .C contact
.01 Å. There is additional coordination from the two phenolic
xygen atoms of the uncoordinated aromatic rings. This gives
distorted cone conformation of pseudo-C2v symmetry where

he two coordinating aromatic rings are positioned nearly verti-
ally and the oxygen coordination pushes the other two rings to
more horizontal position.

A similar hetero bimetallic system investigated the influence
f alkali metal on the coordination of calix[4]arenes with tita-
ium(IV) [60,61]. By deprotonating the lower phenolic rim with
otassium metal and introducing 1 equiv. of [Ti(acac)2(OPri)2],
monomeric complex, 19, is formed (Fig. 9b). The titanium

ation occupies the lower phenolic rim of the calixarene, while

he potassium ion is held within the cavity. The K+ ion is held
y two distal aromatic rings with crystallographic two-fold sym-
etry. The K+. . .centroid distances are 3.02 and 3.08 Å showing

he similar interaction between each ring in contrast to 18. As
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ig. 10. Crystal strictures of (a) polymetallated Na–calix[4]arene structure 20, sh
omplex 21 with a Ca2+ ion held within the cavity by two distal aryl rings [62,6

xpected the analogous caesium salts also include the caesium
on within the cavity.

The coordination of the lower rim phenolic oxygen
toms with small alkali metals themselves has been effec-
ive in introducing small alkali metals into the calix[4]arene
avity [62,63]. Monomeric calixarenes M4(p-tBu-calix[4]arene-
H)·2THF (M = Li, Na, K), that coordinate four alkali metal
ations on the lower rim can change their coordination mode
pon recrystallisation.

The rearrangement produces dimeric structures in which six
etal atoms form bridging M6O8 (M = Na, K) clusters, with each

luster capped by solvent molecules. This leaves one remaining
etal cation per calixarene which occupies the cavities, held by

wo distal aromatic rings in the cone conformation. The structure
f the sodium adduct, 20, is shown in Fig. 10a. The cations
ituated within the cavity are bound by M. . .� interactions, with
omparable C. . .aromatic distances. Short Na–C distances are
lso exhibited with shortest NalA. . .C contacts 2.87 and 2.83 Å;
hortest NalB. . .C contacts 2.87 and 2.81 Å.

Included in this study was the reaction of a lower rim di-O-
entyl derivative of p-tBu-calix[4]arene with calcium to yield
he monomeric structure stabilised with TMEDA with one
alcium cation held at the lower rim. However, the reaction
f this calcium complex with an excess of CaI2(thf)4 yields
he complex Ca2(MeCN)2I2(dipentyl-p-tBu-calix[4]arene) (21)
ith one phenolic oxygen coordinated calcium ion and a cavity-

ound calcium ion, Fig. 10b. Again an �6 interaction with the
alixarene aromatic rings holding the cation within the cavity
s present. The coordination sphere of the intra-cavity metal ion
s capped with two acetonitrile solvent molecules. The binding

v
T
S
b

g bridging Na6O8 clusters and cavity-bound Na+ ions, and (b) Ca–calix[4]arene

ode of the calixarene is similar to the potassium and titanium
oordinated calixarene, 19, and shares similar metal to centroid
istances of Ca(2). . .centroid 2.86 and 2.94 Å.

One of the first examples of inclusion of transition metals
nto the calixarene cavity was with silver(I) [4]. The Ag+ com-
lex [Ag(tetra-O-propylcalix[4]arene)](CF3SO3) (22) exhibits
nclusion of the Ag+ ion within the calixarene cavity in the
olid state, Fig. 11. For the cone calixarene conformation the
ation sits within the cavity-bound by two distal phenyl rings.
hese distal rings are strained from the conventional four-fold
ymmetric bowl shape to effectively bind the metal ion. The
ilver(I) centre is held at the top of the cavity with the shortest
ontact involving the carbon atoms para to the O–Pr substituent:
g+. . .Cpara distances are 2.39 and 2.40 Å, Fig. 11.
From variable temperature NMR spectroscopy, there is evi-

ence for solution interconversion of C2v states, and thus
vidence for alternate Ag. . .� bond formation and scission.
omparative studies show that the uncomplexed calixarene also
xperiences this interconversion, and from the coalescence tem-
erature it is found that the silver coordination considerably
etards this process. The partial cone conformation was also
tudied, and exhibits a similar binding mode for the silver ion.

. Direct �-metallation and guest inclusion

Direct metallation of the exterior of a macrocycle pro-

ides a vacant cavity with altered electrostatic properties.
he first direct metallation of calixarenes was performed by
hinkai and co-workers in 1993, who prepared mono- and
is(tricarbonylchromium) complexes of cone-tetra-O-propyl
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alix[4]arene cavity by two distal aryl rings resulting in distortion of the cone
onformation [4].

alix[4]arene. The X-ray molecular structure of the dichromium
omplex 23 is shown in Fig. 12 [5,64]. In both the mono and
imetallic complexes of the cone calixarene, a “bis-roof’ confor-
ation is adopted, conformationally similar to 22. In contrast to

2, the metal is coordinated on the exterior of the distal phenyl
ings. The flattening of the other rings is attributed to steric
rowding of the lower rim. When this steric crowding is removed
n the 1,3-alternate isomer, there is only a small change in the
tructure from the uncomplexed calixarene.

Chromium coordination has also been observed for a
pecies of triarenes, 10-methyltribenzotriquinacene (24) closely

elated to CTV, Fig. 13a, where six complexes of mono-

bis- and tris(tricarbonylchromium) coordinated species
{Cr(CO)3}n(24)] (n = 1–3) have been isolated [65]. Both
omplexation at the concave (syn) inner face and convex

g
[
m

Fig. 13. (a) Structure of 10-methyltribenzotriquinacene (24) and (b) molecular st
ig. 12. Molecular structure of the chromium(0) calix[4]arene complex, 23,
howing a “bis-roof” conformation [64,65].

anti) outer face of the bowl molecule is observed, with the
ix complexes being the anti- and syn-monometallic com-
lexes, anti,syn- anti,anti-bimetallic, and anti,anti,syn- and
nti,anti,anti-trimetallic.

From 1H NMR spectroscopic and X-ray crystallographic
tudies it is apparent that the syn conformations are less stable,
ot only due to steric crowding of the appended metal car-
onyl fragments but also electronic interaction of the carbonyl
roups with coordinated and uncoordinated aryl rings. In the
i-metallated anti,syn conformation there appears to be a repul-
ive interaction between the carbonyl and the �-electron cloud
f the uncoordinated aryl ring. In contrast, on coordination with
he third aryl ring an energetically favoured interaction between
his third ring and the carbonyl group is observed, Fig. 13b.
Coordination of manganese(I) to methyltribenzotriquinacene
ives a monometallic cationic species [Mn(CO)3(24)](BF4)
66]. An X-ray crystal structure of the complex shows three
olecules in the asymmetric unit, all of which have manganese

ructure of its trichromium complex in the anti,anti,syn conformation [66].
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ig. 14. Molecular structure of di-iridium calix[4]arene complex 25, showing
nclusion of a diethyl ether solvent molecule [11].

oordinated to the convex face. The tetrafluoroborate counter-
on does not display any cavity inclusion, but fills lattice voids.
he primary effect of the coordination is to activate the metal-

ated ring towards nucleophilic attack. Addition of both hydride
rom BH4

− and pinacolonate (CH2C(O)CMe3
−) nucleophiles

as been observed, resulting in a distribution of attack of 5:1 at
he ortho position for the smaller hydride and a 1:1 ortho:meta
somer ratio for the larger pinacolonate nucleophile. Nucle-
philic addition to aromatic rings could be facilitated by this
ethodology through means of demetallation, removal of an

ndo hydride with acid and re-aromatisation methods [67].
Guest inclusion into �-metallated complexes of this type

as first observed in calix[4]arenes directly metallated with
entamethylcyclopentadienyl (Cp*) complexes of rhodium and
ridium. Using methods previously devised for small molecule
nalogues [68,69], chloride bridged half-sandwich complexes
ere reacted with p-tBu-calix[4]arene [11]. With excess of the
etal starting complex, the bimetallic species were formed pref-

rentially, and the metal centres occupy opposite faces on the
one conformer. The coordination of the metal complexes leads
o a great increase in acidity of the phenolic hydroxyl groups, so
hat double deprotonation of these groups is observed on treat-

ent with potassium carbonate or upon recrystallisation from
MF. The crystal structure of the single deprotonated iridium
imetallic species [{Ir(�5-Cp*)}2(�6:�6-p-tBu-calix[4]arene-
)](BF4)3·Et2O·MeNO2 (25) includes molecules of both

olvents of crystallisation: nitromethane and diethyl ether, with
he latter occupying the calixarene cavity, Fig. 14.

One of the polar diethyl ether molecules has been included
nto the cavity of the calixarene, with the terminal methyl group
f the solvent molecule in close contact with the aromatic rings;
(65). . .centroid distances of 3.53, 3.62, 3.69, and 3.83 Å. From
alculated hydrogen atom positions there is a weak C–H. . .�
nteraction [70] with the uncoordinated rings, and avoidance of
he partially positively charged coordinated rings.

In contrast to the t-butyl derivative, reaction of unsubstituted

alix[4]arene with both Cp*Ir(III) and (p-cymene)Ru(II)
recursors results in metallation of all four phenolic rings
n the presence of non-coordinating anions to give the
ater-soluble tetrametallated ruthenium complex [{Ru(�6-

s
h
N
h

ig. 15. Crystal structure of tetraruthenium calix[4]arene complex 26, showing
nclusion of a tetrafluoroborate anion within the cavity. F1 penetrates the ring

ost deeply [72].

-MeC6H4CHMe2)}4(�6:�6:�6:�6-C28H22O4)]6+ (26a) and
{Ir(�5-Cp*)}4(�6:�6:�6:�6:-C28H22O4)]6+ (26b) which
ncorporate a partially positively charged hydrophobic cavity,
ig. 15 [71]. The cationic hosts have an overall charge of
+ because of the loss of two calixarene phenolic protons
o give a dianionic calixarene ligand in the presence of four
ipositive metal fragments. The symmetrical substitution and
one conformation of the calixarene was deduced from 1H
MR spectroscopy and confirmed by X-ray crystallography in

he case of the BF4
− and I− salts of 26a and the SO4

2−/HSO4
−

alt of 26b. In each case the cavity is occupied by anions instead
f solvent molecules (cf. compound 25). For example in the
ase of the BF4

− salt of 26a three of the fluorine atoms lie
ust above the upper rim of the macrocyclic aromatic rings, the
ourth points directly into the host cavity.

Distances of this fourth fluorine atom (F1) to the centroids of
he rings are 3.10, 3.15, 3.41, and 3.46 Å. The deep penetration
f this atom into the cavity is shown by the very short distance to
he lower rim carbon of the aromatic ring of 2.85 Å. The iodide
alt arises from anion metathesis with (NBu4)I with an iodide
nion included into the cavity. This unusual anion hosting is only
ade possible by the electron-withdrawing effect of the exterior
etallation [8]. The anion binding of compounds of type 26 was

nvestigated by 1H NMR spectroscopic titrations. The titrations
ere performed in the highly competitive solvent water due to

he environmental sensing interest in aqueous anion hosts. The
riflate salt of 26a was titrated against a range of sodium salts. For
alides a shift in the signal for the methylene protons is observed
ith binding constants K1 of 551 M−1, 133 M−1, and 51 M−1 for
l−, Br− and I−, respectively. The general trend shows some
electivity for the smaller anion despite chloride possessing a
igher free energy of hydration than either bromide or iodide.
o binding is observed for SO4

2− or H2PO4
− anions due to the

igh free energy of hydration of these anions.
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ig. 16. Crystal structure of tri-iridium calix[5]arene complex 28, showing
nclusion of a tetrafluoroborate anion within the cavity [9].

The metallation of p-tBu-calix[5]arene in the presence of
xcess Cp*Ir(III) precursor results in the coordination of
hree iridium fragments and gives the loss of one phenolic
roton to give the tri-iridium host [{Ir(�5-Cp*)}3(�6:�6:�6-
55H69O5)][BF4]5 (28) in high yield [9]. The X-ray crystal

tructure of 28, Fig. 16, shows a 1,2,4-substitution pattern of
he five phenolic rings and inclusion of a tetrafluoroborate anion
ithin the wide cavity near the two adjacent Ir(III) centres. There

s deep penetration of F1A into the cavity and distances to the
losest aryl ring centroids are 3.66 and 3.88 Å. This result, in
ontrast to the structure of 24 (Fig. 14) implies that two adja-
ent metallated rings are needed to induce intra-cavity anion
nclusion. The close anion. . .Carene contacts suggest significant
nion–� interactions in these systems, an interaction that is
ncreasingly recognized [72–76].

The hosting of anions is also observed in the metallated

erivatives of CTV. Mono-, di- and trimetallic derivatives
ave been prepared but it is only the di- and trimetal-
ic derivatives of Ru(II) and Ir(III) that contain adjacent

l
p
s

ig. 18. Crystal structure of (a) tri-iridium CTV complex 31, showing the inclusion of
f 32, with cavity inclusion of nitromethane solvent [10].
ig. 17. Crystal structure of diruthenium CTV complex 29b, showing the posi-
ion of a ReO4

− anion within the bowl cavity [12].

etallated rings and hence function as anion hosts. For
xample, coordination to ruthenium(II) moieties in an anal-
gous fashion to the calixarene 26 leads to the cationic host
{Ru(�6-p-MeC6H4CHMe2)}2(�6:�6-CTV)]4+ (29b) [12].
inding studies were performed on the triflate salt [{Ru(p-
eC6H4CHMe2)}2(�6:�6-CTV)][CF3SO3]4 to determine the

egree of ReO4
− and TcO4

− complexation by radiochemical
racer methods. The extraction of these anions from an aqueous
aline phase into the nitromethane organic phase is observed
ith efficiency, with 71% 188ReO4 and 84% 99mTcO4 extracted

nto the organic phase by the host. This compares favourably
ith the 7% 188ReO4 and 6% 99mTcO4 that transfers across the
hase in the control experiment. Competition studies with other
nions show that there is selectivity of these hosts towards the

arge tetrahedral oxo-anions of ReO4

− and TcO4
− over smaller

erchlorate, nitrate and chloride anions and the highly hydrated
ulphate. Only ClO4

− significantly competes. The X-ray crystal

a tetrafluoroborate anion the bowl cavity, and (b) ruthenium twin-bowl structure
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tructure of 29·ReO4
− shows that the rigid macrocyclic host

as a complimentary structure for the large tetrahedral anion
uest, Fig. 17.

Comparing the Re-centroid distances of 3.96 and 4.06 Å
or the metallated rings and 4.51 Å for the unmetallated
ing clearly shows the preference of the anion towards the
etallated sites. This work was extended to a series of ruthe-

ium and iridium cationic hosts involving mono-, bi- and
ri-metallated CTV hosts [{M(L)}n(CTV)]2n+ (M = Ru, L = p-

eC6H4CHMe2, n = 1, 29a; 2, 29b; 3, 29c; M = Ir, L = C5Me5,
= 1, 30a; 2, 30b; 3, 30c), which all show intra-cavity guest

nclusion, in contrast to classical CTV inclusion compounds
10]. In the case of the monometallic complexes 29a and 30a
he disruption of the columnar CTV packing mode [27] cre-
tes a cavity for neutral guest inclusion such as nitromethane.
or structures with two or three metal centres inclusion of an
nionic guest is observed in every instance, and a preference
or pertechnetate and perrhenate is observed. The X-ray crystal
tructure of the trimetallic iridium complex containing the 30c
ation [{Ir(�5-Cp*)}3(�6:�6:�6-CTV)][BF4]6 (31) shows that
he complex hosts one tetrafluoroborate counter ion within its
avity, Fig. 18. The anion is situated off-centre near a pair of
etallated rings suggesting it is too small for the host. The clos-

st fluorine to CTV carbon contact is relatively short at 2.82 Å as
he anion has two fluorine atoms penetrating the ring in contrast
o the tetraruthenium(II) calix[4]arene derivative, 26.

The electrochemistry of the Ru(II) series 29a–c is particu-
arly interesting since the rigid CTV macrocycle holds the metal
entres in close proximity resulting in the observation of two and
hree separate reduction waves for the triflate salts of 29b and
9c, respectively. Addition of iodide and HSO4

− anions results
n merging of these waves [10,77].

In an attempt to metallate both interior and exterior of the
TV, a twin-bowl structure [Ru[(�6-CTV)2][BF4]2·2NO2Me

32) was prepared where a ruthenium ion bridges two exterior
aces of the bowl, Fig. 18. One metal centre between two CTV
olecules is sufficient to disrupt the columnar packing and allow

ach cavity to host a disordered nitromethane solvent molecule
ith the closest host–guest contact around 3.2 Å.
In an attempt to lower the overall positive charge of the

omplexes norbornadiene rhodium(I) CTV complexes have
een prepared. The X-ray crystal structure of a co-crystal of
he mono- and bi-metallic species [Rh(�4-nbd)(�6-CTV)](BF4)
nd [{Rh(�4-nbd)}2(�6-CTV)](BF4)2 (33) has been determined
78]. In contrast to bimetallic complex 29b, no BF4

− anion
nclusion is observed in either complex. Instead, the cavity of
he bimetallic complex contains the norbornadiene ligand of
n adjacent complex, forming an inclusion polymer linked by
H. . .� interactions [71]. Anion metathesis with 10 mol equiv.
f (NBu4)I lead to no change in the 1H NMR spectrum of 33,
uggesting that the absence of cavity-bound anion shown in the
olid state is also true in solution. It is thought back bonding
rom the electron-rich Rh(I) and thus the increased electron-rich
ature of the cavity may prevent anion binding.
A [CpFe(arene)]+ derived CTV has been synthe-
ised by reacting rac-cyclotriguaiacylene (CTG) with
CpFe(chloroarene)]+ to give complex 34 which proved

t
t

ig. 19. Crystal structure of [CpFe(arene)]+ appended CTV derivative 34 show-
ng the inclusion of a hexafluorophosphate anion [13].

o be effective as a deep cavity anion host, Fig. 19 [13,79].
hanges in the 1H NMR spectrum are observed on titration
ith bromide and chloride. Precipitation of the host halide

omplexes occurred after addition of 1 equiv. of halide pre-
enting determination of association constants. However, the
rotons orientated towards the centre of the cavity are shifted
he most, with a near linear dependence on anion concentration
uggesting strong binding within the cavity. An X-ray crystal
tructure of 34 with a molecule of PF6

− included in the cavity
s shown in Fig. 19.
The penetration of this anion is demonstrated by the posi-
ion of the phosphorous atom 0.6 Å below the plane created by
he iron(II) centres. Relatively close contacts of 5.16, 5.14, and
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spectroscopy reveals a simple spectrum highlighting the three-
fold symmetry of the host. Competition for the cavity is observed
between triflate and competing PF6

− or SbF6
− anions, how-

ever equilibrium is only achieved after weeks. There is also a
Fig. 20. X-ray molecular structure of di-iridium c

.08 Å between the phosphorus atom and each of the iron(II)
ons demonstrates the charge pairing. Two-phase aqueous-nitro

ethane extractions were used to test the anion selectivity and
emoval efficiency of these hosts. Deep cavity host 34 effec-
ively removes pertechnetate from water in a single extraction
ver competing anions of SO4

2−, C1O4
−, HPO4

2− and NO3
−.

he optimal pH to extract the radioactive anion is at pH 7. There-
ore the selectivity of these hosts for large tetrahedral oxoanions,
n particular pertechnetate, observed for the directly metallated
TV hosts is preserved and the efficiency of anion extraction is

ncreased in this second generation host.
The anion binding ability of a bimetallic Cp*Ir(III)

omplex of cyclotris(dimethylthiophenylene) (35) has been
xamined. Macrocycle 35 possesses the same core nine-
embered ring structure as CTV but adopts a ‘saddle’

onformation as a result of steric interactions between the
ethyl groups [80]. It was found by X-ray crystallog-

aphy that the monometallic arene ruthenium(II) complex
Ru(p-MeC6H4CHMe2)(�5-C21H24S3)](CF3SO3)2, and the
imetallic Cp* iridium(III) complex [{Ir(C5Me5)}2(�5:�5-
21H24S3)](CF3SO3)4 (36) both also adopt this saddle
onformation, Fig. 20. Because the saddle conformation lacks a
ignificant cavity no neutral or anion host inclusion is observed
n contrast to the CTV analogues, however a molecule of disor-
ered DMF is observed in a void space.

The anion binding of 36, was compared to the bimetallic
uthenium CTV species, 29, by 1H NMR spectroscopic titra-
ion studies in a range of solvents. Host 29b shows significant
ffinity for halides in particular chloride ions with a binding con-
tant K1 = 1.25(7) × 103 M−1 and a �δ of 1.40 ppm. In contrast,
6 showed little or no differential binding of anions even after
ddition of 1000 equiv. of anion. Therefore the conformation of
hese metallated macrocycles is fundamental to their ability to
ost neutral and anionic guest molecules.

The chemistry used in the synthesis of 34 can be used to
ap molecules of this type with a second CTV type unit to
ive extended analogues of cryptophanes [81]. Demetallation

hen gives the free cryptophane. Very recently the anion bind-
ng abilities of metallated cryptophanes have been studied [82].
ryptophanes have the ability to completely enclose small guest

pecies resulting in constrictive bonding [83]. Cryptophane-E
F
i

ex of 35 showing saddle conformation (36) [81].

eacts with areneophilic Cp*ruthenium(II) fragments to produce
he permetallated cryptophanes [(Cp*Ru)6((±)-cryptophane-
)]X6 (X = CF3SO3

−, SbF6
−) (37). The X-ray crystal structures

f both salts demonstrate encapsulation of CF3SO3
− and SbF6

−,
espectively, Fig. 21. The complementarity of this organometal-
ic cage structure for large anions is shown by the close
nion–arene contact. For [37·SbF6]5+ the “axial” fluorine atoms
isplay close contacts with all six aryl rings with closest
istances F. . .C = 2.97 Å and F. . .centroid 3.08 Å. 1H NMR
ig. 21. Crystal structure of [(Cp*Ru)6((±)-cryptophane-E)][X]6 37, showing
nclusion of a triflate anion within the cage structure [83].
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ig. 22. Comparison of (a) the cobalt porphyrinogen complex 38 with coordin
irconium porphyrinogen complex 39 with coordination to the metal cation fro
5-interaction [85,86].

ery interesting solvent dependence such that in nitromethane
olution the triflate cryptate is the only species present with dis-
inct 19F NMR signals observed for bound and free anion. In
D2C12, however, over a period of ca. 3 weeks the signals for

he anion inclusion compound are joined by signals assigned to
solvent-occupied cryptophane. Isolation of this mixture and

e-dissolution in nitromethane results in slow conversion back
o the anion cryptate and allows the determination of the “con-
trictive binding” energy �G‡ = 18.0 kcal mol−1 considerably
arger than the value of 13.3 kcal mol−1 determined for CDC13
inding by cryptophane-E in dichloroethane [82].

Finally extensive work by Floriani has concerned the inter-
ction of metal cations with pyrrole-derived ligands. As with
alixarenes, the flexibility of calixpyrrole or porphyrinogen-
ype macrocycles results in many binding modes to metals.
n example is the contrast between the complexation of an

lectron-rich metal such as iron(II), cobalt(II) or nickel(II), ver-
us an electron-poor metal cation such as zirconium(IV) by
eso-octalkylporphyrinogen.
The Co(II) ion in (38) binds to all four nitrogen atoms,

ig. 22a [84]. There is also coordination of lithium cations to
he �-electrons of two of the pyrrole rings. Complexation for
lectron-poor metal cations such as zirconium(IV) (39), how-
ver, is observed through two distal nitrogen atoms and through
wo pyrrole rings via �5-interactions, Fig. 22b [85]. This con-
rast has led to a great deal of work on metal interactions with
his type of macrocycle [86,87].

. Conclusions

The �-electron density of arenes and related heterocycles is
apable of bonding strongly to metals in competition with more
onventional heteroatom donor ligand groups. Interaction range
rom electrostatic cation–� binding [2] for relatively hard or

losed shell metal ions through to covalent synergic bonding
or electron-rich transition metals with a partially filled d-shell.

etal coordination to �-electrons results in significant changes
n the properties of macrocyclic hosts and can have synthetic

[

[
[

to the metal cation by four nitrogen atoms within the macrocycle, and (b) the
o nitrogen atoms within the macrocycle and through two pyrrole rings via an

tility. While outside the scope of the present review we also
ote that calixarene-type macrocycle can also host interesting
on-metal cations such as NMe4

+ and NO+ via interactions with
he aromatic rings [88,89].

eferences

[1] S.E. Matthews, P.D. Beer, Supramol. Chem. 17 (2005) 411.
[2] J.C. Ma, D.A. Dougherty, Chem. Rev. 97 (1997) 1303.
[3] A. Ikeda, S. Shinkai, Chem. Rev. 97 (1997) 1713.
[4] A. Ikeda, H. Tsuzuki, S. Shinkai, J. Chem. Soc. Perkin Trans. 2 (1994)

2073.
[5] H. Iki, T. Kikuchi, S. Shinkai, J. Chem. Soc. Perkin Trans. 1 (1993) 205.
[6] J.L. Atwood, K.T. Holman, J.W. Steed, J. Chem. Soc. Chem. Commun.

(1996) 1401.
[7] R. Assmus, V. Bohmer, J.M. Harrowfield, M.I. Ogden, W.R. Richmond,

B.W. Skelton, A.H. White, J. Chem. Soc. Dalton Trans. (1993) 2427.
[8] M. Staffilani, K.S.B. Hancock, J.W. Steed, K.T. Holman, J.L. Atwood, R.K.

Juneja, R.S. Burkhalter, J. Am. Chem. Soc. 119 (1997) 6324.
[9] J.W. Steed, C.P. Johnson, R.K. Juneja, J.L. Atwood, R.S. Burkhalter,

Supramol. Chem. 6 (1996) 235.
10] K.T. Holman, M.M. Halihan, S.S. Jurisson, J.L. Atwood, R.S. Burkhalter,

A.R. Mitchell, J.W. Steed, J. Am. Chem. Soc. 118 (1996) 9567.
11] J.W. Steed, R.K. Juneja, R.S. Burkhalter, J.L. Atwood, J. Chem. Soc. Chem.

Commun. (1994) 2205.
12] K.T. Holman, M.M. Halihan, J.W. Steed, S.S. Jurisson, J.L. Atwood, J.

Am. Chem. Soc. 117 (1995) 7848.
13] K.T. Holman, G.W. Orr, J.W. Steed, J.L. Atwood, Chem. Commun. (1998)

2109.
14] A. Baeyer, Ber. Dtsch. Chem. Ges. 5 (1872) 25.
15] A. Baeyer, Ber. Dtsch. Chem. Ges. 5 (1872) 280.
16] A. Baeyer, Ber. Dtsch. Chem. Ges. 5 (1872) 1094.
17] C.D. Gutsche, R. Muthukrishnan, J. Org. Chem. 43 (1978) 4905.
18] J.L. Atwood, L.J. Barbour, A. Jerga, Science 296 (2002) 2367.
19] P.K. Thallapally, G.O. Lloyd, J.L. Atwood, L.J. Barbour, Angew. Chem.

Int. Ed. 44 (2005) 3848.
20] E.B. Brouwer, G.D. Enright, J.A. Ripmeester, J. Am. Chem. Soc. 119

(1997) 5404.
21] E.B. Brouwer, J.A. Ripmeester, G.D. Enright, J. Incl. Phenom. Mol.
Recogn. Chem. 24 (1996) 1.
22] E.B. Brouwer, G.D. Enright, J.A. Ripmeester, Supramol. Chem. 7 (1996)

7.
23] A. Collet, Tetrahedron 43 (1987) 5725.
24] J.W. Steed, H. Zhang, J.L. Atwood, Supramol. Chem. 7 (1996) 37.



1 Chem

[

[
[

[

[
[

[
[

[

[
[
[
[
[
[
[

[
[
[

[
[

[

[
[

[

[

[

[

[

[

[

[

[
[
[

[

[

[

[

[
[

[

[

[
[
[
[

[

[

[
[

[

[

[
[

[

[
[
[

[

[

760 J.T. Lenthall, J.W. Steed / Coordination

25] S.T. Mough, J.C. Goeltz, K.T. Holman, Angew. Chem. Int. Ed. 43 (2004)
5631.

26] A. Collet, Top. Curr. Chem. 165 (1993) 103.
27] S. Cerrini, E. Giglio, F. Mazza, N.V. Pawl, Acta Crystallogr. Sect. B 35

(1979) 2605.
28] B.T. Ibragimov, K.K. Makhkamov, K.M. Beketov, J. Incl. Phenom. Macro-

cycl. Chem. 35 (1999) 583.
29] M.J. Hardie, C.L. Raston, B. Wells, Chem. Eur. J. 6 (2000) 3293.
30] J.W. Steed, P.C. Junk, J.L. Atwood, M.J. Barnes, C.L. Raston, R.S. Burkhal-

ter, J. Am. Chem. Soc. 116 (1994) 10346.
31] M.J. Hardie, R. Ahmad, C.J. Sumby, New J. Chem. 29 (2005) 1231.
32] D.M. Roundhill, in: K.D. Karlin (Ed.), Progr. Inorg. Chem., vol. 43, Wiley,

New York, 1995, p. 533.
33] M.M. Olmstead, G. Sigel, H. Hope, X.J. Xu, P.P. Power, J. Am. Chem. Soc.

107 (1985) 8087.
34] D.M. Roundhill, Prog. Inorg. Chem. 43 (1995) 553.
35] C. Wieser, C.B. Dieleman, D. Matt, Coord. Chem. Rev. 165 (1997) 93.
36] C. Redshaw, Coord. Chem. Rev. 244 (2003) 45.
37] W.C. Zeise, Ann. Phys. Chem. 21 (1831) 497.
38] T.J. Kealy, P.L. Pauson, Nature 168 (1951) 1039.
39] J.D. Dunitz, L.E. Orgel, A. Rich, Acta Crystallogr. 9 (1956) 373.
40] H. Zeiss, Arene complexes of the transition metals, in: H. Zeiss (Ed.),

Organometallic Chemistry, Reinhold, New York, 1960, p. 380.
41] E.O. Fischer, H. Werner, Metal Pi-Complexes, Elsevier, 1966.
42] C. Elschenbroich, Organometallics, 3rd ed., VCH, Weinheim, 2003.
43] J.M. Harrowfield, M.I. Ogden, W.R. Richmond, A.H. White, J. Chem. Soc.

Chem. Commun. (1991) 1159.
44] P.J. Cragg, M.C. Allen, J.W. Steed, Chem. Commun. (1999) 553.
45] I. Oueslati, R. Abidi, H. Amri, P. Thuery, M. Nierlich, Z. Asfari, J. Har-

rowfield, J. Vicens, Tetrahedron Lett. 41 (2000) 8439.
46] P. Thuery, Z. Asfari, J. Vicens, V. Lamare, J.F. Dozol, Polyhedron 21 (2002)

2497.
47] P. Thuery, B. Masci, Dalton Trans. (2003) 2411.
48] G.W. Gokel, L.J. Barbour, R. Ferdani, J.X. Hu, Acc. Chem. Res. 35 (2002)

878.
49] D.A. Doyle, J.M. Cabral, R.A. Pfuetzner, A. Kuo, J.M. Gulbis, S.L. Cohen,

B.T. Chait, R. MacKinnon, Science 280 (1998) 69.
50] R.D. Gandour, F.R. Fronczek, V.J. Gatto, C. Minganti, R.A. Schulte, B.D.

White, K.A. Arnold, D. Mazzocchi, S.R. Miller, G.W. Gokel, J. Am. Chem.
Soc. 108 (1986) 4078.

51] V.J. Gatto, K.A. Arnold, A.M. Viscariello, S.R. Miller, G.W. Gokel, Tetra-
hedron Lett. 27 (1986) 327.

52] S.L. De Wall, E.S. Meadows, L.J. Barbour, G.W. Gokel, J. Am. Chem. Soc.
121 (1999) 5613.

53] S.L. De Wall, L.J. Barbour, G.W. Gokel, J. Am. Chem. Soc. 121 (1999)
8405.

54] S.L. De Wall, E.S. Meadows, L.J. Barbour, G.W. Gokel, Proc. Natl. Acad.

Sci. U.S.A. 97 (2000) 6271.

55] P. Arya, A. Channa, P.J. Cragg, P.D. Prince, J.W. Steed, New J. Chem. 26
(2002) 440.

56] E.S. Meadows, S.L. De Wall, L.J. Barbour, G.W. Gokel, J. Am. Chem. Soc.
123 (2001) 3092.

[
[
[
[

istry Reviews 251 (2007) 1747–1760

57] J. Hu, L.J. Barbour, G.W. Gokel, Chem. Commun. (2001) 1858.
58] A. Channa, Ph.D. Thesis, King’s College, London, 2002.
59] A. Zanotti Gerosa, E. Solari, L. Giannini, C. Floriani, A. Chiesi Villa, C.

Rizzoli, Chem. Commun. (1997) 183.
60] A.J. Petrella, N.K. Roberts, C.L. Raston, D.C. Craig, M. Thornton-Pett,

R.N. Lamb, Eur. J. Inorg. Chem. (2003) 4153.
61] A.J. Petrella, D.C. Craig, R.N. Lamb, C.L. Raston, N.K. Roberts, Dalton

Trans. (2003) 4590.
62] G. Guillemot, E. Solari, C. Rizzoli, C. Floriani, Chem. Eur. J. 8 (2002)

2072.
63] E.D. Gueneau, K.M. Fromm, H. Goesmann, Chem. Eur. J. 9 (2003)

509.
64] H. Iki, T. Kikuchi, H. Tsuzuki, S. Shinkai, Chem. Lett. (1993) 1735.
65] A. Ceccon, A. Gambaro, F. Manoli, A. Venzo, D. Kuck, T.E. Bitterwolf, P.

Ganis, G. Valle, J. Chem. Soc. Perkin Trans. 2 (1991) 233.
66] C.A. Dullaghan, G.B. Carpenter, D.A. Sweigart, D. Kuck, C. Fusco, R.

Curci, Organometallics 19 (2000) 2233.
67] Y.K. Chung, P.G. Williard, D.A. Sweigart, Organometallics 1 (1982)

1053.
68] C. White, P.M. Maitlis, J. Chem. Soc. A (1971) 3322.
69] M.A. Bennett, T.W. Matheson, J. Organomet. Chem. 153 (1978) C25.
70] M. Nishio, Cryst. Eng. Commun. 6 (2004) 130.
71] J.W. Steed, R.K. Juneja, J.L. Atwood, Angew. Chem. Int. Ed. 33 (1995)

2456.
72] O.B. Berryman, F. Hof, M.J. Hynes, D.W. Johnson, Chem. Commun.

(2006) 506.
73] C.A. Ilioudis, D.A. Tocher, J.W. Steed, J. Am. Chem. Soc. 126 (2004)

12395.
74] D. Kim, P. Tarakeshwar, K.S. Kim, J. Phys. Chem. A 108 (2004) 1250.
75] Y.S. Rosokha, S.V. Lindeman, S.V. Rosokha, J.K. Kochi, Angew. Chem.

Int. Ed. 43 (2004) 4650.
76] B.L. Schottel, H.T. Chifotides, M. Shatruk, A. Chouai, L.M. Perez, J. Bacsa,

K.R. Dunbar, J. Am. Chem. Soc. 128 (2006) 5895.
77] M.G. Boutelle, A.-M. Goncalws, K.S.B. Hancock, J.W. Steed, unpublished

work.
78] K.S.B. Hancock, J.W. Steed, Chem. Commun. (1998) 1409.
79] K.T. Holman, J.W. Steed, J.L. Atwood, Angew. Chem. Int. Ed. Engl. 36

(1997) 1736.
80] M. Staffilani, G. Bonvicini, J.W. Steed, K.T. Holman, J.L. Atwood, M.R.J.

Elsegood, Organometallics 17 (1998) 1732.
81] K.T. Holman, Ph.D. Thesis, University of Missouri-Columbia, 1998.
82] R.M. Fairchild, K.T. Holman, J. Am. Chem. Soc. 127 (2005) 16364.
83] D.J. Cram, M.E. Tanner, C.B. Knobler, J. Am. Chem. Soc. 113 (1991)

7717.
84] J. Jubb, D. Jacoby, C. Floriani, A. Chiesivilla, C. Rizzoli, Inorg. Chem. 31

(1992) 1306.
85] D. Jacoby, C. Floriani, A. Chiesivilla, C. Rizzoli, J. Am. Chem. Soc. 115
(1993) 3595.
86] R. Kempe, Angew. Chem. Int. Ed. 39 (2000) 468.
87] C. Floriani, Chem. Commun. (1996) 1257.
88] J.L. Atwood, A. Szumna, Chem. Commun. (2003) 940.
89] D.M. Rudkevich, Angew. Chem. Int. Ed. 43 (2004) 558.


	Organometallic cavitands: Cation-pi interactions and anion binding via pi-metallation
	Introduction
	Alkali metal inclusion and Cs+ selectivity
	Engineering cation-pi interactions
	Inclusion involving transition metals
	Direct pi-metallation and guest inclusion
	Conclusions
	References


