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Preface

Recently, “nanosphere”, “nanocontainer”, “nanovessel” or “nanoflask” have become

keywords in a fast developing area of supramolecular chemistry. This vivid chemistry

was developed based on Donald Cram’s early vision to make molecules with a huge

internal cavity able to incorporate guest species. Today’s approaches to preparing

container molecules follow different strategies. One option is to prepare covalently

connected derivatives step-by-step using “classical” synthetic methodologies.

Another way is to use self-assembly processes which allow easy access to the desired

derivatives. In this case, non-covalent linkages (hydrogen bonding, metal coordina-

tion or electrostatics) or weak covalent bonds (imines or disulfides) keep the supra-

molecular entities together. Due to the different natures of the connections, the

obtained aggregates are more or less stable.

In addition to their beauty, many of the described nanovessels also show

interesting endo/exo chemistry (“inside” and “outside”). In the interior, species

can be bound, and highly reactive intermediates can be stabilized, or chemical

reactions supported or catalyzed. In the latter case, unusual reactivity or selectivity

might be observed. Thus, container molecules act as homogeneous equivalents of

heterogeneous porous materials like zeolites or MOFs.

Due to the immense interest in this type of chemistry, the field has rapidly

expanded and diversified over the last two decades. In this volume, some of the

most prominent scientists in the field contribute extensive reviews, which show

the versatility of approaches towards nanocontainers, and give some examples of

processes occurring in their interior. The science of nanovessels is still in its infancy

and therefore this field is expected to emerge further and develop a high impact in

future chemistry. With the size and the special properties of the described deriva-

tives, it bridges the gap between “traditional” chemistry and nanotechnology.

Markus Albrecht

F. Ekkehardt Hahn
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Molecular Cages and Capsules with

Functionalized Inner Surfaces

Stefan Kubik

Abstract Molecular containers enclose a well defined cavity in which an appro-

priate guest molecule can be included. The corresponding complexes are generally

characterized by high kinetic stability. Thermodynamic stability can be rather low,

however, because attractive interactions are largely missing between host and guest

causing binding to be mainly due to entropic factors. This situation can be improved

by distributing appropriate binding sites across the inner surface of a molecular

container to which an included guest can bind. This approach, while being

conceptually simple, is not straightforward since the incorporation of converging

binding sites into a concave surface is difficult and usually requires receptors

architectures that differ from those of conventional covalently assembled molecular

containers. Therefore, the term molecular cage rather than molecular container is

often more appropriate for such types of receptors. In this overview, a selection of

cage-type receptors is presented whose inner cavity is functionalized with groups

that can engage in directed interactions with an included guest. These receptors,

classified according to the type of interaction responsible for guest binding, were

chosen to illustrate effects of the inwardly directed binding sites on receptor

affinity, selectivity, or other binding properties.

Keywords Molecular cages � Molecular capsules � Molecular containers �
Molecular recognition � Noncovalent interactions
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Abbreviations

DBU Diaza(1,3)bicyclo[5.4.0]undecene
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TfO Trifluoromethylsulfonate

TREN Tris(2-aminoethyl)amine

1 Introduction

A container is an object with a convex outer surface that encloses a certain volume

of space in which other objects complementary in size and shape can be included.

Once closed, a container entraps the included object and can hold it practically

indefinitely. Every aspect of this definition of macroscopic containers can be

transferred into the nanoscopic molecular dimension as perfectly demonstrated

by Cram’s carcerands [1, 2]. These compounds, a prototype of which is 1, contain

incarcerated small molecules such as DMSO, DMF, or DMA when isolated which

were present during synthesis (and usually templated carcerand formation). Guest

release from these complexes is virtually impossible without breaking covalent

bonds because the portals distributed across the carcerand surface are far too small.

Many other examples for carcerand complexes, so-called carceplexes, structurally
relate to 1, but also include endohedral fullerenes [3, 4].

1 (X = CH2, R = CH2CH2Ph)
O OOO

R R R

O

R

O O O
O OO

O OOO

R R R

O

R

O O O
O OO

X X X

O

O

X

2 (X = , R = CH2CH2Ph)
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Since containers that only release their content when destroyed are somewhat

impractical, derivatives of 1 with larger portals have been devised that allow

reversible guest exchange. A straightforward strategy to increase portal size

involved incorporation of longer linkers between the two resorcarene-derived

hemispheres [1]. Such compounds have the additional advantage of enclosing a

larger cavity, thus allowing the inclusion of more sizeable guests. By definition,

they are termed hemicarcerands if a reasonable rate of guest exchange can be

achieved at elevated temperatures while kinetically inert complexes

(hemicarceplexes) are formed at room temperature. Systematic characterization

of the binding equilibria has shown that complex dissociation and formation of

hemicarcerands, an example of which is 2, are associated with a considerable

activation barrier [5]. This barrier is due to strain induced in the linkers or in the

guest when the latter squeezes through the portals while entering or leaving the

cavity. To describe the kinetic stability of hemicarcerands on a more quantitative

basis, Cram has introduced the concept of constrictive binding [5, 6]. This term

describes the free energy of the transition state for association relative to the free

energy of the uncomplexed state (Fig. 1). In other words, constrictive binding refers

to the free energy, which must be provided to reach the transition state of dissocia-

tion from the associated state minus the intrinsic binding free energy of the binding

partners.

Fig. 1 Energy profile of a hemicarceplex formation illustrating the energy barrier imposed by

constrictive binding

Molecular Cages and Capsules with Functionalized Inner Surfaces 3



Detailed binding studies demonstrated that constrictive binding generally takes

the larger share of the overall free energy required for a hemicarceplex to reach the

transition state when dissociating. For instance, by following the rate with which

DMA enters or leaves the cavity of hemicarcerand 2, the free activation energy of

association (constrictive binding) was determined to amount to 98.4 kJ mol–1 and

the free activation energy of dissociation to 113.9 kJ mol–1 (in o-xylene-d10 at

100 �C) [5]. Thus, the intrinsic binding energy DG which describes the thermody-

namic stability of DMA � 2 is �15.5 kJ mol–1, corresponding to an association

constant Ka of 150 M–1. Breaking down this thermodynamic stability into the

enthalpic and entropic contribution furthermore shows that both parameters con-

tribute roughly equally to the overall complex stability (DH ¼ �6.3 kJ mol–1,

TDS ¼ 9.2 kJ mol–1) [5]. Thus, attractive interactions between the guest and groups

lining the inner wall of 2 play a minor role for hemicarceplex stability. Such

interactions sometimes provide a rationale for effects of guest structure on the

stability of hemicarceplexes, and they have been invoked to explain differences in

the templating ability of structurally related guests [1], but the largest share of the

reluctance of a hemicarcerand to release its guest generally stems from kinetic

effects.

The deep cavitand 3 described by Rebek and coworkers exhibits similar

properties. This compound, although strictly not a molecular container because it

lacks the lid, forms kinetically surprisingly stable complexes with, for example,

adamantane in p-xylene-d10 [7]. The activation barrier for the exchange between

free and complexed guest was determined by EXSY NMR spectroscopy to amount

to 70.6 � 1.7 kJ mol–1 at 22 �C. Thermodynamically, however, the complex is only

8.4 � 1.3 kJ mol–1 more stable than the free components (Ka ¼ 40 � 10 M–1).

Again, the kinetic stability of this complex is not due to attractive interactions

between host and guest, but to a special mechanism of complex dissociation. In this

case, dissociation involves the energy costly cleavage of four hydrogen bonds along

the seam of the cavitand followed by a conformational reorganization of 3 from the

closed vase to the open kite conformation. Direct exchange of adamantane for a

solvent molecule in the vase conformation is impossible because the opening of the

cavitand in this conformation is too small for two molecules to squeeze past each

other [8].

R
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O
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The relatively low thermodynamic stability of complexes of hemicarcerands or

other container-type hosts is a direct consequence of structural aspects of the walls

that make up the inner surface of such compounds. These walls are lined by

aromatic subunits while free electron pairs of heteroatoms such as those of the

ether oxygen atoms are preferentially oriented to the outside. Complexes are

therefore enthalpically stabilized only by weak dispersive interactions. In the case

of positively charged guests cation–p interactions can contribute to binding

enthalpy as in a self-assembled calixarene-derived capsule [9], but directed

interactions such as hydrogen-bonding interactions are usually absent.

It can be expected that incorporation of functional groups into the cavity of a

molecular container that allow directed interactions should cause a considerable

increase in thermodynamic complex stability and potentially also induce binding

selectivity. Another attractive aspect of this concept would be that it should give

access to hollow host molecules whose interiors closely mimic active sites buried

deeply within globular proteins. To arrange functional groups able to serve as

binding sites in a converging manner along the concave inner surface of a hollow

molecule is not easy, however. Molecular containers with functionalized inner

surfaces therefore usually derive from other types of hosts than carcerands.

Among the earliest examples of synthetic receptors with a three-dimensional

molecular framework that can fully encapsulate a guest are the cryptands developed

by Lehn and coworkers [10]. These receptors, prototypes of which are bicyclic 4

and tricyclic 5, are sufficiently flexible to arrange the oxygen atoms in a fashion

around the cavity that allows attractive ion–dipole interactions with an included

cation. Similarly, protonated versions of these compounds or of derivatives with

only amino groups distributed along the cavity (polyaza cryptands) allow the

binding of anionic guests by a combination of attractive Coulomb interactions

and hydrogen bond formation between the NH groups and the substrates [11, 12].

Related to polyaza cryptands is macrobicyclic receptor 6, which belongs to a family

of anion receptors termed katapinands [13].

4

O
OO

O
OO

NN

O
OO

5

N
OO

N

O

N

N
O

O
O

NH HN

6

The terms cryptand, derived from Latin crypta (cavity), and katapinand, from

Greek katapı́no (to swallow, to engulf), were chosen to illustrate that complex

formation involves complete incorporation of the guests into the receptor cavity.

This inclusion, in combination with attractive interactions inside the cavity, gener-

ally causes appreciable thermodynamic stability of the corresponding complexes,

correlating with the strength and number of possible interactions. In addition,

Molecular Cages and Capsules with Functionalized Inner Surfaces 5



complexation/decomplexation kinetics is slower than that of receptors with binding

sites more exposed to the solvent.

Since portal size is too large to completely impair guest entrance and egress the

term molecular container for these types of receptors is not appropriate. However,

cryptands have certainly inspired the development of structurally related systems

featuring more closed molecular frameworks and binding sites inside the cavity.

Most of these receptors have been constructed covalently, although there are also a

few examples of noncovalently assembled systems. Hallmarks of such receptors are

strong binding, sometimes exceptionally strong, combined with slow binding

kinetics, at least on the NMR time-scale.

Since the term cryptand only refers to crown ether derived polycyclic receptors,

polycyclic systems deriving from other structural motifs are commonly termed

molecular cages or molecular capsules, although other names such as nanospheres,

nanoflasks, temple-type receptors, etc., can also be found. The word cage well

illustrates the overall architecture of many of these receptors, consisting of a floor

and a roof connected by at least three bars.1 For self-assembled receptors, on the

other hand, the term molecular capsule is often more appropriate.

In the following sections, a selection of cage-type receptors, mostly from the

more recent literature, is presented whose inner cavity is functionalized with

appropriate groups that can engage in directed interactions with an included

guest. These examples were chosen to illustrate promising receptor architectures

or effects of receptor structure on the thermodynamics and/or kinetics of complex

formation. They have been classified according to the type of interaction responsi-

ble for guest binding into:

• Receptors containing metal centers along the inner cavity

• Receptors containing hydrogen bond acceptors

• Receptors containing hydrogen bond donors

• Receptors containing hydrogen bond acceptors and donors

2 Cage-Type Receptors Containing Metal Ions

The controlled self-assembly of appropriate ligands and metal ions to yield large

hollow coordination cages has become a popular approach in the programmed

synthesis of nano-sized objects, some of which possess interesting inclusion

properties [14]. Important contributions in this context came from the groups of

Albrecht [15], Dalcanale [16], Fujita [17], Nitschke [18], Raymond [19], Saalfrank

1Guest binding in molecular cages is usually thermodynamically favorable; in other words, the

guest likes to be bound inside the cage. This situation obviously differs from that in the macro-

scopic world where a prisoner prefers to reside outside rather than inside a cage. The term cage is

therefore a good analogy for the architecture and the function of a certain class of receptors but not

for the binding event itself.

6 S. Kubik



[20], Stang [21], Ward [22], and others. One of the many examples is cage 7 that

was recently described by the Lindoy group [23].

7( = Fe2+)

NH

HNO

O O

O O

O
N

N

N

N

8( = Ga3+)

N N N N NH

HN

O

O

OO

O O
–

– –

–

Compound 7 is highly positively charged due to the presence of four Fe(II) ions

connecting the six neutral ligands. This cage was shown to bind anions such as BF4
–

or PF6
– in its interior with the latter anion forming the more stable complex.

Complexation/decomplexation equilibrium of the BF4
– � 7 complex is fast on

the NMR time-scale while that of the PF6
– � 7 complex is slow. The smaller

anion obviously experiences no difficulty in squeezing through the openings of

the cage while PF6
– anions may require a partial disruption of the cage in order to

enter or leave it. Although no quantitative data for the thermodynamic stability of

these complexes is reported it is reasonable to assume that a major driving force for

anion binding of this and other coordination cages [16, 24] derives from electro-

static interactions between the included anion and the positively charged metal ions

surrounding the cavity. Conversely, negatively charged cages such as that described

by Raymond et al. (8) were shown to bind cations [19]. Coulomb interactions

obviously stabilize such complexes, but since electrostatic interactions lack direc-

tionality, binding of charged guests is not restricted to the cage interior and ions

residing outside the cage, for example the excess ions required to compensate the

overall charge of the cage, also experience attractive interactions. In this context it

is important to note that a detailed microcalorimetric investigation performed to

characterize the interaction of tetraethylammonium ions with 8 has revealed

striking thermodynamic differences if the anion is bound outside and inside the

cage [25]. External binding is enthalpy driven while encapsulation, although also

enthalpically favorable, is strongly driven by entropy. Thus, external binding seems

to be associated with a loss of (translational) freedom but favored by attractive

Molecular Cages and Capsules with Functionalized Inner Surfaces 7



interactions between the guests and the exterior surface of the assembly while

encapsulation is additionally promoted by desolvation of the guest and release of

solvent molecules from the host cavity. The enthalpic and entropic stabilization of

the inclusion complex NEt+ � 8 causes an appreciable overall stability amounting

to a log Ka of 4.4 at 25 �C in water (0.1 M KCl). It should also be pointed out that

cage 7 structurally resembles the metal-free bicyclic cages described by

Schmidtchen, which contain quaternary ammonium ions at the vertices and also

bind anions by electrostatic interactions in their interior [26].
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9a R = H
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The thermodynamics of complex formation of 8 suggests that coordination cages

whose overall charge can be fully compensated by a single anion should preferen-

tially bind the guest in the interior where it is entropically stabilized and can engage

in interactions with the surrounding metal ions. A step in this direction is the

dimetallic cage 9a described by Shionoya and coworkers [27].
The fourfold positive charge of this cage, assembled by coordination of four

banana-shaped ligands to two Pd2+ ions, is compensated by four BF4
– anions. In the

crystal, two of these anions reside inside the cage and two outside. The two internal

BF4
– anions can selectively and quantitatively be replaced in solution by guest

molecules that contain two negatively charged sulfonate groups matching the

BF4
––BF4

– distance found in the crystal structure. Suitable guests that fulfil this

criterion are, for example, 1,10-ferrocene bis(sulfonate) [27] or cis-4,40-azobenzene
bis(sulfonate) [28]. Interestingly, the trans-isomer of the latter guests does not fit

into the cage. As a consequence, the guest is expelled from the complex upon

photochemical isomerization of cis-4,40-azobenzene bis(sulfonate) into the

8 S. Kubik



corresponding trans-form. This process is reversible; switching the guest back to its

cis-form restores the complex.

Two other strategies to restrict binding of a guest to the interior of a coordination

cage have been realized, the first one involving the introduction of additional

functional groups in the linkers that can interact with the included guest, and the

second one incorporation of metal ions that are coordinatively unsaturated or

contain weakly bound ligands to which the guests can bind.

An example of the first strategy is coordination cage 10 described by Custelcean

et al., in which six ligands each containing a urea moiety between two 2,20-bipyridine
moieties are assembled around four nickel(II) ions [29]. This cage was designed by

using de novo structure-based computational methods as implemented in the

HostDesigner software [30]. Starting from the optimized structure of a complex

between a sulfate ion and 6 urea units stabilized by the maximum number of 12

intermolecular hydrogen bonds, this program searched for optimal linkers to connect

the urea units with 4 Ni(II)bipy3 complexes located at the corners of a tetragon

without affecting the geometry of the central anion-(urea)6 core. Subsequently, the

most promising ligand resulting from these calculations was synthesized and binding

to sulfate was investigated. As predicted, cage 10 is indeed able to include a sulfate

ion as shown by X-ray crystallography. Complex stability of the sulfate complex in

water could not be determined exactly, but precipitation experiments using Sr(NO3)2
and Ba(NO3)2 provided an estimate for the apparent binding constant of 6 � 1 � 106

M–1 similar to that of the sulfate-binding protein. In contrast to the protein, however,

which binds the substrate solely by hydrogen-bonding interactions, electrostatic

interactions between the positively charged cage and the negatively charged substrate

can be assumed to contribute significantly to the overall affinity.

10( = Ni2+)

NH
NHO

N

N

N

N

N
H

N
H

O

N N
N N

The anion-binding carcerand 11 was described by the Amouri group [31]. This

complex contains a tetrafluoroborate anion coordinated to two cobalt(II) ions. Each

cobalt ion adopts a square–pyramidal geometry. Four benzimidazole arms of

the bridging ligands fill the equatorial positions, and solvent molecules (acetonitrile)

coordinate to the outside axial positions. Inside the complex the included

tetrafluoroborate anions interacts with the cobalt ions whose inside axial positions

are otherwise coordinatively unsaturated. No exchange of the anion was

observed even at 60 �C. A detailed study of the anion-binding properties in the

crystal state of similar metalla-macrotricyclic cryptands has been performed by

Adarsh et al. [32].
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Another example of a cage that allows coordinative interactions of the guests to

metal ions has recently been described by Hiraoka et al. [33]. The corresponding

compound 12 contains six mercury ions at the vertices, each of which possesses an

octahedral coordination geometry with the equatorial positions occupied by the ring

nitrogen atoms of the ligands, which make up the faces of the cage. Trifluoromethyl

sulfonate anions occupy the axial positions with one anion residing on the

outside and the other on the inside of the cage. Overall, 12 therefore contains six

trifluoromethyl sulfonate anions in its interior, which can be replaced by other

anions. The authors showed that 12, whose exact composition can be denoted as

[12·(TfOin)6·(TfOout)6], is able to incorporated appropriate disulfonates, for example

13, if the distance of the sulfonate groups is large enough to connect two metal ions

internally. Ligand exchange inside the corresponding capsule [12·13in·(TfOin)4·(TfOout)6]

is fast on the NMR time-scale at 293 K whereas the exchange of internally bound

13 for external trifluoromethyl sulfonate anions is slow. Interestingly, incorporation

of two disulfonate anions yielding complex [12·(13in)2·(TfOin)2·(TfOout)6] could

also be achieved. Thermodynamic stability of these complexes clearly benefits

from the direct coordination of the internally bound anions to the metal ions.

12( = Hg2+)

N

N

N

N

N

N

O SO3OO3S 13
– –
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Another strategy to devise metal containing cages that allow an included guest

to coordinate to metal centers relies on cryptand-type ligands containing two tris

(2-aminoethyl)amine (TREN) subunits at opposing ends. These TREN units can

coordinate to a metal ion such as copper(II) or zinc(II) in a trigonal bipyramidal

binding mode leaving one axial coordination site at the metal unsaturated or

saturated with an only weakly bound solvent molecule or counterion. As a

consequence, incorporation of two metal ions into a TREN-derived cryptand

yields hosts in which the two metal centers are appropriately positioned to engage

cooperatively in interactions with a Lewis-basic guest. If the guest is large enough

to bridge the two metal ions a so-called cascade complex is formed. Stability of

such complexes depends on the complementarity between size of the anion and

the host cavity.

Pioneering work in this area was carried out by the groups of Lehn and Martell

[34, 35]. One example of a metal containing cryptand is dicopper(II) complex 14

which was shown to interact with various anions such as N3
–, OCN–, SCN–, SO4

2–,

HCOO–, CH3COO
–, HCO3

–, and NO3
– [36]. Complex formation can easily be

detected by the color change of an aqueous solution of the receptor from blue in

the absence of suitable anionic substrates to green in their presence.

NHHN

NHHN

NN

NHHN

CuII CuII 14

Compound 14 forms the most stable complex with N3
– (log Ka ¼ 4.78) followed

by OCN– (log Ka ¼ 4.60) and HCO3
– (log Ka ¼ 4.56), a result that was rationalized

by the almost perfect fit of azide and, to a lesser extent, hydrogencarbonate

and cyanate between the two copper centers. All other anions studied, even the

twofold charged sulfate or the strongly coordinating thiocyanate, are bound consid-

erably less tightly, leading to the conclusion that the host does not recognize the

donor tendencies or the shape, but the bite length of the anionic guest. Structural

variation of ligand structure has made available a large number of structurally

related dimetallic hosts possessing affinity not only for inorganic but also for

organic anions including nucleotides and dicarboxylates. The extensive work in

this area will not be summarized here and the interested reader is referred to

relevant reviews [37, 38].
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3 Cage-Type Receptors Containing Hydrogen Bond Acceptors

The prototypes of cages with inwardly directed hydrogen bond acceptors are

cryptands, for example 4 and 5. These compounds efficiently interact with cations

included into the cavity via ion–dipole interactions. Macrotricyclic cryptand 5, for

example, whose spherical cavity is lined with four nitrogen atoms located at the

corners of a tetrahedron and with six oxygens at the corners of an octahedron, was

shown to complex large alkali metal ions (K+, Rb+, Cs+) with a 1:1 stoichiometry in

chloroform and in water [39]. Complexes are kinetically stable on the NMR time-

scale with free energies of activation for the cation exchange derived from temper-

ature-dependent NMR measurements amounting to 64.8 (at 28 �C), 69.8 (at 51 �C),
and 67.3 (at 41 �C) kJ mol–1 for the K+, Rb+, and Cs+ complexes, respectively.

In addition, thermodynamic stability of these complexes is high as illustrated by

the stability constants log Ka which range between 3.4 (for the K+ and Cs+

complexes) and 4.2 (for the Rb+ complex) in water at 25 �C.
More important in the context of this chapter is that the nitrogen and oxygen

atoms arranged around the cavity of cryptands can also serve as hydrogen bond

acceptors, allowing the complexation of ammonium ions [40]. A crystal structure of

the complex between 5 and NH4I together with results from NMR spectroscopic

investigations and computational studies indicated, for example, that complexation

of the NH4
+ cation involves four hydrogen bonds to the four bridgehead nitrogen

atoms. For this interaction to occur, the receptor adopts a conformation with four

inwardly directed nitrogen atoms, somewhat flattened along one axis giving a

binding pattern with one shorter and three longer hydrogen bonds. This pattern is

complemented by 12 electrostatic interactions between the charged guest and the

six ether oxygens, which may be considered as 12 weaker, bent N–H···O hydrogen

bonds. In combination, these attractive interactions cause the NH4
+ complex of 5 to

be ca. 500 times more stable than the K+ complex (log Ka ¼ 6.1 vs 3.4 in water

at 25 �C). In addition, the energy barrier to NH4
+ exchange is also very high,

amounting to ca. 71.1 kJ mol–1. This large hindrance to cation exchange was

ascribed to two main factors: the resistance of the triply connected faces of the

macrotricyclic cryptand to deformation and the hindrance to stepwise cation solva-

tion in the transition state as the cation slips through a face of the structure.

Comparison of the binding properties of 5 with those of structural related

analogs 15 and 16 demonstrated that the high affinity of 5 for the NH4
+ cation is

mainly due to the good structural complementarity between host and guest [40].
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N
OO
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N
O

O

16

N
OO

N

O

N

N
O

O

12 S. Kubik



By replacement of just one oxygen atom in 5 by a methylene group, affinity of

the corresponding cryptand 15 to NH4
+ decreases by a factor of ca. 100 (NH4

+ � 15

log Ka ¼ 4.3). The macrobicycle 16 has almost completely lost the complexation

ability and the selectivity of 5 (NH4
+ � 16 log Ka ¼ 1.7). This dramatic effect

results from the removal of one bridge of 5, i.e., from a decrease in cyclic order

from the tricyclic to the bicyclic ring system, demonstrating the importance of the

spherical macrotricyclic structure for the binding properties of 5.

Unfortunately, distributing inwardly directed hydrogen bond acceptors along the

surface of a cage with an even more confined cavity is not straightforward, which is

the reason why there are relatively few hosts belonging to this class of molecular

cages or capsules. Five examples should be presented. The first is based on the

superbowls introduced by the Sherburn group [41, 42]. These large cage-type

structures enclose a cavity with an internal volume of over 1,000 Å3. They can

thus easily accommodate several small guest molecules. Still, interaction of

superbowl 17a with aspirin leads to a defined 1:1 complex [43].
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17a

R = C5H11

X = H

17b X = Br

17c X = CH3

17d X = C2H5

Since neither benzoic acid nor phenyl acetate, the two compounds containing

only one of aspirin’s substituents, nor the meta or para isomer of aspirin display

detectable binding, it appears that both –CO2H and –OAc functionalities of the

guest are required and that these groups must be arranged in an ortho-disposition for
complex formation to take place. Based on these results the authors proposed a two-

point binding mode for the complexation of aspirin within 17a comprising (1)

hydrogen-bonding between the guest’s –CO2H group and the ether oxygen of the

host’s base-wall –CH2O– linkers and (2) C–H···p interactions between the guest’s

–OAc methyl group and the cavity of the base cavitand (Fig. 2).

Substituents around the rim of the host have a profound influence on the stability

of the aspirin complex. For instance, while affinity of 17a for aspirin amounts to

309 M–1 (in chloroform at 25 �C), the tetrabromo analog 17b exhibits no detectable
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binding. Complex formation of the tetramethyl derivative 17c, on the other hand, is

associated with a larger binding constant of 485 M–1. This higher affinity was

attributed to attractive C–H···p interactions between the rim methyl groups and the

guest, which hinder guest egress, thereby stabilizing the complex. Superbowl 17d

with even larger substituents along the rim is unable to form a complex, which

presumably results from inhibition of guest exchange by steric shielding.

The second type of cage presenting hydrogen bond acceptors into the interior of

the cavity, in this case the ring nitrogen atoms of 2,20-bipyridine units in the three

linkers, is compound 18 described by V€ogtle and coworkers [44]. This compound

and some structurally related derivatives were shown to bind aromatic phenols in

methylene chloride. Comparison of the affinity of 18 for trihydroxybenzenes

differing in the positions of the three hydroxy groups strongly indicates that

host–guest interactions involve hydrogen bond formation between the OH-groups

of the guests and the nitrogen atoms in the linkers. The most stable complex turned

out to be that between 18 and 1,3,5-trihydroxybenzene, for which a stability

constant of 11,000 M–1 in dichloromethane was determined.
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Fig. 2 Representation of the

proposed two point binding

mode of aspirin (green) inside
superbowl 17a. The front wall

cavitand of 17a, hydrogen

atoms and n-pentyl feet are
omitted for clarity
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The structurally related receptor 19was described by the Haberhauer group [45].

In this receptor, three 2,20-bipyridine linkers connect two cyclopeptide-derived

scaffolds. Compound 19 also binds to 1,3,5-trihydroxybenzene albeit, with respect

to 18, with a significantly lower Ka of 150 M–1 in 10% CD3CN/CDCl3. Interest-

ingly, a derivative of 19 containing three 2,20-bipyridine units connected to a single
cyclopeptide ring binds the same substrate significantly stronger under the same

conditions (Ka ¼ 680 M–1) despite the fact that 19 should be much better

preorganized for complex formation. This result was attributed to the fact that the

inner cavity of 19 is slightly too small to allow for efficient interactions with the

guest. While the open analog can easily adapt its cavity dimensions to the steric

requirements of 1,3,5-trihydroxybenzene, this is much more difficult for the cage in

which the mutual arrangement of the bipyridine linkers is fixed.

In a somewhat related study, the group around Ahn compared the binding

properties of cage-type receptor 20 containing the nitrogen atoms of oxazoline

residues as hydrogen bond acceptors with those of the previously described tripodal

analog 21 lacking the capping aromatic residue [46].

N O

O

NO

O

N O

O

20

N O
NO

N O

21

Compound 21 allows the enantioselective recognition of chiral ammonium ions

with interactions primarily involving hydrogen bonds between the ammonium NH

groups and the nitrogen atoms on the oxazoline rings. The same binding motif was

detected crystallographically in the complex between 20 and (R)-2-phenylethyl-
ammonium perchlorate. As in the case of 19, closing the cage does not necessarily

improve binding properties. Enantioselectivity of 20 in the recognition of racemic

2-phenylethylammonium ions is, for example, lower than that of 21. The differen-

tiation of the enantiomers of alanine methyl ester is, however, associated with a

higher selectivity. Calculations revealed that steric effects of the aromatic roof of 20

prevent the optimal arrangement of an included 2-phenylethylammonium ion.

Stability of the complex of 20 with (R)-2-phenylethylammonium perchlorate in

CDCl3/CD3CN (3:1) amounts to 6,170 M–1 while that of the complex with the

corresponding (S)-enantiomer is 2,920 M–1.

That receptors 22a and 22b contain an inwardly directed hydrogen bond accep-

tor is not directly evident. These compounds structurally relate to cavitand 3 in that

they contain amide groups at three aromatic resides, which stabilize the cavitand’s

vase conformation by intramolecular hydrogen bond formation. The remaining

aromatic wall contains an appended Kemp’s triacid residue such that its free

carboxyl group is oriented toward the inside of the cavity.
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Both receptors 22a and 22b interact with amines, which are protonated upon

complex formation [47, 48]. Since binding involves formation of an ion pair inside

the cavity of the receptor, electrostatic interaction between the oppositely charged

guest and the introverted carboxylate group most likely dominate the overall

affinity. However, cooperative effects of hydrogen bonds between the carboxylate

group as a hydrogen bond acceptor and the ammonium proton(s) on the guest have

also to be considered.

Cavitand 22a was shown to bind primary amines such as isobutylamine and

1-aminoadamantane, and tertiary amines such as triethylamine, S-nicotine, and
3-picoline in chloroform [48]. Binding is so tight that accurate quantification by

NMR titrations proved to be impossible. In contrast, cavitand 3 lacking the

inwardly directed carboxylate group does not bind triethylamine, isobutylamine,

nicotine, or picoline. Only 1-aminoadamantane is also recognized by 3, but with a

different complex geometry. While this guest is bound inside 3 with the amino

group directed toward the floor of the cavity it is included into 22awith the opposite

orientation, namely with the amino group in contact with the acid. Thus, attractive

interactions between the guest and the carboxylate group inside the cavity of 22a

stabilize the complex and induce a predictable mutual arrangement of the two

binding partners.

Charged cavitand 22b allowed binding to be studied in water [47]. The 1H NMR

spectrum of 22b in the absence of potential guests shows a poorly resolved and

complicated spectrum, indicating the open kite conformation. This spectrum sharpens

upon addition of quinuclidinium hydrochloride, which is consistent with a confor-

mational reorganization of 22b to give the vase conformation. The significant

difference in the affinity of 22b for quinuclidinium hydrochloride (Ka ¼ 1,300M–1)

and for N-methylquinuclidinium chloride (Ka ¼ 18 M–1) in D2O was attributed to

the loss of a buried hydrogen bond in the complex of the quaternary ammonium ion,

a result which gives support to the assumption that 22a and 22b can be regarded as

receptors with inwardly directed hydrogen bond acceptors. Comparison of the

binding properties of 22b with those of a water soluble analog of unfunctionalized

cavitand 3 allowed the strength of the ionic hydrogen bond between the introverted

carboxylate and the quinuclidinium cation to be quantified. The energy thus deter-

mined (�11.3 kJ mol–1) is significantly larger than what would be expected from

solvent exposed salt bridges (between �0.8 and �6.3 kJ mol–1), clearly

demonstrating the strengthening of the interactions in the hydrophobic interior of

the cavitand.
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The influence of the introverted acid on the guest exchange kinetics was

investigated by exchange spectroscopy (EXSY NMR). According to these

measurements, the complex between 22b and the quinuclidinium ion has a

dissociation barrier of 79.4 kJ mol–1 in D2O, ca. 8 kJ mol–1 larger than the

dissociation barrier of complexes of unfunctionalized cavitands (e.g., 3) in

organic solvents. Complexes of 3 and 22b were therefore assumed to dissociate

along a similar reaction path, involving the vase to kite conformational shift of

the cavitand and the rupture of the upper rim hydrogen bonds. The larger barrier

determined for 22b reflects the additional energy required to break the ionic

interaction between host and guest, as well as increased physical constraints

imparted on the guest by the introverted acid.

4 Cage-Type Receptors Containing Hydrogen Bond Donors

Cage-type receptors with inwardly directed hydrogen bond donors are easily

accessible by protonation of polyazamacrocycles. In the absence of suitable guests,

ammonium groups along macrocyclic or polycyclic molecular frameworks prefer

more extended conformations with the proton located on the outside. Binding of an

anion then causes a conformational reorganization to allow for hydrogen-bonding

interactions between the guest and the protonated host (Fig. 3).

The versatile nature of cryptands to serve as cation or anion receptors is clearly

evident when taking 5 as an example. Interaction of this cryptand with cations has

already been described in the previous section. Anion binding, on the other hand, can

be achieved by successive protonation of the bridge-head nitrogen atoms [49]. If

HCl is used as the acid, the addition of 1 equiv. to a solution of 5 in CD3OD furnishes

the (empty) diprotonated species 5·H2
2+ (alongwith unprotonated 5). Addition of the

next equivalent of HCl causes full conversion into 5·H2
2+, and further HCl addition

then induces the formation of the tetraprotonated cryptand 5·H4
4+ whose cavity

contains a chloride anion. In this complex, the anion is held tightly by a tetrahedral

array of N–H···Cl– hydrogen bonds, as clearly shown in the corresponding crystal

structure [50]. Fluoride and bromide complexes of 5·H4
4+ could be prepared in a

similar manner. Iodide is too large, however, to enter the cavity and therefore fails to

produce an inclusion complex. Stability of the chloride complex is high, amounting

to a log Ka of>4 in water at pH 1.5. The authors ascribed this stability and the high

(CH2)n (CH2)n

(CH2)n

(CH2)n

(CH2)n

(CH2)n

HN NH NH HNA
A

out-out in-in

+ + + +

–
–

Fig. 3 Equilibria between

the different conformers of a

diprotonated bicyclic diaza

host. The in–in conformation

is optimal for anion binding
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selectivity of 5·H4
4+ for chloride over other halides to the well-defined and rigid

cavity of the host.

After these groundbreaking initial studies there has been extensive research

activity to develop receptors on the basis of polyammonium cryptands for other

anions such as carbonate, sulfate, phosphate, di- and triphosphate, nucleotides, or

other inorganic and organic anionic guests. In this context, effects of a wide

variety of structural parameters on anion binding properties were studied includ-

ing changing the number of binding sites, the overall receptor symmetry or

topology, or introducing rigid aromatic subunits. These investigations also

involved the characterization of the binding properties of azacyclophanes such

as 23 [51], or of neutral tricyclic polyamides such as 24 [52]. The latter type of

anion receptors also features NH protons as inwardly directed hydrogen bond

donors. These macrobicyclic lactams are often well organized for anion binding

and they do not suffer from the pH dependent anion affinity observed for

polyammonium cryptands, for example the direct structural analog of 24, cop-

per-free ligand 14. Since anion binding only relies on hydrogen-bonding without

an additional contribution from Coulomb attraction, these receptors are usually

only active in organic media, however.

HNNH
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Polyammonium cryptands and tricyclic lactams probably represent the largest

family of cryptand-type anion receptors known today and a detailed overview of the

properties of these compounds lies outside the scope of this review. The interested

reader is therefore referred to two recent reviews [11, 53]. Compound 35b in the

following section is the only polyammonium cryptand besides 5 whose properties

are described in this review in more detail to illustrate the effect of the incorporation

of additional hydrogen bond acceptor sites on binding properties.

Structurally somewhat related to 24 are the carbohydrate receptors introduced by

Davis et al. featuring the so-called temple architecture, for example, compound 25a

[54]. The roof and the floor of the temple in these tricyclic polyamides are made up

of aromatic moieties, which serve to engage in CH···p interactions with the ring

faces of an included guest. Four isophthalamides, representing the pillars, prevent

the cavity from collapsing even in polar solvents and contain functional groups to

interact with the guests.
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Receptor 25a has been shown to bind preferentially all-equatorial carbohydrates

because unfavorable steric interactions of axial substituents in the substrate with the

walls of the receptor cavity cause destabilization of the corresponding complexes. 1-

O-Octyl b-D-glucopyranoside is bound in 5% CD3OD/CDCl3 with an association

constant determined by NMR titration of 980M–1, for example, while affinity of 25a

for the corresponding a-anomer or for 1-O-octyl b-D-galactopyranoside proved to be
significantly lower (1-O-octyl a-D-glucopyranoside � 25a in 5% CD3OD/CDCl3
Ka ¼ 20 M–1 and 1-O-octyl b-D-galactopyranoside � 25a Ka ¼ 220 M–1) [55].

By decorating these temple receptors with polar substituents, binding studies

could also be performed in aqueous media. These investigations showed that

25b possesses appreciable affinity for glucose even in water (1-O-methyl

b-D-glucopyranoside � 25a in 93:7 (v/v) H2O/D2O Ka ¼ 28 M–1) [56]. Interest-

ingly, affinity for certain glucose derivatives, in particular N-acetylaminosugars, is

substantially higher. N-Acetyl-1-O-methyl-b-D-glucosamine is, for example, bound

with a Ka of 630 M–1 [57]. This complex is thus more than one order of magnitude

more stable than that of the methyl glucoside or of D-glucose. In addition, binding is

highly selective. Of altogether 21 other monosaccharide derivatives studied in

water, only four bind to 25b with an association constant >10 M–1 and stability

of none of these four complexes exceeds 60 M–1.

Structural characterization of the complex between 25b and N-acetyl-1-
O-methyl-b-D-glucosamine using a combination of NMR spectroscopy and molec-

ular modeling revealed that the substrate occupies the cavity between the two

aromatic rings aligned parallel to each other. Hydrogen bonds and C–H···p
interactions ensure an efficient and well-defined binding and, although the

isophthalamide pillars could in principle serve as hydrogen bond donors with

their NH groups, and as hydrogen bond acceptors with their C¼O groups, only

the NH groups seem to be involved in substrate binding. The N-acetyl group is

located between two isophthalamide linkers at one of the smaller portals of the

cavity where it is held tightly by several hydrophobic contacts, two hydrogen bonds

to the carbonyl oxygen atom, as well as NH···p interactions. These multiple

attractive interactions are presumably the reason for the higher affinity of 25b for

monosaccharides containing an N-acetylamino group in the 2-position.
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Binding selectivity of such temple receptors can also be controlled by

introducing alkoxy substituents in 4- and 40-positions of the biphenyl subunits

whose alkyl chains enter the cavity in aqueous solution through the narrow portals

[58]. As a consequence, binding of N-acetyl-1-O-methyl-b-D-glucosamine is

significantly impaired because the optimal complex geometry with the N-acetyl
group of the substrate located at a narrow portal is not accessible, an effect which is

the more pronounced the longer the alkyl chains on the receptor become. Interest-

ingly, introduction of the substituents increases D-glucose affinity with a maximum

for the n-propyloxy substituted receptor 25c. For comparison, 25c binds to N-
acetyl-1-O-methyl-b-D-glucosamine with a Ka of only 43 M–1 while 1-O-methyl

b-D-glucopyranoside affinity amounts to 130 M–1. Replacing the biphenyl residues

in these temple receptors with larger aromatic moieties such as terphenyl

derivatives increases cavity size, thus yielding receptors for disaccharides [59–61].

Inspired by the well-known anion-binding properties of calixpyrroles [62], two

cryptand-like derivatives have recently been developed. Compound 26 contains nine

pyrrole moieties whose NH groups should induce affinity for small inorganic anions

[63]. Indeed, significant signal shifts in the 1H NMR of 26 upon addition of tetrabuty-

lammonium fluoride to a CD2Cl2 solution were observed. Specifically, the signals

located at 7.49 and 7.67 ppm accounting for six and three NH protons, respectively,

gave rise to four signals at 6.78, 7.97, 10.56, and 11.99 ppm in a 1:2:2:4 relative

intensity after the addition of 1 equiv. of the salt. The splitting of the shifts indicated

that fluoride is not bound within the cryptand interacting with all NH groups simulta-

neously. Instead, two of the three cryptand arms combine to form a single large pocket

that allows six calixpyrrole-like NH groups to be hydrogen-bonded to the anion.

Larger anions such as chloride ions form complexes with 26 of higher stoichiometry.
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Cryptand-like calixpyrrole 27 has a larger cavity than 26 because of the in/out
configuration at the two opposing methyne groups [64]. This receptor also binds

fluoride but, in contrast to 26, incorporates the anion within the cavity. However, of

the six NH groups of 27 only those of the pyrrole moieties at the tripyrrolemethane

subunits with the out-configuration interact with the anion. According to molecular

modeling studies, the other three NH groups are directed into the cavity, but are not

involved in anion binding. The stability constant Ka of the fluoride complex of 27 in

CD2Cl2 amounts to 1,562 M–1.
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Another promising building block for the construction of cage-type receptors with

internal binding sites is the anion-binding cyclic hexapeptide described by the Kubik

group. This peptide, which contains alternating L-proline and 6-aminopicolinic acid

subunits, binds inorganic anions such as sulfate or halides in competitive aqueous

solvent mixtures [65]. Complex formation involves inclusion of the anion into the

cavity between two cyclopeptide rings where it interacts with six peptide NH groups

distributed along the cavity’s inner surface. Introduction of one linker between two

cyclopeptide moieties has furnished bis(cyclopeptides) that bind to anions in a 1:1

fashion [66–68]. In a logical extension of this approach, cage-type receptors can be

obtained by incorporation of three linkers between the cyclopeptide rings. A bis

(cyclopeptide) representing this receptor-type is compound 28, which was prepared

by coupling a tris-alkyne and a tris-azide derivative of the monocyclic parent peptide

via copper-catalyzed azide–alkyne cycloaddition [69].

Pronounced shifts of cyclopeptide signals in the 1H NMR spectrum caused by

adding sodium sulfate to a solution of 28 in D2O/CD3OD 1:1 (v/v) clearly indicated
that the anion is bound inside the cage. Force-field calculations provided a picture

of the structure of the complex formed, which is stabilized by a well-defined array

of hydrogen bonds (Fig. 4).

As expected, binding kinetics of this complex differ significantly from those of bis

(cyclopeptide) 29 containing only one linker in that the rate of guest exchange is

considerably slower. Thermodynamically, the stability of the sulfate complex of 28

approaches an appreciable log Ka of 6 in H2O/CH3OH 1:1 (v/v) which is, however,

only ca. one order of magnitude larger than affinity of the more flexible mono-linked

analog. Themuch better preorganization for complex formation of the triply linked bis

(cyclopeptide) therefore does not translate into significantly higher complex stability.

Titration calorimetry revealed that, with respect to 29, the unexpected low

sulfate affinity of 28 is mainly due to profound differences in the thermodynamics
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of complex formation of both receptors. Sulfate binding of 29 is associated with

favorable enthalpic and entropic terms and, although the entropic contribution to

complex formation is significant larger in the case of 28, this advantage is largely

canceled out by the unfavorable positive enthalpy of binding. As a result, complex

stability of the sulfate complex of 28 is controlled by entropy only. Structural

investigations indicated that the endothermicity of the sulfate binding of 28 has

most probably structural reasons (the three linkers in 28 adopt energetically unfa-

vorable conformations in the complex), possibly in combination with solvation

effects (desolvation of the receptor in aqueous solution is energetically costly).

These investigations therefore showed that closing a cage does not necessarily lead

to a significant improvement in binding properties if it simultaneously causes

pronounced changes in the energetics of complex formation.

Besides these covalently constructed cage-type receptors a number of self-

assembled capsules with hydrogen bond donors protruding to the inside have also

been described. An early example was reported by Atwood et al. This system makes

use of the well known properties of resorcin[4]arene 30a and pyrogallol[4]arene

30b to form hexameric spherical capsules in the solid state and, in the case of 30b,

also in solution.
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HOOH
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30a R1 = methyl, R2 = R3 = H

30b R1 = iso-butyl, R2 = R3 = OH

30c R1 = iso-butyl, R2 = OH, R3 = H

In the hexameric capsule of 30b 48 of the 72 potential hydrogen bond donors are

used in intramolecular hydrogen bonds to seam the capsule together [70, 71]. The

remaining 24 hydrogen bond donors are used in intramolecular hydrogen bonds

Fig. 4 Calculated structure

of the sulfate complex of 28.

Nonacidic hydrogen atoms

are omitted for clarity except

the ones on the proline α-C
atoms. Hydrogen bonds are

indicated by dotted lines
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between adjacent rings in the macrocyclic building blocks. All hydrogen bond

donors are therefore used in completing the hydrogen bond arrangement that

forms the capsule and, as a consequence, guests included into the capsules are not

ordered. The capsule deriving from 30a has the composition [(30a)6(H2O)8] [72].

This capsule possesses an excess of four hydrogen bond donors, but these donors

are positioned such that they project to the outside of the aggregate and they are

therefore incapable of effecting organization of guests within the capsule. The

hexameric capsule deriving from the unsymmetrical macrocycle 30c, however,

has a significantly different structure [73]. Of the altogether 66 hydrogen bond

donors of [(30c)6], 24 hydrogen donors are used in intermolecular hydrogen bonds

and 24 are used in intramolecular hydrogen bonds. Of the 18 remaining hydrogen

bond donors, 6 are oriented to the inside and 6 to the outside of the capsule. The

remaining six hydrogen bond donors are not involved in the array of hydrogen

bonds stabilizing the aggregate and are located externally. The void of the capsule

[(30c)6] is filled with six diethyl ether molecules in the solid state, but, in contrast to

guest molecules included into capsules [(30a)6] or [(30a)6(H2O)8], these solvent

molecules are ordered due to specific interactions of their oxygen atoms with the

inwardly directed hydrogen bond donors.

Structurally somewhat related to recorcin[4]arene derivatives 30a–c is the calix

[4]pyrrole derivative 31 described by the Ballester group [74].
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This tetrakis-urea was expected to self-assemble in apolar media by hydrogen

bond formation between urea moieties of two different units. The analogous

behavior of calix[4]arene tetrakis-ureas is well documented [75], but, in contrast

to the corresponding calix[4]arene capsules, those deriving from 31 would feature

hydrogen bond donor sites within the cavity (Fig. 5).

In the absence of suitable guests no self-assembly of 31was observed, presumably

because the calix[4]pyrrole core is not sufficiently well preorganized for dimerization

and the entropic and enthalpic energy terms associated with the required conforma-

tional reorganization are not compensated by the formation of the 16 hydrogen bonds
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in the assembled system. However, addition of a suitable guest, namely 4,40-
bipyridine bis-N,N0-oxide 32, induces capsule formation due to binding of the two

N-oxide oxygen atoms to the NH groups of the two calix[4]pyrrole rings. This binding

event concomitantly induces hydrogen bond formation between the urea groups along

the seam of the capsule leading to a thermodynamically (Ka > 107 M–2) as well as

kinetically very stable complex. Kinetic stability was demonstrated by an elegant

competition experiment. When a 1:1 mixture of two derivatives of 31, differing in the

substituent at the urea groups, was treated with an excess of 32 in CD2Cl2, the

formation of three capsules, two homodimers and one heterodimer, was observed

NMR spectroscopically. However, if the two homodimers were preformed individu-

ally and then mixed they predominate in solution. Thermodynamic equilibrium with

all three capsules present is reached only after several hours.

A similar guest induced dimerization was observed for the disubstituted calix[4]

pyrrole derivative 33 [76]. In the presence of 4-hydroxybenzoic acid, 1,4-benzenedi-

carboxylic acid, or the corresponding 1,3-disubstituted analog and 2 equiv. of each a

base and 33, a molecular capsule is formed in which a dianionic guest bridges two

units of 33 by hydrogen-bonding to the calix[4]pyrrole NH groups. In this aggregate,

the two macrocyclic subunits approach each other with the p-nitrophenyl residues
arranged in a “staggered” fashion shielding the included guest from the surrounding

environment. 3-Hydroxybenzoic acid or 1,2-benzenedicarboxylic acid failed to

induce capsule assembly because of a mismatch in the arrangement of the anionic

binding sites in the deprotonated versions of these guests and the orientation of the

two calix[4]pyrrole units in the capsule. These guests therefore form simple 1:1

complexes with 33 even if they are completely deprotonated.
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Crystallization of calix[4]pyrrole derivative 34 in the presence of tetramethyl-

ammonium chloride was shown to yield a hexameric capsular assembly in the solid

state somewhat similar to that observed for 30a [77]. In contrast to capsule

[(30a)6(H2O)8], chloride anions bridging the different calix[4]pyrrole subunits are

an important structural element in the capsule formed from 34. Specifically, each

subunit of 34 exhibits three intramolecular hydrogen bonds between the hydroxyl

groups, which impart stability to the cone conformation. The side that does not

show an intramolecular hydrogen bond directs the two hydroxyl groups toward a

chloride anion. Each calix[4]pyrrole unit is intermolecularly hydrogen-bonded to

only two of the four neighboring units through water molecules and through

interactions with chloride anions. The hexameric capsule therefore comprises an

assembly of two identical hemispheres, each made up of three units of 34, water

molecules, and three chloride anions along the seams. The two hemispheres are

maintained together through electrostatic interactions between embedded cations

and anions. This aggregate is spacious enough to accommodate 12 tetramethyl-

ammonium cations (six per hemisphere) and six chloride anions, each of which

is hydrogen-bonded to the inwardly directed NH groups of the calix[4]pyrrole units.

These NH groups therefore control the organization of the guest molecules inside

the capsule as do the inwardly directed hydrogen bond donors in the capsule

derived from 30c.

Other types of molecular capsules with included anions have been described, but

they do not involve directed hydrogen-bonding interactions between functional

groups on the inside of the capsule and the guests [78, 79].

5 Cage-Type Receptors Containing Hydrogen Bond

Acceptors and Donors

If it is already difficult to position either hydrogen bond acceptors or donors along

the cavity of a molecular container or capsule that can interact with an included

guest, it is even more so when acceptors and donors should be combined. Among

the rare examples of these types of receptors is the bicyclic cage 35b described

by the Delgado group. The parent compound 35a containing m-xylyl moieties

exhibits the characteristic binding properties of polyaza cryptands [80]. Potentio-

metric measurements in 1:1 water/methanol (v/v) demonstrated, for example, that

protonated host species are able to interact with anions such as Cl–, I–, NO3
–, ClO4

–,

AcO–, H2PO4
–, SO4

2–, and SeO4
2–. Noteworthy is the remarkable selectivity of 35a

for the dianionic tetrahedral anions of this guest series; association constants of the

corresponding complexes range from 5.03 to 5.3 log units while those of the

complexes with the monoanionic substrates are two to four orders of magnitude

lower. Single crystal X-ray studies showed that one anion in the sulfate salt of

hexaprotonated 35a is encapsulated into the cage, establishing three NH···O hydro-

gen bonding interactions with two receptor NH groups. Additional hydrogen bonds

are formed to six water molecules of which four are included into the cavity and

also engage in hydrogen-bonding interactions with receptor NH groups projecting

toward the inside.
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The importance of hydrogen bond formation in the interaction of 35a with

anions is evidenced by the fact that the fully protonated receptor, which lacks a

hydrogen bond acceptor site, binds H2PO4
– less efficiently than the pentaprotonated

analog (log Ka of the H2PO4
– complex of pentaprotonated 35a amounts to 2.97 and

for the hexaprotonated state to 2.12). In contrast, affinity for SO4
2–, an anion which

remains unprotonated even at low pH and therefore does not experience repulsive

interactions inside the cavity of 35a, increases from 3.74 for the pentaprotonated

receptor to 5.03 for the hexaprotonated one.

In an attempt to reverse this selectivity receptor 35b was synthesized that features

ring nitrogens of 1,6-disubstituted pyridyl subunits as hydrogen bond acceptor sites

even at the pH required for protonation of all six secondary amino groups [81].

Indeed, not only is H2PO4
– affinity of 35b larger than that of 35a under the same

conditions, H2PO4
– affinity also increases when converting the pentaprotonated

receptor into the fully protonated state (pentaprotonated 35b has an H2PO4
– affinity

in terms of log Ka of 3.99 and hexaprotonated 35b of 4.05). Both results clearly

indicate that the hydrogen bond acceptor sites inside the cavity of 35b provide

additional attractive contacts with the dihydrogenphosphate anion, in turn causing

an overall stabilization of the complex. Importantly, the characteristic binding mode

of 35b induces selectivity for H2PO4
– over SO4

2– at pH 7 despite the higher charge of

the sulfate ion. Receptors 35a and 35b therefore nicely mimic the behavior of the

sulfate-binding protein and the phosphate-binding protein, whose selectivity patterns

also originate from the absence of a hydrogen bond acceptor site in the sulfate-

binding protein and the presence of one in the phosphate-binding protein [82].

The second type of cage-type receptors presented in this section are the so-called

calix[6]cryptureas or calix[6]cryptamides introduced by Jabin and coworkers.

These receptors, an example of which is 36, feature a TREN based cap that close

the hydrophobic cavity of a calix[6]arene at the narrow rim and six tert-butyl
groups controlling the size of the entrance to the cavity on the opposite side.

Hydrogen bond acceptors in these receptors are positioned along the narrow

calixarene rim in the form of ether oxygen atoms and hydrogen bond donors in

the three urea moieties. This arrangement of different binding sites in close

proximity allows 36 to interact strongly with suitable organic guest molecules

and with ion pairs [83]. The complexation/decomplexation equilibrium of

imidazolidin-2-one binding to 36 in CDCl3 is, for example, slow on the NMR

time-scale and associated with an association constant Ka of>103 M–1. Protonation

of the tertiary amino group in the cap increases the stability of this complex

(Ka > 5 � 104 M–1). NMR binding studies demonstrated that complex formation
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involves inclusion of the guest into the calixarene cavity, hydrogen-bonding

interactions between the NH groups of the guest and two receptor oxygen atoms,

and formation of bifurcated hydrogen bonds between the substrate’s carbonyl group

and those urea NH groups that are positioned closer to the cavity.

O
NH

OCH3O

NH

NH HN

HN

O
O

NH
O

NH
O O

OCH3

N

H3CO

H3CO

H3CO

H3CO

36

OCH3O O
O
OCH3

H3CO

HN

NH

OO O

HN

NH
HN

NH
OO O

O O O

O
O

O

OCH3O

NH HN

O
O
OCH3

N
O O

OCH3O

NH HN

OO

NH
OO O

OCH3

OCH3
O

NH HN

O
O

NH

OCH3

37

38 39

Ion pairs, specifically primary ammonium halides, interact with 36 by inclusion

of the anion into the tris-urea derived cap where it interacts with the urea NH

groups. The counterion is included into the calixarene cavity, as evidenced by

significant upfield shifts of the alkyl signals in the 1H NMR spectrum upon

complex formation, with the headgroup protruding from the narrow opening to

allow for hydrogen-bonding interactions between the ammonium protons and the

ether oxygen atoms and for electrostatic interactions with the anion. Quaternary

ammonium ions can also be bound inside the calixarene cavity but if halide salts are

used whose cations are too large to be included into the cavity, e.g., tetrabuty-

lammonium halides, only the anion is bound. Interestingly, protonation of the cap
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does not reinforce anion binding, but causes the release of the anion from the cavity,

an effect that was ascribed by the authors to a steric clash between the included

anion and the proton on the introverted tertiary amino group.

The highly versatile pH dependent binding properties of 36 allowed the

authors to switch reversibly between three complex species by addition of

acid or base. This guest-switching cycle started from a mixture of protonated

36 and three competing guests, namely tetramethylammonium chloride,

1-propylammonium chloride, and imidazolidin-2-one in CDCl3/CD3OD (98:2).

The 1H NMR spectrum of this mixture showed that only the imidazolidin-2-one

complex was initially present. The addition of 2 equiv. of DBU gave rise,

exclusively, to the complex with 1-propylammonium chloride through the

deprotonation of the cap. The subsequent addition of a large excess of DBU led

to the deprotonation of the ammonium ion and therefore to the quantitative

formation of the tetramethylammonium chloride complex. The full reversibility

of the switching processes was demonstrated through the progressive addition of

picric acid restoring first the 1-propylammonium chloride complex and then the

initial complex with the neutral substrate.

A number of other receptors structurally relating to 36 were described that

possess overall similar binding properties although some characteristic differences

were noted. Compound 37, for example, containing a cyclotriveratrylene-derived

cap instead of a TREN moiety, also binds imidazolidin-2-one or ammonium

halides, but since this compound lacks the tertiary amino group it does not allow

binding properties to be controlled by protonation [84].

Compound 38 is structurally more closely related to 36, but the size of the cap is

significantly smaller. This structural change increases affinity for imidazolidin-

2-one, which is with a Ka > 105 M–1 at least one order of magnitude higher than

that of 36 [85]. In marked contrast to 36, where affinity for imidazolidin-2-one

increases upon protonation of the host, protonation of 38 causes the guest to be

expelled from the cavity, presumably because of a conformational reorganization

induced by the formation of an intramolecular hydrogen bond between the

protonated NH group and an introverted carbonyl group. Anion binding of 38 is

restricted to fluoride, which is small enough to enter the cavity of the cap and to

simultaneously interact with the three introverted NH groups. As a consequence,

inclusion of alkyl ammonium cations into the calixarene cavity was only observed

in the presence of fluoride ions. In the case of other ammonium halides, the

energetically highly unfavorable dissociation of the ion pair, which is not

compensated in the complex by ion-pairing with an anion bound at the level of

the cap, prevented the ammonium ion from entering the calixarene cavity. As in the

case of 36, protonation of the TREN group causes release of the fluoride anion.

The tube-like receptor 39 was shown to bind two imidazolidin-2-one molecules

inside the calixarene subunits or, more interestingly, ion triplets comprising an

anion, which binds to the central urea moieties, and two ammonium ions, which are

incorporated into the calixarene rings [86]. Particularly stable complexes are

formed with ammonium sulfate salts even in relative polar media (CD3OD/

CDCl3 3:1), but chloride ions can also induce the formation of such complexes
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albeit only in CDCl3. In the absence of cations that can be bound inside the

calixarene cavities, no interaction between anions and 39 was observed,

demonstrating the importance of ion-pairing for complex stabilization.

A self-assembling molecular capsule with inwardly directed hydrogen bond

acceptors and donors composed of two identical resorcarene derivatives with

phenylalanine residues on each aromatic subunit, L-40, was recently reported by

Kuberski and Szumna [87].
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This compound is well soluble in chloroform in spite of its polar nature, a result

that was rationalized by the authors by the burial of the polar functionalities inside

the interior of a capsule assembled from two molecules of L-40. X-ray crystallogra-

phy confirmed this assumption. Capsules formed from L-40 are sealed by two seams

of salt bridges formed between the amino and carboxyl groups of the amino acid

residues (Fig. 6). Owing to the numerous complementary hydrogen-bonding

interactions the capsule core is tightly packed with almost no holes. All polar

functionalities are isolated from the environment by the phenylalanine side chains.

The interior of the capsule is filled with two nitromethane and four water molecules

in the crystal. These solvent molecules form direct contact with the functional

groups that stabilize the assembly. Specifically, the amino groups form hydrogen

bonds to the nitromethane molecules, while the close proximity of the carboxyl

groups to the water molecules suggests that the carboxylate groups serve as

hydrogen bond acceptors.

Capsules deriving from 40 also exhibit high kinetic stability in solution which

was demonstrated by mixing solutions of (L-40)2 and (D-40)2 in CDCl3 and record-

ing the 1H NMR spectrum. This spectrum remained unchanged for more than

2 weeks. Only after addition of methanol, evaporation, and redissolution in

CDCl3 did clear changes occur. The resulting spectrum indicated the exclusive

formation of the heterochiral capsule (L-40)(D-40), which not only demonstrated

that the homochiral dimers are kinetically very stable in CDCl3, but also that the

heterochiral dimer is thermodynamically the more stable assembly.

Capsule (L-40)2 easily incorporates small organic guestmolecules such as alcohols,

carboxylic acids, N-protected amino acids, and even inorganic salts of carboxylic

acids. A pronounced preference was observed for hydroxy acids, which is the reason

why most investigations concentrated on this type of guests. 1H NMR spectroscopic

binding studies in the absence (equilibration a solution of (L-40)2 in toluene with solid

guest) or in the presence of water (equilibration of a two phase mixture of solutions of
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(L-40)2 in toluene and of guest in water) revealed characteristic differences in the

structures of the complex formed [88]. For example, with S-malic acid S-41 as guest a
capsule formed in the absence of water containing two guest molecules, while only

one molecule of S-41 is bound inside the cavity when complex formation was

performed in the presence of water. This guest molecule resides in one hemisphere

of the capsule; the other hemisphere most likely contains water molecules. The

translational motion of the guest from one hemisphere to the other is slow on the

NMR time-scale and associated with an energy barrier of 73.7 kJ mol–1 at 303 K.

Investigations with other guests confirmed that water inside the cavity significantly

affects the dynamics of the included guests. In general, themore hydrophilic the guest,

the more pronounced the effect that water has on binding.

Binding studies in other solvents demonstrated that, for example, chloroform or

acetone can also be coencapsulated inside (L-40)2 allowing only one hydroxy acid

to enter the cavity [89]. The hydrophobic toluene, on the other hand, is no good

guest so that 2:1 guest/capsule complexes are usually observed. A comparison of

the Ka values for a series of hydroxy acids in acetone-d6 suggests that, as the guests
become larger and more hydrophobic, the association constants become smaller.

For guests of similar size but different polarity, more hydrophilic guests have

higher affinities toward (L-40)2, which is in agreement with the polar nature of

the capsule’s interior. The Ka of the 1:1 guest/capsule complex between S-malic

acid and (L-40)2 amounts to 506 M–1, for example. The fact that the corresponding

R-enantiomer of this guest is bound with a significantly smaller Ka of 157 M–1

shows that binding is moderately enantioselective. Moreover, experiments

addressing the rate of complex formation demonstrated that although guest

exchange is slow on the NMR time-scale it is much faster than rearrangement of

the homochiral into heterochiral capsules, a result suggesting that guest exchange
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Fig. 6 Schematic representation of the arrangement of two subunits of L-40 in the dimeric capsule

(left) and space-filling model of the molecular structure of [(L-40)2·(CH3NO2)2·(H2O)4] (right)
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proceeds via a gating mechanism and does not require the capsules to dissociate

completely.

Information about the arrangement of the guest molecules inside (L-40)2 was

gained from the crystal structure of the capsule containing two S-malic acid

molecules [89]. In the crystal, the two hemispheres are not identical because of

steric interactions between the outwardly oriented phenylalanine side chains. As a

consequence, the amino acid backbones are tilted in opposite directions, the

hydrogen-bonding belts have opposing directionalities for complementary parts,

and one hemisphere, denoted the M hemisphere, has fewer hydrogen bonds. Each

hemisphere is filled with one guest molecule. In the P hemisphere, the carboxylic

group of the guest acts both as a hydrogen bond donor and acceptor for interactions

with ammonium cations and carboxylate anions along the capsule wall. The

aliphatic CH2 group is positioned in the hydrophobic part of the cavity, while the

OH group interacts simultaneously as a donor and acceptor of hydrogen bonds.

Although the second carboxylic group is positioned close to the central point of the

capsule, and is most probably additionally disordered, it has the possibility of

forming one hydrogen bond.

Similar types of hydrogen bonds are observed in theM hemisphere. The carbox-

ylic group again interacts with both the ammonium and the carboxylate groups of the

capsule, and the aliphatic CH2 group is bound in the hydrophobic part of the cavity.

However, due to the opposite tilt and chirality of the hydrogen-bonding system in

this hemisphere, the hydroxy group at the stereogenic center has a different position.

As a result, some hydrogen bonds are slightly longer and the guest molecule adopts a

more crowded conformation. This crystal structure therefore clearly showed that the

well defined pattern of functional groups along the seam of (L-40)2 and not steric

effects alone control the order of the guests inside the cavity.

6 Conclusions

This overview shows that molecular cages or capsules with inwardly oriented

binding sites do not simply entrap guest molecules – they provide the guest with

an electronically complementary environment in the interior. Complex formation is

therefore not only a matter of filling the available space but complemented by

directed interactions between the guest and the receptor walls. As a consequence,

filling the receptor’s internal space can be very efficient and packing coefficients of

up to 70% have been observed [89], significantly larger than those of complexes of

other molecular containers or capsules [90]. In addition, directionality of the

interactions inside the receptor cavity induces an ordered arrangement of the

included guest molecules, an effect that is probably not so important for smaller

receptors where steric effects are usually sufficient to restrict the motion of the

guests. In larger cavities, however, translational motions of the guests are often less

difficult and an ordered arrangement of guest molecules can only be achieved when

the guest finds positions on the inner cavity surface to which it can bind.
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Increased kinetic stability in comparison to receptors with better accessible

binding sites, caused by constrictive binding, is a common feature of all types of

cage-type receptors, but combining constrictive binding with attractive interactions

between the guest and the cage walls additionally increases thermodynamic stabil-

ity, which can be low for receptors lacking suitable binding sites in the interior. The

entropic component of complex stability, resulting from the release of solvent

molecules upon incorporation of the guest into the receptor cavity, is thus

complemented by a favorable enthalpic term. That this enthalpic term should not

be taken for granted is demonstrated by the behavior of bis(cyclopeptide) 28.

Binding properties thus depend on subtle structural effects that are often not easy

to predict for structurally relative complex receptors.

One of the more challenging aspects in the design of cages with functionalized

interiors is the incorporation of converging binding sites along the concave inner

surface of the cavity. A highly flexible and very promising approach relies on the use

of coordinatively unsaturated metal centers, but other strategies can also be pursued.

The examples described in Sect. 5 of this overview indicate that combining different

binding sites into the cavity of receptors with confined cavities represents a particu-

larly promising approach to develop potent and selective binders. Such systemsmight

eventually be able to mimic the binding event inside the active center of a protein or,

if at least two guests are included in a proper mutual arrangement, serve as molecular

reaction vessels to induce the (stereoselective) transformation of suitable substrates.

Further creative work is required to reach this ambitious goal.
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Drug Delivery by Water-Soluble

Organometallic Cages

Bruno Therrien

Abstract Until recently, organometallic derivatives were generally viewed as

moisture- and air-sensitive compounds, and consequently very challenging to

synthesise and very demanding in terms of laboratory requirements (Schlenk

techniques, dried solvent, glove box). However, an increasing number of stable,

water-soluble organometallic compounds are now available, and organometallic

chemistry in aqueous phase is a flourishing area of research. As such, coordination-

driven self-assemblies using organometallic building blocks are compatible with

water, thus opening new perspectives in bio-organometallic chemistry.

This chapter gives a short history of coordination-driven self-assembly, with

a special attention to organometallic metalla-cycles, especially those composed of

half-sandwich complexes. These metalla-assemblies have been used as sensors,

as anticancer agents, as well as drug carriers.

Keywords Bio-organometallic chemistry � Drug delivery � Half-sandwich

complexes � Host–guest systems � Supramolecular chemistry
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Abbreviations

bipy 4,40-Bipyridine
bpe 1,2-Bis(4-pyridyl)ethylene

bpp 5,15-Bis(4-pyridyl)-10,20-diphenylporphyrin

bpy 2,20-Bipyrimidine

Cp Cyclopentadienyl

Cp* Pentamethylcyclopentadienyl

DAniF N,N0-Di(p-anisyl)formamidinate

dcbq 2,5-Dichloro-1,4-benzoquinone-3,6-diolato

dhbq 1,4-Benzoquinone-2,5-diolato

doaq 1,4-Anthraquinone-9,10-diolato

donq 1,4-Naphthoquinone-5,8-diolato

dotq Tetracene-5,12-dione-6,11-diolato

en Ethylenediamine

phen 4,7-Phenanthroline

tpp 5,10,15,20-Tetra(4-pyridyl)porphyrin

tppp 5,10,15-Tris(4-pyridyl)-20-phenylporphyrin

tpt 1,3,5-Tris(4-pyridyl)triazine

1 Introduction

The design of molecular hosts to encapsulate guest molecules in a confined environ-

ment is receiving considerable attention due to the analogy of these systems with the

mode of action of enzymes. The “lock and key” model developed by Fischer [1] to

explain the specificity between a substrate and the active site of an enzyme (Fig. 1)

has been the bases for the development of host–guest chemistry [2]. Pioneered by

Cram, Lehn and Pedersen [3], winners of the Nobel Prize in chemistry in 1987 for

their contributions to the development and use of molecules with structure-specific

interactions of high selectivity, synthetic molecular hosts were initially dominated

by purely organic molecules: cyclodextrins, carcerands, cryptands, cucurbiturils and

cavitands. However, the last 20 years have seen the emergence of discrete inorganic

and organometallic metalla-hosts able to encapsulate, temporarily or permanently,

various guest molecules in their cavity, thus opening new perspectives in coordi-

nation chemistry.

Fig. 1 Fischer’s “lock and key” model
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2 Inorganic Metalla-Assemblies

In the early 1990s, Fujita [4], Stang [5], and others [6] combined 90º coordination

building blocks of square-planar metal ions with linear bidentate ligands to form

triangular, square and rectangular architectures. For example, the combination of

Pt(PMe3)2 corner units with 1,2-bis(4-pyridyl)ethylene (bpe) has generated a trian-

gular structure, [{Pt(PMe3)2}3(bpe)3]
6+ (Fig. 2a) [7], while Pd(en) units (en ¼ ethy-

lenediamine) and 4,40-bipyridine (bipy) gave a cationic square [{Pd(en)}4(bipy)4]
8+

(Fig. 2b) [8]. The same approach was used a few years later to generate three-

dimensional metalla-assemblies by replacing linear bidentate ligands with multi-

dentate connectors.

Some of the three-dimensional assemblies possess cavities large enough to

accommodate guest molecules. Indeed, the M6(tpt)4 cage compounds [where M ¼
Pd, Pt; tpt ¼ 1,3,5-tris(4-pyridyl)triazine] developed by Fujita and coworkers

in 1995 [9] remain some of the most studied host–guest systems (Fig. 3a). The

cavity of the cationic M6(tpt)4 cages has been exploited in different ways, ranging

from stabilisation of reactive species to microreactors. A tremendous number of

other cage compounds using square-planar metal centres has been prepared in the

last 15 years, such as the very large Pt12L
0
4 (where L

0 ¼ hexapyridyl ligand) cage

compound (Fig. 3b) from Stang [10]. These examples illustrate the potential and

versatility of using coordination chemistry to generate a multitude of two- and three-

dimensional structures. Nowadays, transition metals with octahedral geometry are

also commonly used to prepare two- and three-dimensional architectures [11].

A series of tetrahedral assemblies built from four metal ions (e.g., Ga3+, Al3+,

In3+, Fe3+, Ti4+, Ge4+) and six bis-catechol ligands has been prepared by

Raymond’s group (Fig. 4a). These chiral hosts possess a small hydrophobic cavity

Fig. 2 Two-dimensional structures using square-planar metal ions, [{Pt(PMe3)2}3(bpe)3]
6+ (a) [7]

and [{Pd(en)}4(bipy)4]
8+ (b) [8]
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capable of accommodating cationic or neutral guest molecules [12]. Using

metal–metal paddlewheel units, Cotton and Murillo have prepared several two-

and three-dimensional inorganic assemblies [14]. For the largest assemblies, such as

[{Rh2(DAniF)2(CH3CN)}4(calix[4]arenetetracarboxylinato)2] [where DAniF ¼ N,
N0-di(p-anisyl)formamidinate] (Fig. 4b), guest molecules have been observed in

the cavity [13].

Large polyhedral coordination cages using flexible bridging pyrazolyl–pyridine

chelating ligands have been prepared by Ward and coworkers [15]. These large

Fig. 3 Three-dimensional structures using square-planarmetal ions, [{Pd(2,20-bipyridine)}6(tpt)4]
12+

(a) [9] and [{Pt(PEt3)2}12(L
0)4]

24+ (b) [10]

Fig. 4 Inorganic three-dimensional assemblies using octahedral metal ions, [Ga4{isophthal-di-

N-(4-methylphenyl)hydroxamate}6] (a) [12] and [{Rh2(DAniF)2(CH3CN)}4(calix[4]arenetetra-

carboxylinato)2] (b) [13]
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structures show dynamic behaviour in solution, thus generating M6L9, M8L12 or

M16L24 assemblies (where M ¼ Ni2+, Cu2+, Zn2+, Cd2+) depending on the nature of

the metal ions used (Fig. 5a). Triple-stranded helicates composed of three bis-

pyridyl-imine ligands coordinated to two ruthenium centres have been synthesised

by Hannon. These supramolecular cylinders (Fig. 5b) interact with DNA [17] and

some of them exhibit anticancer activity [16].

So far, these inorganic metalla-cages have been used to generate a confined

environment to not only encapsulate solvent molecules, but also to protect or stabi-

lise sensitive compounds, to recognise and trap specific guest molecules, or to act

as a microreactor for specific reactions [18]. Consequently, it is not surprising that

the strategies developed to build up inorganic metalla-assemblies have been applied

to organometallic chemistry.

3 Organometallic Metalla-Assemblies

Built on the experience gained from the synthesis of inorganic metalla-assemblies,

both, two- and three-dimensional architectures have been obtained with organo-

metallic building blocks. The fac-Re(CO)3 corner unit was possibly the first

Fig. 5 Inorganic three-dimensional assemblies using octahedral metal ions, [BF4�Cu6{1,4-bis

((3-(2-pyridyl)-1-pyrazolyl)methyl)benzene}9]
12+ (a) (the BF4 anion being represented by space-

filling model) [15], and [Ru2{bis(2-pyridylmethylene)benzene-1,4-diamine}3]
4+ (b) [16]
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organometallic building block used for the rational design of metalla-cycles and

three-dimensional metalla-assemblies [19]. The facial arrangement of the carbonyl

groups controls the accessibility of the three remaining coordination sites of the

octahedral rhenium centre, thus preventing the formation of polymeric species.

Consequently, two- and three-dimensional architectures can be obtained from

fac-Re(CO)3 corners, if assembled with linear connectors and bidentate or triden-

tate ligands, thus forming metalla-assemblies such as the two-dimensional rect-

angle [Re(CO)3]4(bipy)2(m-O)4 (Fig. 6a) [20] or the triangular metalla-prism {Re

(CO)3}6(bpy)3(tpt)2 (where bpy ¼ 2,20-bipyrimidine) [21] (Fig. 6b).

Among other metal carbonyl derivatives, the reaction of Ru3(CO)12 with dicar-

boxylic acid leads, after addition of axial ligands, to cage-like macrocycles,

tetranuclear loops, hexanuclear triangles or octanuclear squares, depending on the

nature of the dicarboxylato spacers [22]. Molecular triangles are obtained using

terephthalic acid [23] or 4,40-diphenyldicarboxylic acid [24], while squares are

isolated with oxalic acid [25] (Fig. 7a). The hexanuclear macrocycle synthe-

sised from 4,40-diphenyldicarboxylic acid, Ru3(CO)12 and trimethylphosphine,

{Ru2(CO)4}3(OOCC6H4COO)3(PMe3)6 [23], possesses a cavity of 11.1 � 11.1 �
11.1 Å3, which can accommodate solvent molecules in the hydrophobic hollow

space of its triangular structure (Fig. 7b).

Using a directional bonding approach, Stang and coworkers have prepared

a series of dinuclear organometallic clips from platinum metal atoms coordinated

to s-bonded acetylene derivatives to generate, after addition of two tridentate

ligands, organometallic metalla-prisms of different cavity sizes [26]. Similarly,

dinuclear organometallic clips obtained from platinum s-bonded acetylene were

used to prepare two-dimensional assemblies of the type cyclotris[{2,9-bis(trans-
Pt(PEt3)2)phenanthrene}(L

00)] (where L00 ¼ dicarboxylic acids) (Fig. 8a) [27]. On

the other hand, three-dimensional assemblies using gold s-bonded alkynyl ligands

have been isolated after transformation of the alkynyl units into m4-methylydine

ligands under basic conditions (Fig. 8b) [28].

Fig. 6 Organometallic assemblies built with fac-Re(CO)3 units, {Re(CO)3}4(bipy)2(m-O)4
(a) [20] and {Re(CO)3}6(bpy)3(tpt)2 (b) [21]
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Nevertheless, among the large family of organometallic building blocks that can

be used to prepare metalla-assemblies, half-sandwich complexes are certainly the

most studied. Mainly employed in catalysis [29], half-sandwich complexes are

now being extensively evaluated as anticancer agents [30], and they have also

been used to generate metalla-assemblies [31].

Fig. 7 Organometallic assemblies built with dinuclear ruthenium carbonyl building blocks,

{Ru2(CO)4}4(OOCCOO)4(PMe3)8 (a) [25] and [CH2Cl2�{Ru2(CO)4}3(OOCC6H4COO)3(PMe3)6]

(b) (CH2Cl2 being represented by space-filling model) [23]

Fig. 8 Organometallic assemblies built from s-bonded ligands, [{2,9-bis(Pt(PEt3)2)phenanthrene}
(OOCC4H8COO)]3 (a) [27] and [(CH2Cl2)2�Au8(CCOPh)2(Ph2PC6H4PPh2)4]

2+ (b) (CH2Cl2 being

represented by space-filling models) [28]
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4 Organometallic Metalla-Assemblies Composed

of Half-Sandwich Complexes

In analogy to the three carbonyl groups in the fac-Re(CO)3 unit, Z5-cyclopen-

tadienyl and Z6-arene ligands can be used to control accessibility of the remaining

coordination sites of an octahedral metal centre. The aromatic ligand occupies three

of the six coordination sites at the metal centre, and the resulting coordination

geometry is pseudo-tetrahedral, thus allowing better control of the synthesis

of two- or three-dimensional assemblies. Indeed, CpM and Cp*M (where M ¼ Rh,

Ir, Ru; Cp ¼ C5H5; Cp* ¼ C5Me5) units have been extensively used to generate

metalla-cycles, rectangles, trigonal prisms, hexagonal prisms and other supramole-

cular assemblies [31, 32]. Arene ruthenium and to a lesser extent arene osmium

complexes (where arene ¼ C6H6, C6H5Me, pPriC6H4Me, C6Me6) have been used

to prepare similar two and three-dimensional assemblies [33].

Using tridentate ligands with various functionalities and coordinating abilities,

a series of neutral and cationic tri-, tetra- and hexanuclear metalla-cycles have

been synthesised [34]. Cyclic tetramers composed of Cp*Ir, Cp*Rh or (arene)Ru

half-sandwich complexes and 6-purinethione derivatives have been isolated as triflate

salts [35]. The cationic complex [(Cp*Ir)4(L
1)4] (where L

1 ¼ 2-amino-6-purinethione),

presented in Fig. 9a, forms in the solid state an infinite channel-like structure with

S4 symmetry. Replacing the 6-purinethione with pyridine-4-thiolato bridging ligands

(L2), the trinuclear metalla-cycle [(Cp*Ir)3(L
2)3] was obtained (Fig. 9b) [36].

In order to generate elongated structures, longer and more flexible spacers

connecting two tri-functional ligands coordinated to six arene ruthenium units

have been combined [37]. The {(pPriC6H4Me)Ru}6(m-L
3)2 (where L3 ¼ 2,3-

Fig. 9 Two-dimensional assemblies using half-sandwich complexes, [(Cp*Ir)4(2-amino-6-

purinethione)4] (a) [35] and [(Cp*Ir)3(pyridine-4-thiolato)3] (b) [36]
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dihydroxypyridine-based ligands) cylindrical structure is over 3 nm long.

Coordinating tpt and the flexible dinuclear arene ruthenium clip, [{(pPriC6H4Me)

Ru}2(m-L
4)2] (where L

4 ¼ 3,6-dimethoxynaphthalene-2,7-dicarboxylato), a guest-

adaptable trigonal prism was obtained [38]. In its empty form, the distance between

the two tpt panels is 3.4 Å, whereas in the presence of two coronenes as guest

molecules, the tpt–tpt distance reaches 10.9 Å (Fig. 10), and the host–guest system

[(coronene)2 � {(pPriC6H4Me)Ru}6(m-L
4)6(tpt)2]

6+ is observed.

Inspired by Prussian Blue, Rauchfuss group prepared anionic, cationic and

neutral metalla-cages incorporating half-sandwich complexes [39]. Cationic deri-

vatives such as {[CpCo(CN)3]4[Cp*Rh]4}
4+ [40] show no affinity for anions,

whereas neutral and anionic cages interact strongly with small molecules. Indeed,

the metalla-cage {[CpCo(CN)3]4[Cp*Ru]4} reacts with monocations (where mc ¼
K+, Cs+, Rb+, Tl+) to generate the corresponding host–guest systems {mc�[CpCo

(CN)3]4[Cp*Ru]4}
+ (Fig. 11a). Organometallic cryptands built from two Cp*M

Fig. 10 Guest-adaptable metalla-cage [{(pPriC6H4Me)Ru}6(m-L
4)6(tpt)2], empty (left) and encap-

sulating two coronene molecules (right) (coronene being represented by space-filling model) [38]

Fig. 11 Organometallicmetalla-cages {K�[CpCo(CN)3]4 [Cp*Ru]4}
+ (a) [40] and [(Cp*Ir)2(L

5)3]
4+

(b) [41]
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(where M ¼ Rh, Ir) units and three diamino ligands have been found to encapsulate

tetrafluoroborate anions in their cavities (Fig. 11b) [41]. The host–guest system

[BF4�(Cp*Ir)2(L
5)3]

3+ [where L5 ¼ 1,3-bis(aminomethyl)benzene] was confirmed

by various NMR experiments.

Recently, we have shown the cationic metalla-prisms [{(pPriC6H4Me)

Ru}6(m-tpt)2(m-C2O4)3]
6+ [42] and [(Cp*Rh)6(m-tpt)2(m-C2O4)3]

6+ [43] to possess

“double-rosette”-type chirality with P or M configuration. Moreover, a concerted

rotation of the aromatic rings of the tridentate tpt ligand was observed, creating

additional three-bladed propeller chirality. In the more spacious 1,4-benzoquinone-

2,5-diolato (dhbq) metalla-cage [{(pPriC6H4Me)Ru}6(m-tpt)2(m-dhbq)3]
6+, planar

aromatic molecules such as pyrene, triphenylene [44] or hexamethoxytriphenylene

[45] were found to fit inside the cavity (Fig. 12). In these systems, which are

called carceplexes, the guest molecules are permanently encapsulated in the cavity

of the host.

These examples illustrate the versatility of half-sandwich complexes in the con-

struction of two- and three-dimensional assemblies, thus providing a multitude

of possibilities for producing new metalla-hosts for various applications.

5 Organometallic Assemblies Composed of Half-Sandwich

Complexes for Biological Applications

Most macrocycles composed of half-sandwich complexes are positively charged and

water soluble. The water solubility and stability of organometallic compounds are

advantageous, and organometallic chemistry in aqueous-phase is growing rapidly

[18]. The overall hydrophilicity of the metalla-cycles combined with potential inner

hydrophobic interactions with guest molecules have been exploited previously.

Fig. 12 Organometallic metalla-cages [pyrene�{(pPriC6H4Me)Ru}6(m-tpt)2(m-dhbq)3]
6+ (a) [45]

and [hexamethoxytriphenylene�{(pPriC6H4Me)Ru}6(m-tpt)2(m-dhbq)3]
6+ (b) (guest molecules

being represented by space-filling models) [46]
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The potential of using half-sandwich assemblies for sensing was first introduced

by Fish in the early 1990s [46]. A series of metalla-cycles with specific interactions

with small anions was described (Scheme 1). Molecular modelling suggested

classic p–p interactions between the aromatic groups of various substituted aro-

matic carboxylic acids and the cavity of the trinuclear hosts. These trinuclear hosts

are analogues to crown-ethers, thus offering alternatives to traditional cryptands

[47]. Similar trinuclear metalla-cycles were recently evaluated on human cancer

and fibroblast cells [48]. However, these compounds were found to be poorly cyto-

toxic towards ovarian (A2780 and A2780cisR) and fibroblast (VS79 and GS78)

cancer cell lines.

Cationic tetranuclear metalla-cycles composed of arene ruthenium units bridged

by tetradentate OO\OO or ON\ON chelating ligands and connected by bipyridyl

linkers have been synthesised. The 4,7-phenanthroline (phen) and 4,40-bipyridine
linkers react with the dinuclear arene ruthenium complex [{(pPriC6H4Me)Ru}2
(m-LHoxo)(CF3SO3)2] (where LH3oxo ¼ 4,6-dihydroxy-2-carboxy-1,3,5-triazine

acid) to form the tetranuclear complexes [{(pPriC6H4Me)Ru}4(m-LHoxo)2
(m-phen)2]

4+ (Fig. 13a) and [{(pPriC6H4Me)Ru}4(m-LHoxo)2(m-bipy)2]
4+, respec-

tively [49]. These cationic metalla-cycles have been found to interact with DNA

and to show good cytotoxicity on human ovarian cancer cell lines. Similarly, the

dinuclear arene ruthenium complexes of the general formula [{(pPriC6H4Me)

Ru}2(m-OO\OO)Cl2] [where OO\OO ¼ dhbq; 2,5-dichloro-1,4-benzoquinone-

3,6-diolato (dcbq); 1,4-naphthoquinone-5,8-diolato (donq)] react with bipyridyl

linkers (bpe, bipy, phen) in the presence of AgCF3SO3 to generate the corresponding

tetranuclear metalla-cycles [{(pPriC6H4Me)Ru}4(m-OO\OO)2(m-bipyridyl)2]4+
[50, 51]. The molecular structure of [{(pPriC6H4Me)Ru}4(m-dcbq)2(m-bipy)2]

4+ is

presented in Fig. 13b. Accordingly, a series of tetranuclear osmium analogues have

been synthesised recently [52]. Interestingly, they possess a lower general toxicity

on A2780 and A2780cisR ovarian cancer cells than their ruthenium analogues
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Scheme 1 Trinuclear metalla-cycles comprise of half-sandwich complexes, analogues of

12-crown-3, able to bind guest molecules in their inner cavity
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except for the tetranuclear complex, [{(pPriC6H4Me)Os}4(m-dhbq)2(m-bipy)2]
4+,

which is ten times more active than [{(pPriC6H4Me)Ru}4(m-dhbq)2(m-bipy)2]
4+.

The supramolecular metalla-cubes [{(pPriC6H4Me)Ru}8(m-tpp)2(m-OO\OO)4]8+,
containing OO\OO bridging ligands and 5,10,15,20-tetra(4-pyridyl)porphyrin

(tpp) panels, interact strongly with duplex and human telomeric quadruplex DNA

(Fig. 14). The interactions with duplex and human telomeric quadruplex DNA was

studied by fluorescent intercalation displacement (FID) assay and surface plasmon

resonance (SPR) experiments. These studies have shown the octacationic arene

ruthenium metalla-boxes to be promising quadruplex DNA stabilisers and to pos-

sess a degree of selectivity for quadruplex over duplex DNA [53]. Moreover, all

metalla-cubes have shown to be equally cytotoxic (IC50 ¼ 7–15 mM) (IC50 being

the drug concentration necessary for 50% inhibition of cell viability) against both

A2870 and cisplatin-resistant A2780cisR cancer cells [54], thus clearly suggesting

a mechanism of action different to that of cisplatin.

Cationic metalla-assemblies have been prepared using the same dinuclear arene

ruthenium clips and 5,15-bis(4-pyridyl)-10,20-diphenylporphyrin (bpp) or 5,10,

15-tris(4-pyridyl)-20-phenylporphyrin (tppp) instead of 5,10,15,20-tetra(4-pyridyl)

porphyrin (tpp) (Fig. 15). The in vitro study showed that, despite having less

ruthenium atoms per metalla-assemblies and a reduced overall charge as compared

to the octanuclear arene ruthenium metalla-cubes, the cytotoxicity of these tetra-

and hexanuclear metalla-assemblies was similar to those observed for the octanu-

clear metalla-cubes [55].

These large metalla-assemblies show several interesting features. They possess

multiple metal centres, they are water soluble, and in some cases they can reach

sizes approaching small enzymes. These features are quite valuable with a view to

Fig. 13 Tetranuclear metalla-cycles, [{(pPriC6H4Me)Ru}4(m-phen)2(m-LHoxo)2]
4+ (a) [49] and

[{(pPriC6H4Me)Ru}4(m-bipy)2(m-dcbq)2]
4+ (b) [50]
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producing new anticancer agents. For instance, the multinuclear approach to

improve the activity of anticancer metal-based drugs has been demonstrated [56],

and large molecules are known to specifically target cancer cells by exploiting

the enhanced permeability and retention (EPR) effect [57]. Consequently, the

construction of large metalla-assemblies offers great potential for generating highly

selective metal-based drugs for the treatment of cancer.
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6 Organometallic Assemblies Composed of Half-Sandwich

Complexes for Drug Delivery

Strategies to deliver drugs or prodrugs remain an active field of research. New drug

delivery systems are essential to overcome drug resistance mechanisms, to better

target cancers, and to regulate drug release. Therefore, it is quite common to find in

the literature that the ultimate drug delivery system should possess high selectivity,

be biodegradable, and be able to release the drug in a time-controlled manner [58].

However, we consider that if the carrier selectively targets cancer cells, having

a cytotoxic drug delivery agent can be advantageous. Synergetic or at least additive

effects can be envisaged if both the host and the guest are cytotoxic, and could

consequently provide a multidrug therapy in a single host–guest compound.

This idea was first applied using an hexacationic arene ruthenium cage synthe-

sised from the dinuclear complex [{(pPriC6H4Me)Ru}2(m-dhbq)Cl2] and tpt panels

in the presence of silver triflate [59]. If the synthesis was performed in the presence

of platinum or palladium bisacetylacetonate, the square-planar complex was encap-

sulated within the cage, thus giving rise to the carceplex systems [M(acac)2
�{(p‐PriC6H4Me)Ru}6(m-dhbq)3(tpt)2]

6+ (where M ¼ Pd, Pt). These systems are

active against human ovarian cancer cells: The empty cage possesses an IC50 value

of 23 mM; by using the platinum-containing cage the cytotoxicity doubles, and by

using the palladium-containing cage the activity reaches 1 mM. The free M(acac)2
complexes are inactive due to their insolubility in water. Based on these results, the

“Trojan horse” concept for delivery of metal-containing guest molecules to cancer

cells using a water-soluble organometallic host was proposed (Fig. 16).

This concept was further developed using pyrenyl derivatives with a dangling

arm standing out of the cage [60]. The in vitro study revealed that the nature of the

Fig. 16 “Trojan horse” concept illustrated by the platinum bisacetylacetonate complex being

encapsulated in the metalla-cage, [Pt(acac)2�{(pPriC6H4Me)Ru}6(m-dhbq)3(tpt)2]
6+ (Pt(acac)2

being represented by space-filling model) [59]
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functional group attached on the pyrenyl unit strongly influences the overall cyto-

toxicity of the host–guest systems. Therefore, this simple strategy of pyrenyl func-

tionalisation offers the possibility to generate highly cytotoxic agents by fine tuning

the nature of the functional group connected to the pyrenyl unit. Optimisation of

this strategy is currently being investigated in our laboratory.

The encapsulation of a fluorescent pyrenyl derivative, 1-(4,6-dichloro-1,3,5-

triazin-2-yl)pyrene (pyrene-R), has provided direct evidence for the release of

a hydrophobic molecule from the metalla-cage [{(pPriC6H4Me)Ru}6(m-dhbq)3
(tpt)2]

6+, following uptake into cancer cells [61]. The fluorescence of pyrene-R

has allowed monitoring of cellular uptake and accumulation, as well as an esti-

mation of the efficiency of the [pyrene-R�{(pPriC6H4Me)Ru}6(m-dhbq)3(tpt)2]
6+

system to transport and release its cargo (Fig. 17).

This fluorescent pyrenyl derivative (pyrene-R) was also encapsulated in the

cavity of the more spacious metalla-cages [{(pPriC6H4Me)Ru}6(m-donq)3
(m-tpt)2]

6+, [{(pPriC6H4Me)Ru}6(m-doaq)3(m-tpt)2]
6+ (where doaq ¼ 1,4-anthra-

quinone-9,10-diolato) and [{(pPriC6H4Me)Ru}6(m-dotq)3(m-tpt)2]
6+ (where dotq ¼

tetracene-5,12-dione-6,11-diolato) [62]. In contrast to the carceplex [pyrene-R�
{(pPriC6H4Me)Ru}6(m-dhbq)3(tpt)2]

6+ system, the association constants (Ka) were

determined for these three host–guest systems. Interestingly, a perfect correlation

between the association constants and the fluorescence recorded by flow cytometry

after incubation for 24 h on cancer cells was observed, thus paving the way for the

rational design of organometallic metalla-cages that can function in a time-
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controlled manner. These metalla-cages possess similar cavity sizes but different

portals (Fig. 18), thus controlling the release of the guest molecule after

internalisation.

To better target cancer cells, pyrenyl-modified dendrimers have been encap-

sulated in the water-soluble metalla-cage [{(pPriC6H4Me)Ru}6(m-donq)3(m-tpt)2]
6+

[63]. Three generations of pyrenyl-cyanobiphenyl dendrimers (P0, P1 and P2) were

synthesised, and the host–guest properties were studied after encapsulation using

UV and NMR spectroscopy. A molecular simulation of the highest generation of

pyrenyl-modified dendrimer (P2) in the cavity of the metalla-cage is presented in

Fig. 19. This study has shown that organometallic metalla-cages are able to deliver

hydrophobic guest molecules with extremely large appendages into cancer cells.

The same strategy was recently applied to solubilise and evaluate the cytoto-

xicity of a well-known family of dendrimers composed of benzyloxy core with

dodecanyloxy endgroups [64]. These kinds of dendrimers are lipophilic, and so far

have never been evaluated in biological media. The pyrenyl-modified poly-

benzyloxy dendrimers (generations G0 to G2) encapsulated in the cavity of the

metalla-cage [{(pPriC6H4Me)Ru}6(m-donq)3(m-tpt)2]
6+ (Fig. 20) showed cytotoxi-

cities comparable to those of cisplatin on human ovarian cancer cell lines, confirm-

ing the delivery ability of these organometallic metalla-cages.

We are now investigating the possibility of using pyrenyl derivatives with

biological functions to tune up the properties of these systems to target specific

diseases as well as to increase selectivity, activity and solubility. Recently, we

have shown that organometallic-modified porphyrin compounds possess excellent

chemotherapeutic and photodynamic properties at low concentration [65]. Therefore,

the encapsulation of photosensitisers within [{(pPriC6H4Me)Ru}6(m-donq)3 (m-tpt)2]
6

+ and other cages has been performed in order to combine the cytotoxicity of half-

sandwich complexes and photodynamic treatment. Porphyrins and phthalocyanines

are the most common photosensitisers; being planar aromatic molecules and poorly

soluble in water, they are the perfect candidates for encapsulation in organometallic

metalla-cages. The in vitro activity and photo-activity of these [photosensiti-

ser�cage] systems are under investigation and the results will be published soon.

Fig. 18 Organometallic metalla-cages [pyrene-R�{(pPriC6H4Me)Ru}6(m-donq)3(tpt)2]
6+ (a),

[pyrene-R�{(pPriC6H4Me)Ru}6(m-doaq)3(tpt)2]
6+ (b) and [pyrene-R�{(pPriC6H4Me)Ru}6

(m-dotq)3(tpt)2]
6+ (c), showing the width of the portals (pyrene-R being represented by space-

filling models) [62]
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Fig. 19 Molecular structure of [P2�{(pPriC6H4Me)Ru}6(m-donq)3(tpt)2]
6+ showing the pyrenyl-

modified dendrimer (P2) (space-filling model) being encapsulated in the cavity of the metalla-

cage [63]

Fig. 20 Molecular structure of [G2�{(pPriC6H4Me)Ru}6(m-donq)3(tpt)2]
6+ (G2 represented by

space-filling model) [64]
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7 Outlook

The use of water-soluble organometallic cages as drug carriers to deliver hydro-

phobic molecules offers great potential. The cage itself is cytotoxic, and selectivity

can be achieved by exploiting the EPR effect. The cavity of the cage allows the

transport to cancer cells of lipophilic molecules. Therefore, by judiciously selecting

the guest molecule, targeting of a specific disease, adding selectivity, or increasing

solubility can be achieved by these host–guest biological agents. Consequently,

this multifunctional host and guest approach, in which both players possess distinct

qualities and specificities, is certainly a winning strategy for the development of

organometallic metalla-cages with synergistic effects, and will ultimately provide

a new weapon in chemotherapy.
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Reversibly Expanded Encapsulation Complexes

Dariush Ajami and Julius Rebek

Abstract Synthetic receptors that surround their target molecules – self assembled

capsules and deep cavitands – have emerged as the most realistic models of

enzymes active sites. They were introduced to study the behaviour of molecules

isolated in small spaces and it has become increasingly clear that the behavior of

molecules in dilute aqueous solution does not reflect their behavior in confimed

spaces. The synthetic receptors fold around their target guests, isolate them from the

bulk solvent, provide a hydrophobic environment and present the guests with each

other in a limited space. These features combine to show high binding selectivity,

large rate from the ground up; they are designed, synthesized then tested. In recent

years, we have found a short-cut to total synthesis; some capsules readily insert

spacer elements in the presence of suitable guests that fill the enlarged spaces. This

expands the repertoire of containers and the present review describes their

structures, the nature of the spaces inside, the exchange dynamics, and the rules

that govern their formation.

Keywords Compression • Encapsulation • Filling space • Guest exchange •

Spacers
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1 Introduction

Reversible encapsulation isolates molecules in very small spaces and allows their

characterization by routine spectroscopic methods. These host guest complexes are

self-assembled in the solution phase, but they generally exclude bulk solvent [1].

Instead, the capsule walls provide the solvation for the guests, and simultaneously

act as mechanical barriers that isolate and stabilize the guests. Unlike cleft-like

receptors used in molecular recognition studies [2], the capsules completely sur-

round the guests and many short-lived reactive intermediates can be isolated,

stabilized, and characterized in capsules: phosphine carbonyl adducts [3], labile

siloxanes [4], organometallics [5], delicate heterocycles [6], and white phosphorus

[7]. Even species that are unknown in solution can be observed in the protective

space of a capsule, whether covalently bonded [8, 9], self-assembled with hydrogen

bonds [10–19], metal/ligand interactions [20, 21], or hydrophobic effects [22]. In

a recent review we described the assembly of resorcinarene hexamers, the largest

of hydrogen-bonded hosts [23] and their encapsulation behavior. Here we report

an alternative access to larger spaces through reversible expansion of a cylindrical

capsule.

The cylindrical capsule host 1.1 (Fig. 1) spontaneously assembles in apolar

organic solvents when appropriate guests are present. The guest role can be played

in an uninspired way simply by solvent molecules. For example, three molecules of

CHCl3, two molecules of toluene, or one molecule of n-undecane are nicely

Fig. 1 From left: line drawing of the tetraimide cavitand 1, model of the dimeric capsule 1.1, the

size and shape of the space inside, and the cartoon representation of capsule (some groups omitted

for clarity)
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accommodated inside. But the concentrations of these solvents as neat liquids

are ~10 M, and forcing them out of the capsule by a guest of even higher concen-

tration is hard to arrange. Instead, we use deuterated mesitylene as the solvent of

choice: it is the largest commercially available medium for Nuclear Magnetic

Resonance (NMR) studies and is inconveniently shaped for the space inside; it

does not compete well with intended guests of appropriate size, shape, and chemical

surface [24]. The capsule is held together through a seam of bifurcated hydrogen

bonds and solvents that compete for these bonds to prevent capsule formation, even

when strong attractive forces exist between guest and host.

From the moment capsule 1.1 was introduced, we found it irresistible

to tamper with it – enhance its solubility and enlarge its capacity. Attempts to

expand the resocinarene base or extension of the walls by, say, covalently

incorporating naphthalene units [25] met with no success [26]. Noncovalent

insertion fared no better as the intended spacers such as the two-dimensional

durene bisimides proved too insoluble in the mesitylene medium. Desultory work

delayed the solution to the expansion problem; it took 8 years to find and

involved the three-dimensional glycoluril module (Fig. 2). This structure, bent

in shape and rich in hydrogen bonding possibilities, was outfitted with peripheral

aliphatic groups (octyloxyphenyl, dodecylphenyl, or dibutylaniline) to enhance

its solubility. The patterns of the donors and acceptors on glycolurils complement

the adjacent walls of the cavitand, even if the angles of the former (113�) do not

match those of the latter (90�). Moreover, the arrangement makes for the stron-

gest hydrogen bonds: the ureido carbonyls are superior hydrogen bond acceptors

and the acidic N-Hs of the imides are the best donors. Our previous experience

with this strong acid/strong base driving force for assembly [27] made us

confident that insertion would occur. And it did – but neither in the expected

geometry nor in the obvious stoichiometry [28]. Instead, a “belt” of four
glycolurils integrated into the middle of the capsule in an arrangement that

resulted in a chiral assembly 1.24.1.

Fig. 2 Expansion of the capsule with glycoluril spacers creates extended capsule 1.24.1 in

racemic form (the peripheral alkyl and aryl groups have been removed for viewing clarity). The

cartoon representation used elsewhere in this work is also shown
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2 The Steric Environment

The encapsulation of trans-7-tetradecene in both 1.1 and the new assembly

illustrates these features through the NMR spectra (Fig. 3) [29]. Integration of

proton signals shows that four molecules of glycoluril are present and the changes

in chemical shifts of the guest indicates a longer space in the modified capsule. The

aromatic panels with polarizable p surfaces impart a strong magnetic anisotropy to

the cavity and result in upfield shifts in the NMR signals of encapsulated species.

The furthest upfield shifts correspond to nuclei closest to the resorcinarene ends and

to the capsule’s aromatic walls. For example, trans-7-tetradecene is some 4 Å

longer in a fully extended conformation than the space inside capsule 1.1. But

a coiled shape with 8 gauche conformations compresses the alkene to a shorter and

thicker shape. The coiled alkane is stabilized through attractive CH-p interactions

with the cavity’s polarizable aromatic lining. Comparison of the signals of trans-
7-tetradecene in the two capsules (Fig. 3) shows that the hydrogens on C2/C13, C3/C12,

and C4/C11 of this guest have shifted downfield in the new capsule. Accordingly,

these hydrogens have moved away from the capsule’s walls and ends, indicating

a relaxed, extended conformation. The doubling of the proton signals on C2/C13 and

C4/C11 in the longer capsule indicates that these hydrogens are diastereotopic

because they are in an asymmetric magnetic environment.

The NMR evidence reveals further details of the hydrogen bonding patterns.

The four added glycolurils form hydrogen bonds with each half of the original

capsule and with each other. In the model proposed in Fig. 2, each glycoluril has

four hydrogen bonds with cavitands. The strong hydrogen bonds between the imide

N–H of the cavitand and the ureido oxygen of the glycoluril results in a 3 ppm

Fig. 3 (Top) Calculated structure of trans-7-tetradecene in capsule 1.1 (left) and the expanded

1.24.1 (right). The peripheral groups have been removed for viewing clarity. (Bottom) The 1H

NMR spectra (600 MHz, mesitylene-d12) of trans-7-tetradecene (5 mM) in 1.1 (1 mM) or 1.24.1

(1 mM). The assignments are color-coded
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downfield shift of the imide hydrogen to 13 ppm. The other two hydrogen bonds

between spacer and cavitand appears around 7 ppm. These involve the ureido NH of

the glycoluril (a good donor) and the imide carbonyl of the cavitand (a weak

acceptor). The signals at ~ 9 ppm represent four good hydrogen bonds between

adjacent spacers. A total of 24 hydrogen bonds hold the new assembly together, but 1

carbonyl oxygen of each imide wall is left without a hydrogen bond donor. These

unpaired carbonyl groups clash with the adjacent imide panels; the clashes can be

relieved by “twisting” the array of the imide walls as shown in Fig. 4. The twist

changes the symmetry of the cavitands from C4v to C4, and the arrangement of the

spacer elements produces a chiral structure, as shown. Surprisingly, the chiral

assembly emerges from achiral subunits but, of course, the assembly is racemic [30].

The tapered ends of the capsule can select between various functional groups

on guests inside. For example, the terminal methyl “knob” of an alkane can

approach the resorcinarene end, but it cannot penetrate deeply. On the other hand,

the narrower terminal acetylene can access this space quite nicely. A model of the

C16 acetylene is shown in Fig. 4 [31]. The acetylenic hydrogen is deep in the tapered

Fig. 4 (Top) The walls of the
capsule are twisted and create

an asymmetric magnetic

environment. (Bottom)
Calculated complex with

1-hexadecyne

Fig. 5 Encapsulation18

of terminal alkynes in 1.1 and

1.24.1. Upfield regions of the
1H NMR spectra (600 MHz,

mesitylene d12) of 1.1
(2 mM) and terminal alkynes

(15 mM): (a) 1-pentadecyne,

(b) 1-pentadecyne and

2 (4 mM), (c) 1-hexadecyne

and 2 (4 mM)
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end and, if the constricted center of the assembly requires an extended alkane

conformation, the remote end of the alkane must coil to be accommodated. This

indeed appears to be the case: the methylene NMR signals near that end shift upfield

(Fig. 5) as they move physically closer to the walls of the capsule.

3 The Magnetic Environment

Insertion of the spacer elements as shown increases the length of the assembly by

7 Å and its inner space by 200 Å3, and the accommodation of n-alkanes from C14

to C19 is possible [32, 33]. The longer guests must undergo compression to fit within

1.24.1. As the alkane coils, the number of methylene groups in the shielding

zone increases and the gauche conformations force the hydrogens near the twisted

walls. We used computational methods to map the magnetic shielding/deshielding

through nucleus independent chemical shift (NICS) [34] calculations at the B3LYP/

6–31 G* level of density functional theory [35]. A cartoon of the map is shown in

Fig. 6 along the central axis of 1.24.1 with spacing distances of 1 Å. The calculated

values are in good agreement with the experimental observables and the map can be

used to predict the location of a guest nucleus inside the cavity.

Fig. 6 Mapping the inner space: (left) DFT calculated NICS values for the space inside 1.24.1,

(right) dummy atoms placed throughout the entire space of extended capsule with 1 Å separations.

The symmetry of capsule reduces the number of required coordinates

62 D. Ajami and J. Rebek



For example, encapsulated n-nonadecane shows six upfield shifted signals and

their methylene geminal hydrogens are all diastereotopic. The tapered spaces at the

ends of the capsule lead to some anomalies in “effective sizes” of guests.

A centrally located methyl group (e.g., tolyl) is well positioned to access the tapered

end; an ethyl group cannot penetrate as deeply and the rest of the molecule is

pushed off the capsule’s central axis. The penultimate methylene is then near the

twisted walls and experiences the chiral environment. Only one methyl of an

isopropyl group can be in the tapered space at a given time, and these functions

also show diastereotopic doublets in their spectra. A tert-butyl group cannot access

the tapered space at all. The upshot is that while the p-ethyl, p-isopropyl, and p-tert-
butyl guests have (by any external measure) the same length, they show different

positions – and apparent lengths – in these capsules.

Nuclei positioned in the middle of capsule experience a moderate deshielding.

The aromatic units on the outer surfaces of the four glycolurils present their edges to

guests of the capsule. These effects were seen earlier with aromatic glycoluril-based

capsules [36], and the magnetic anisotropy imparted to guests by asymmetric

elements outside capsules has also been encountered [37]. For trans-7-tetradecene,
the signals for the vinyl hydrogens located near the center of the cavity are shifted

downfield by a Dd of 0.72 ppm and the methyl groups positioned at the tapered ends

of the capsule are shifted upfield by a Dd of �4.7 ppm.

4 Compression of Guests

A coiled alkane applies stress to the inside of capsule 1.24.1 and this force must be

resisted or the capsule would explode. An alternative statement is that the capsule

squeezes guests but structural features of the guest limit their compression. How are

these forces detected and evaluated? We will look at the problem from both the host

and guest perspectives through perturbations in their behavior. The capsule 1.24.1

racemizes and this is apparent from the coalescence of the diastereotopic NMR signals

of the germinal hydrogens. The racemization rates are obtained by EXSY spectra

taken at different temperatures and free energies of activation DG{ are readily

calculated from these measurements and the Eyring equation. A reasonable –

but unproven – mechanism involves the concerted rotation of all glycolurils ~ 30�

in one direction (Fig. 7). This process creates new hydrogen bonds as the old ones

are broken and results an achiral intermediate [38]. This intermediate is slightly longer

than either enantiomer. Accordingly, we proposed that the racemization rates would

increase with increased length of the guests: the longer, more compressed guests rates

should applymore pressure to the interior of the capsule and coax the assembly toward

the longer, achiral transition structure. This proved to be the case: we found

DG{ ¼ 17.2, 16.7, and 15.7 kcal/mol for C17, C18, and C19, respectively; the longer

guests have lower activation barriers. For C16 encapsulated in 1.24.1 no evidence of

racemization was observed, even on heating, and the activation barrier is at least

22 kcal/mol. This alkane can fit inside with a fully extended conformation.
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The smaller cyclopropane is also encapsulated but four molecules are involved

(Fig. 8). Together they fill about 36% of the capsules space and 2D ROESY

spectroscopy showed that the encapsulated cyclopropanes can exchange their

position inside the capsule on the NMR time scale. Integration of the cross-peaks

gave an activation barrier of 18.5 kcal/mol for this exchange of positions. The

application of ideal gas laws to the encapsulation gives very high pressures; several

hundred atmospheres are calculated even though the gases are applied at ambient
pressure. This reflects just how far the system is from an ideal gas. The guests are

not point masses and their collisions with the walls are hardly elastic, rather they are

“sticky” in nature. The attractive CH/p interactions between the guests and the

aromatic walls stabilize the system and allow these high “pressures” to be achieved.

Fig. 8 Encapsulation of cyclopropane in 1.24.1. Crosspeaks (circled in red) indicate exchange of
guest positions within the capsule

Fig. 7 Proposed racemization mechanism for the assembly: the spacer units are rotated in

a concerted manner until the symmetric intermediate b is reached
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5 Isolated Hydrogen Bonds

Evidence of compression of the guests in the isolated environment of the host

was revealed by a study of hydrogen-bonded carboxylic acid dimers in these same

capsules. The chemical shifts of the O—H. . .O signals moved downfield as the

effective lengths of the dimers increased from 14.59 ppm for p-toluic acid,

14.77 ppm for p-ethyl-benzoic acid, 15.98 ppm for p-tert-butyl-benzoic acid, and

16.72 ppm for p-methyl-cinnamic acid (Fig. 9) [39]. Good correlations exist for 1H

NMR chemical shifts, O. . .O distances, and hydrogen positions using solid state

NMR, X-ray diffraction, and neutron scattering [40–45]. Encapsulation of the

carboxylic acid dimers results in slow H-bonded proton exchange, and spectra

measured at intermediate deuterium fractions showed separate signals for the HH

dimer and the HD dimer. The difference, defined as Dd ¼ dHD – dHH, serves as a
sensitive probe for H-bond geometries [46–48] (hydrogen bond isotope effects

studied by NMR [49]). The encapsulated carboxylic acid dimers behave as if they

experienced an external pressure from the inner walls of the capsule. The

extrapolated pressures are 4–10 kbar, and while these figures appear high, the

trend is in agreement with the amplification of intermolecular forces, particularly

equilibrium isotope effects [50, 51], seen during the temporary isolation of species

in capsules.

There are many kinds of capsules but few have the capacity to position co-guests

in predictable orientations. We used the ability of 1.24.1 to do so, and applied it to

evaluate hydrogen-bonding interactions between boronic acids, carboxylic acids,

and primary amides [52]. The phenyl boronic acids are useful as components of

covalently self-assembled systems [53], and we found that the p-methyl, methoxy,

ethyl, and isopropyl derivatives all fit as symmetrical dimers inside 1.24.1. The

structure of the boronic acid dimer has been debated but a recent theoretical study

found the doubly hydrogen-bonded exo/endo conformer (Fig. 10) to be lowest in

Fig. 9 H/D isotope effects

on the hydrogen bond

geometries: H/D isotope

effects, Dd ¼ dHD – dHH,
for the encapsulated benzoic

acid (BA) derivatives (d12
mesitylene, open circles)
and non-encapsulated (CDF3/

CDF2Cl; filled circles)
dimers of carboxylic acids as

a function of the bridging

proton chemical shift dHH
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energy [54]. The structure has planar (C2h) symmetry with both involved and

spectator hydrogens. The alternate syn/anti dimer was computed to be accessible

in more polar media.

The spectator acidic hydrogens provide another means of accelerating the

racemization of the capsule. Guests that present hydrogen bond donor and acceptor

groups to the middle of the assembly can catalyze the rotation of the glycolurils and

interconversion of the capsule enantiomers through acid/base catalysis. The spec-

trum for p-Me-phenyl boronic acid shows broadened NH signals of the glycoluril

spacer, and for p-isopropyl-phenyl boronic acid, the diastereotopic methyl signals

of the isopropyl group appeared as a broad doublet, indicating fairly rapid racemi-

zation of the capsule on the NMR timescale. The signals for the spectator hydrogens

of the p-ethyl and i-propyl derivatives appeared at 7.72 and 8.12 ppm, respectively.

We compared combinations of encapsulated carboxylic acids, boronic acids,

and carboxamides to determine the strongest interactions – at least in the context of

the capsule [55]. Direct competition experiments between guests of the same size

(the p-ethyl derivatives) were used to eliminate the effects of “fit”.

The boronic acid (B), carboxylic acid (C), and primary amide (A) were first used

in pairwise competitions with 1 equiv. of each guest (relative to the extended

capsule). Separate signals are seen for the N–H resonances of the benzamide and

phenyl boronic acid co-encapsulated with corresponding carboxylic acids (Fig. 11).

All three combinations and their respective homodimers were observed. The

symmetrical homodimers are half as probable as the heterodimers with distributions

of 25% and 50%, respectively. The carboxylic acid (C) and amide (A) formed

a heterodimer (BC ¼ 53%) but its concentration is 4.8 times that of the underrep-

resented amide dimer (AA ¼ 11%) and 1.5 times that of the carboxyl dimer

(CC ¼ 36%). The BC heterodimer matches the best donor with the best acceptor

but its concentration is merely what is statistically expected. The real difference is

Fig. 10 The structures of the exo-endo and anti-syn isomers of the H-B(OH)2 hydrogen-bonded

dimer. The energy-minimized structure (HF/6-31 g*) of the exo–endo isomer of p-ethyl-phenyl
boronic acid dimer in 1.24.1
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between symmetrical acid carboxylic dimer, which is 3.3 times more favored than

the amide dimer. The boronic acid homodimer BB is always favored, whether it

competes with an acid or amide function, making this the best hydrogen bonding

pair in this series. The heterodimer of carboxylic acid and boronic acid (BC, 21%) is

favored over the homodimer of the carboxylic acid (CC, 18%).

When all three hydrogen bonding partners are competed against each other, the

same trend is seen: the best pair is the boronic acid dimer with 34%, followed by the

acid amide heterodimer with 23%, acid boronic acid heterodimer with 18%, acid

acid homodimer with 15%, the boronic acid amide heterodimer with 6%, and the

amide homodimer is the least stable with 4% as shown in Fig. 11.

At first glance, the dominance of the boronic acid-containing complexes would

indicate its superiority as a partner for hydrogen bonding. But the exo/endo boronic

acid dimer has twice as many ways to form than does a carboxylic acid dimer (there

are four times as many if syn/anti arrangements are included). The low concentrations

of heterodimers with boron shows it underperforms as a partner for carboxylic acids

and amides: it is neither a superior donor nor acceptor. Instead, the high concentration

of boronic acid dimers must reflect its statistical advantages, but could also suggest

a balanced self-complementarity of average donor and acceptor. The carboxylic

acid/amide pair is overrepresented as it matches the best donor and acceptor. While

the weak amide dimer is no surprise, the carboxylic acid dimer appears more robust

Fig. 11 The downfield region of 1H NMR spectra (600 MHz, mesitylene-d12) of 1.24.1 with

equimolar mixture of: (a) p-ethyl benzamide and p-ethyl benzoic acid, (b) p-ethyl phenyl boronic
acid and p-ethyl benzoic acid, (c) p-ethyl phenyl boronic acid and p-ethyl benzamide, and (d)

p-ethyl phenyl boronic acid, p-ethyl benzoic acid and p-ethyl benzamide
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than intuition would suggest. The rapid exchange of partners in solution and the

average signals that result would not allow the dissection of these equilibria. The

simultaneous characterization of all the species through reversible encapsulation

showcases the power of this technique applied to physical organic chemistry.

6 Arrangements of Guests

The extended capsule has enough space to allow two long molecules to fit inside.

If these molecules, for example, p-disubstituted benzenes, are unsymmetrical, then

a number of different arrangements can be expected. We introduced the term “social

isomerism” to describe this situation [56]. Social isomers are diastereomers but, unlike

the situation in organic chemistry – where covalent connectedness determines the

relationship between diastereomers – it is the restricted space of the capsule that

enforces and maintains the arrangements in space. Specifically, the molecules inside

are too large to slip past one another and, in the case of p-disubstituted benzenes, the
molecules are too long to tumble freely inside the space, at least on the NMR time

scale. For examples, p-cymene, p-ethyl-toluene, and p-methyl-styrene show social

isomerism in the extended capsule (Fig. 12) [57]. Surprisingly, for the p-cymene case

only two of the three possible isomers are observed.

The isomer with isopropyl groups in the narrower center of the assembly appears

energetically inaccessible. But with p-ethyl-toluene the most favored isomer places

the ethyl groups in the center and, unaccountably, the unsymmetrical isomer

represents only a few percent of the mixture as shown in Fig. 12, although it is

statistically favored. In contrast, p-methylstyrene is well behaved and shows

exactly what is expected from a statistical distribution of social isomers. Simple

Fig. 12 Cartoon representation of the social isomers of (a) p-cymene, (b) p-ethyl-toluene, and (c)
p-methyl-styrene in 1.24.1
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monosubstituted phenyl groups, ethyl, propyl, or butyl benzenes, likewise show

little evidence of social isomerism. Instead, these guests always present the thinner

alkyl groups toward the center of the assembly. Apparently this region cannot

accommodate two benzene rings.

7 Control of Guest Exchange

7.1 Light

Switching devices that are reversible and work on the molecular level are essential

features of nanomachinery. Control of the access to capsules, the transport

of molecules in and out of the cavities, is desirable and we examined a

well-established system that uses light as a switching device: the cis-trans
photoisomerization of azobenzenes [58, 59]. The azobenzenes have been applied

in the supramolecular chemistry of crown ethers [60–62], cyclodextrins [63, 64], and

even proteins [65, 66]. The photoisomerization changes the shape in a predictable

way and we used azobenzene photoisomerization in an indirect sense to control

reversible encapsulation.

The encapsulation of benzanilides [67] and stilbenes [68] in 1.1 guaranteed that

the isosteric trans-azobenzene would also be an ideal fit [69]. Direct competition of

n-tridecane with trans-azobenzene showed the latter to be a much better guest

for the capsule. Only a methyl singlet is seen in the 1H NMR spectrum and no

n-tridecane is observed inside (Fig. 13). Irradiation at 365 nm for 30 min causes the

encapsulation of n-tridecane. This is apparent from its NMR signals (Fig. 13).

Photoexcitation of the azobenzene forces its folding to cis-azobenzene which is

too thick to fit in the capsule. Accordingly, as it folds it clashes with the capsule

walls and disrupts hydrogen bonds [70]. This facilitates the entry of other guests

and avoids creation of an empty capsule. The NMR shows signals corresponding to

cis-1 in the free solution at 6.59 ppm and 6.67 ppm. Kinetic studies confirmed that

the isomerization of trans-1 takes place inside the capsule. Brief heating of this

sample to 160�C reconverts cis-1 to its trans conformation, which rapidly replaces

n-tridecane in the capsule. The irradiation/heating cycle can be repeated many

times without deterioration of the spectra.

The forcing out of trans-azobenzene on irradiation by light allows the encapsu-

lation of any other potential guest. For entropic reasons, a single large guest

generally replaces two smaller occupants [71], but the forced photoisomerization

can reverse the trend. For example, competition of hydrogen-bonded homodimers

of benzoic acid or benzamide with 3 equiv. of trans-azobenzene shows only the azo
compound is encapsulated in 1.1. However, irradiation causes the azo compound to

be replaced by the respective dimers. Again, brief heating restores the initial state

(Fig. 13). This cycle can also be repeated many times.
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Guest exchange in deep cavitands [72] involves related vase-to-kite conformational

changes of the walls andDiederich et al. have shown that only two walls need undergo

this motion to enable guest exchange [73]. We determined the exchange rate of

encapsulated azobenzene with n-tridecane as an incoming guest without irradiation.

Even when 30 equiv. of n-tridecane compete with trans-4,4-dimethyl-azobenzene for

the capsule, only 19% of trans-azobenzene is replaced at equilibrium. This point is

reached only after a day, showing that the exchange is very slow. The exchange rates

determined by fluorescence methods are consistent with these findings [74, 75].

Parallel experiments were performed with the extended capsule 1.24.1 (Fig. 14,

top), using a longer azobenzene trans-4-methyl-4’-hexyl-azobenzene [76] as the light-

responsive guest in the assembly. The relevant signals of the 1H NMR spectrum are

shown in Fig. 14 (bottom). The loss of symmetry makes for separate sets of signals for

the two cavitand ends and the hydrogens on the edges of the glycolurils. Competition

of 10 equiv. of trans-4-methyl-4’-hexyl-azobenzene with 2 equiv. of 4-

ethylbenzamide shows only the encapsulated azo compound. After irradiation at

365 nm, the hydrogen-bonded homodimer of 4-ethylbenzamide replaced the azo

compound as the guest. This new assembly is symmetric as reflected in its simplified

Fig. 13 Light induced replacement of trans-4,4-dimethyl azobenzene by n-tridecane or

benzamide dimer in 2
.
2 (top). Appropriate regions of the 1H NMR spectra (mesitylene-d12,

20�C) are shown before irradiation (when trans-azobenzene is the only guest) and after irradiation
at 365 nm wavelength for 50 min at 20�C (either n-tridecane or benzamide dimer is the only guest).

After heating the sample to 160�C for 2 min, the initial state is reversibly restored (bottom)
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NMR spectrum. Heating the sample to 160�C for 2min restores the initial state; again,

the cycle was repeated many times (Fig. 14).

We also used photoisomerization as a means of switching between assemblies 1.1

and 1.34.1. Here, we took advantage of the low solubility 4-dodecanephenyl glycoluril

3 in deuterated mesitylene. The glycoluril dissolves well only when it is incorporated

into the capsular assembly. When a mixture of 1, glycoluril 3, and 3 equiv. of trans-
4-methyl-4’-hexyl-azobenzene is heated, the extended assembly 1.34.1 is formed

with the azo compound as the only guest. Likewise, in the presence of added

4,4’-dibromobenzil the same assembly is formed, since the benzyl is a poor guest

for 1.1. But after irradiation for 50 min at 365 nm, only the capsule assembly 1.1 is

obtained with 4,4’-dibromobenzil as guest. The disproportionation process is appar-

ently aided by the precipitation of 3 from solution. The original extended assembly

1.34.1 with trans-4-methyl-4’-hexyl-azobenzene reappearing as the only encap-

sulated species can be restored on heating the turbid solution for 2 min to 160�C
(Fig. 14). Again, this cycle was repeated many times to establish the photo-

chemical control of expanded capsule assembly.

Fig. 14 Light induced guest exchange and assembly rearrangement. Replacement of trans-4
by dimeric 4-ethylbenzamide maintains the extended assembly 1.24.1. With 4,4’-dibromobenzil,

light induces guest exchange with formation of 1.1 (top). Relevant regions of the 1H NMR spectra

(mesitylene-d12, 20�C) before irradiation (trans-4-methyl-4’-hexyl-azobenzene is the only

guest) and after irradiation at 365 nm wavelength for 50 min at 20�C (the homodimer of

4-ethylbenzamide is the only guest in 1.24.1 and 4,4’-dibromobenzil is the only guest in 1.1).

After heating the sample to 160�C for 2 min, the initial state is quantitatively restored (bottom)
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7.2 Acid/Base

We also devised a system that uses acid/base control of expansion and contraction

of the capsules and their guests. A number of studies with the cylindrical capsule

defined its application as a reaction vessel [77, 78] but the conformational flexibility

[79] of normal alkanes as guests (which adopt shapes complementary to their hosts)

offered an opportunity to create what we termed a “spring-loaded” device.

Alkanes as long as tetradecane (n-C14) are encapsulated in 1 but longer alkanes,

such as n-C15, do not fit inside. Even C14 cannot fit in an extended conformation; like

the longer alkanes in the expanded capsule it must adopt a compressed conformation

that applies stress to the capsule [80]. Coiling into a helical shape reduces its length by

about 5 Å, enough to be accommodated and results in attractive CH-p interactions

between guest and the capsule (Fig. 15). This coiling increases the potential energy

because in the liquid phase [81] each gauche interaction incurs some 0.55 kcal/mol.

The helical conformation was deduced from 2D NMR crosspeaks that show the

proximity of hydrogens on C1 to C5, C2 to C6, etc. (Fig. 15) [82].

As previously mentioned, the belt of glycolurils that inserts into the capsule

increases the length by some 7 Å and the volume by nearly 50% [83]. In the

expanded capsule tetradecane relaxes into an extended conformation and this is

evident from changes in the 1H NMR spectrum. The NMR signals move downfield

as the methylenes of the alkane move away from the walls and toward the center of

the structure. The different NMR spectra of tetradecane in the original vs the

expanded capsule is shown in Fig. 16.

The insertion of four glycolurils constricts the center of the cavity and creates

a chiral nanoenvironment that is apparent in the diastereotopic proton signals at

C2. Benzanilide, which is an ideal guest for 1.1, can displace the alkane and return

the system to the original capsule. To control the coiling and extension of the alkane

by addition of acids and bases, we prepared glycoluril bearing peripheral basic

Fig. 15 Dimensions of encapsulated n-C14 (left) and in an extended conformation (center).
The crosspeaks observed in the 2D NMR spectra are color coded on the model of the helically

coiled conformation (right)
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sites [84]. The addition of this glycoluril allows the coiled alkane to extend in the

longer capsule 1.24.1. This is the expansion step. Then HCl gas is bubbled into the

NMR sample which protonates the basic sites on the glycoluril and causes precipi-

tation of the HCl salt. This treatment regenerates the original capsule 1.1 with the

coiled alkane inside. This is the compression step. To continue to the expansion

step, trimethylamine was introduced to the sample: it deprotonates the salt and

allows the glycoluril to re-enter the solution and assemble the expanded capsule.

Then acid was added to regenerate 1.1 (Fig. 16). Some six cycles of expansion and

compression of n-tetradecane were possible in a single NMR sample before the

buildup of trimethylamine hydrochloride deteriorated the 1H NMR spectra.

As previously described, the expanded capsule could accommodate normal

C15, C16, C17, C18, and C19, but the appearance of a new capsule in the presence of

C19 was unexpected. This capsule incorporated two belts of glycolurils [85]. This

hyperextended capsule 1.28.1 (Fig. 17) also accommodated appropriately lengthy

fatty acid derivatives such as anandamide, which is the naturally-occurring ligand

for the cannabanoid receptor of the brain [86]. Even longer hydrocarbons such as C24

to C29 induced the formation of another encapsulation complex involving three
glycoluril belts. A total of 15 molecules make up this assembly, and we have reason

to believe that even longer capsules can bemadewith the simple recipe of 1, glycoluril

2, and ever-longer alkanes. These results are reported in Fig. 18.

Fig. 16 The reversible compression and expansion of encapsulated n-tetradecane. The conforma-

tion of the n-tetradecane was deduced from the upfield regions of the 1H NMR spectra which are

shown together with the respective host guest complexes. In the expanded capsule 1.24.1 the

signals move downfield as the methylenes move away from the capsule’s walls and toward its

center. The chiral space of the expanded assembly is reflected by the diastereotopic signals for the

methylenes. The glycolurils insert under basic conditions; acidic conditions precipitate the

glycouril and regenerate the capsule 1.1 with coiled tetradecane inside
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Fig. 17 Energy minimized structures and approximate dimensions of capsules extended by

glycolurils. The length refers to the accessibility of methyl groups in the inner space. Peripheral

groups have been removed for viewing clarity

Fig. 18 Relevant data for alkane dimensions and their packing coefficients (PCs) are given.

Alkanes that occupy two different capsules are shown in red
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We used our experience with reversible encapsulation to arrive at a rule regard-

ing the proper filling of space, the 55% solution [87]. The filling of space probably

drives other recognition phenomena, even in those synthetic receptors that do not

completely surround their targets [88]. Some of the earliest, finite self-assemblies in

solution based on melamine/cyanuric acid recognition [89] had no other function

than to fill space. However unconventional, the departure frommainstream physical

organic chemistry [90] is familiar to us and may offer rewards.

The hyperextended capsule provides the required tool to encapsulate more

complex and even bioactive compounds. The adaptability of the larger assembly

with a number of natural products having long and narrow shapes has been probed

and it has been found that they are readily encapsulated by the cavitand/glycoluril

system. These include arachidonic acid, the substrate for the biosynthesis of the

prostaglandins, and several of its derivatives including capsaicin and anandamide

(Fig. 19), the endogenous ligand for the cannabinoid receptor [91]. Oleamide, one

of the fatty acid amides involved in sleep induction [92], and its ethyl ester

derivative were also encapsulated. The release of these natural products from the

capsules can be accomplished through the changes in the polarity of the medium or,

in special cases, acid/base chemistry. We intend to screen these and other bioactive

compounds with these capsules inside micelles to study their uptake and release

characteristics. For realistic applications in medicine, we would have to overcome

the 1:1 stoichiometry problem that makes these assemblies too expensive. The first

step in this process is establishing the application of these capsules as (recyclable)

transporters across membranes, but this aspect is outside the scope of this chapter.
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Container Molecules Based on Imine Type

Ligands

A. Carina Schulze and Iris M. Oppel

Abstract This chapter will give a short overview about container molecules, their

synthesis and possible applications. The main focus is on those which are based on

imine type ligands. These containers can be used for example for guest exchange,

gas separation, as chemical sensors or for the stabilisation of white phosphorus

under water. The described cages have wide openings or tightly closed ones. For

one cage the reversible opening and closing is also described.

Keywords Cage compounds � Coordination � Encapsulation � SCHIFF base

reaction � Supramolecular chemistry
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1 Introduction

The large field of supramolecular coordination chemistry could be divided into

polymers [1–5] and discrete compounds [6–10]. Coordination polymers or metal

organic frameworks (MOF) are not only described in the literature but are also
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already used for industrial applications like gas storage, molecular separation,

chemical catalysis, sensing, ion exchange and drug delivery [11–25]. For example,

one MOF with gas storage capacity is [Cu3(L
1)(H2O)3]n (L1 see Fig. 1a)

synthesised by J. T. Hupp and coworkers. The compound consists of three different

types of cage structures (Fig. 1b, c) with different diameters (13.4, 15.4 and 27.4 Å)

of the cavity within the framework. The resulting polymer shows a surface area of

6.143 m2 g�1, measured by BET. The excess H2 uptake of the polymer is

18.2 mg g�1 at 1 bar and 99.5 mg g�1 at 56 bar and an excess CO2 uptake of

2.043 mg g�1 at 40 bar [11].

However, herein we focus on the discrete compounds, especially the three-

dimensional cages or container molecules [6–10], formed mainly by coordination

of metal ions with organic ligands. On the other hand, there also exist three-

dimensional compounds where the stability is partly due to hydrogen bonds, p–p
interactions, Van der Waals forces or dipole–dipole interactions. Beside those

three-dimensional compounds, one-dimensional structures like, for instance,

helicates [26–30] and two-dimensional ones, the polygons, are also known [31–36].

OHO

OH

O

HO

O

OH

O

OH

O

HO O

a b

c

L1

Fig. 1 (a) Ligand L1. (b) MOF for gas storage synthesised by J. T. Hupp et al. (c) The three parts

of the MOF [11]
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One example for a helicate ([Fe2(L
2)3]Cl4) was described by the group of

A. Rodger et al. It is formed by reacting a bis(pyridylimine) ligand (L2) with

FeCl2. The helicate is described to have a preference for binding a three-way

junction on DNA with a central TA sequence. This observation shows a possible

way of drug binding to DNA (Fig. 2) [37–41].

Many two-dimensional polygons are described in the literature [31–36]. They

exhibit shapes like triangles, squares, pentagons and so on, whose formation can be

influenced by the used counterion as demonstrated in the following example. In

Fig. 3a the ligand 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (L3) forms either a square or a

pentagon depending on the counterion of the employed nickel salt. Starting with the

pentagon, the shape of the polygon can be converted into either a triangle or a

square by using a counterion with the right geometry (Fig. 3b) [36].

Beside these examples of one- and two-dimensional structures, many others are

known in the literature. Many three-dimensional structures have also been

described. These container molecules could be designed by following the molecular

library method from P. Stang and coworkers. The combination of different building

blocks leads to different shaped complexes (Fig. 4) [42].

This principle can be explained in detail by the example of a tetrahedron, which

can be built by using different building blocks in the four illustrated ways (Fig. 5).

N N
NN

3

+2Fe
2+

a b c
L2

Fig. 2 Helicate which bind on three-way junction on DNA [37]. (a) Synthesis, (b) top and (c) side
view of DNA and helicate
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xs. [nBu4N][NO3]
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b

[Ni(CH3CN)6][SbF6]2

N

N N

NN

N

[ClO4]
-
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O
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[Ni5(L3)5(CH3CN)10 ⊂ SbF4]
9+ [NO3]

-

Fig. 3 Converting two-dimensional structures into each other [36]
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The first way (Fig. 5a) is by using four metal ions with at least three free

coordination sites and six bridging ligands. The resulting tetrahedron exhibits

the M4L6 topology, where the metal ions are located at the corners of the cage

while the ligands represent the edges.

An example of this type of cage is the tetrahedron of the group of R. W.

Saalfrank. It was designed in 1988 and was the first example of a coordination

cage described in the literature. It was synthesised with L4 (Fig. 6) and MeMgI in

THF [43].

60°
+a

+
90°

+
90° 90°

+

b

+

Fig. 4 Molecular library method from P. Stang. (a) 2D and (b) 3D [42]

= M

ba dc

Fig. 5 Different types of tetrahedra: (a) M4L6, (b) M4L4, (c) M6L4 and (d) M6L4

=

= Mg2+

O

O

O

O

EtO

EtO

–

–

L4
EtO2C

EtO2C

Fig. 6 First M4L6 tetrahedron [43]
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Another example of this connection type is the tetrahedra of K. N. Raymond and

coworkers. These could be synthesised with the ligands shown in Fig. 7b (L5–L9)

and different metal ions like Ga3+, Al3+, Fe3+, In3+, Ge4+, Ti4+ and Sn4+ [44–51].

These container molecules exhibit large openings on each triangle face. That is

why different exchange processes can potentially take place. In the literature

various applications are described such as encapsulation of neutral molecules or

cations [44–74]. Reactive or unstable species could also be stabilised [63, 67,

75–78]. The cages can serve as a catalyst, e.g. for the Aza Cope rearrangement

[54, 66, 79–81] and for the hydrolysis of several compounds [82–85]. They have

also been used for C–H bond activation [54, 57, 61, 66, 69] or Nazarov cyclisation

[86].

The second example of how a tetrahedron could be built demonstrates once

again that four metal ions with the same requirements as in the first one are needed.

However, in this case the six linear ligands are replaced by four C3 symmetric

ligands (covering the faces) which can connect a metal at each corner. The resulting

structure exhibits M4L4 topology.

This type of tetrahedron was first synthesised by M. D. Ward et al. in 1995. It is

obtained from the reaction of [3-(20-pyridyl)pyrazol-1-yl]hydroborate (L15) and

Mn2+. Beside Mn2+, analogous tetrahedra could be made with Fe2+, Co2+, Ni2+

and Zn2+. The resulting cages are all nearly completely closed ones (Fig. 8) [87].

The third way leads to an adamantane with M6L4 topology, which is sometimes

described in the literature as an octahedron with every second face empty. To build

such a cage, again four C3 symmetric ligands are needed to connect metal centres.

However the six metal ions are no longer located at the corners of the cage but now

in the middle of each edge instead.

The group of M. Fujita synthesised coordination cages of this shape while

reacting a triazin ligand (L16–L18) with different Pd2+ or Pt2+ compounds. Two of

the coordination sites in the square planar environment of these metal atoms

are blocked by a coligand, like ethylene diamine, N,N,N0,N0-tetramethylethylene

diamine or 2,20-bipyridine, while the other two sites are used for coordination bonds
to the C3 symmetric ligand. In the resulting tetrahedra, compounds could be

H
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–

O
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Fig. 7 (a) M4L6 tetrahedron by K.N. Raymond and co-workers. (b) Possible ligands [44–51]
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encapsulated and unstable species could be stabilised [88–111] (Fig. 9). Further-

more, the cage could be used as a reaction vessel for various reactions like the Diels

Alder reaction [112–116], photodimerisation [101, 107, 112, 115–120], photo-

chemical 1,4-radical addition [121], photo oxidation [107, 122], Wacker oxidation

[123, 124] or photochemical cyclisation [125].

The last type of tetrahedron once again exhibits the M6L4 topology, but the

resulting cage is now more tightly closed. It is built again by four C3 symmetric

ligands which are much larger and able to connect metal ions on the edges of the

cage (Fig. 10) [126, 127].

This type of cage molecules are synthesised by us and will be discussed in more

detail in the corresponding paragraph.

In total, many different container molecules of various shapes like tetrahedra,

octahedra, cubes, triangular bipyramids, dodecahedra, icosahedra, cuboctahedra or

various shaped prisms or antiprisms have been described in the literature up to now

[6–10]. Altogether they are far too many to be described in detail. Therefore this

chapter focuses only on container molecules based on imine type ligands.

M = Pd2+, Pt2+

12+

12 NO3
-

=

= Pt2+, Pd2+

N

N

R

R

N

R

N

NN

R = L17

R = % L16

R = L18

Fig. 9 Adamantane like tetrahedron by the group of M. Fujita [88–111]

=

= Mn2+, Fe2+, Co2+, Ni2+, Zn2+
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N N
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N

N

N

N
H
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– L15

Fig. 8 M4L4 tetrahedron by M.D. Ward et al. [87]
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2 M4L6 Tetrahedron for the Stabilisation of White

Phosphorus and Gas Separation

The group of Jonathan R. Nitschke synthesised an anionic cage with the outer shape

of a tetrahedron (M4L6 topology). This cage is capable of binding hydrophobic

guests in aqueous solution and in the solid state. Known guest molecules

are cyclopentane [128], cyclohexane [128], white phosphorus (P4) [129, 130] and

SF6 [131].

The cage is formed as the unique product of the reaction of 4,40-
diaminobiphenyl-2,20-disulfonic acid with 2-formylpyridine, iron(II) sulphate and

tetramethylammonium hydroxide in an aqueous solution (Fig. 11). These

compounds are all commercially available and inexpensive [128].

As iron atoms are exclusively in a low-spin state, the resulting diamagnetic

compound is suitable for NMR spectroscopy. The solubility of the cage in H2O with

=
N

N N

N

N

N

OH

HO

OH

R

R

R

+

= (CdO)2

R = H  L 19

R = Br  L 20

Fig. 10 M6L4 tetrahedra by the group of Iris M. Oppel [126, 127]

4FeSO4
12 N(CH3)4 OH

SO3
-

NH3
+
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+

SO3
-

N

O

12

6

H2O

Fig. 11 Formation of the tetrahedron shaped cage by Jonathan R. Nitschke et al. [128]
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34 g L�1 is probably caused by the sulfonate groups, which are arranged towards

the exterior. The inner cavity of the cage is approximately 141 Å3 in volume, as

determined by X-ray diffraction. Molecules such as cyclopentane or cyclohexane fit

in this void. Due to their size these molecules fill the cavity by 51% and 61%

respectively, which is closed to the optimal 55% provided by the Rebek rule [132].

Due to the effect that cyclohexane is the favoured guest, the tetrahedron could be

used for the separation of both hydrocarbons (Fig. 12) [128].

The cage, carrying cyclohexane inside, could be opened in two different ways.

The first irreversible way is by adding tris(2-ethylamino)amine, so an imine exchange

takes place and a new iron complex is formed (Fig. 13a). The other reversible way is

by changing the pH value of the solution by adding p-toluenesulfonic acid (opening)
or sodium bicarbonate (closing) [128, 132].

Beside the cyclic hydrocarbons, white phosphorus (P4) could also be

encapsulated. P4 is an allotrope which is highly pyrophoric in an oxygen atmo-

sphere. By means of this encapsulation the P4 molecules became water-soluble and

air-stable. This stability was confirmed by 1H NMR spectra, which remained

unchanged for over 4 months. The reason for the stability is not that the openings

of the tetrahedron faces are too small for O2 molecules to reach the interior. Instead,

the proposed reason is that the first product built by the reaction of P4 with O2 is too

big to fit inside the cavity of the cage any more. By adding benzene to an aqueous

solution of the P4-containing tetrahedron, a guest exchange takes place. This means

the phosphorus is released, while the benzene is encapsulated, so the cage is

H2O

Lyophilize
4h, 323K

< 0.01 Torr

Fig. 12 Separation of cyclopentane and cyclohexane by the cage [128]
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reusable. The released P4 loses its stability and is oxidised by air forming H3PO4

(Fig. 14) [129, 130].

Another possible guest molecule is the chemically inert gas SF6. This gas is

known to be the most potent and long living greenhouse gas; 1 g is climatically

equivalent to 24 kg of CO2 [133, 134]. The gas could be bound within the cage not

only in the solid state but also in solution. So it is one of the first examples of gas

binding within a discrete coordination cage in solution. By trapping the gas inside

SO3
-

SO3
-

SO3
-

SO3
-

NH3
+

NH3
+

NH3
+

NH3
+

N

O

12

4

6

4

6

OH-

H3O
+

4 Fe2+

Fig. 13 Irreversible (left) and reversible (right) opening of the cage [128, 132]

H2O

a

b

C6H6 O2

Fig. 14 (a) P4 encapsulated in cage. (b) Release of P4 [129, 130]
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the cage, its solubility in water could be increased about 30 times. The cage could

also be used for the gas separation of SF6 from Xe, Ar, N2, O2, C2H4, CO2 or N2O,

because only SF6 is encapsulated within the cage. This effect could be useful for the

recycling of the gas (Fig. 15) [131].

3 M4L4 Tetrahedra with Successive Guest Exchange

Markus Albrecht and co-workers synthesised three M4L4 tetrahedra based on

different C3-symmetric imine type ligands. The ligands are shown in Fig. 16. For

the formation of these ligands, 2,3-dihydroxybenzaldehyde was reacted with the

product of the reduction of the corresponding trinitro derivative (L21) or with a tris-

amine derivative (L22, L23) [30, 135–141].

The discrete coordination cages of the type M8[Ti4(L
21–23)4] (M ¼ Li+, Na+ or

K+) are all formed by the reaction of the ligands with TiO(acac)2 in the presence of
M2CO3 (M ¼ Li+, Na+ or K+) in DMF (Fig. 17) [30, 135–141].

The resulting tetrahedra [Ti4(L
21)4]

8+ and [Ti4(L
23)4]

8+ differ in their outer size,

as can be gauged by the Ti–Ti distances of 17 Å for [Ti4(L
21)4]

8+ and 23.5 Å for

[Ti4(L
23)4]

8+. The larger cage also possesses wider openings on its faces but, in

SO3
-

SO3
-

NH3
+

NH3
+

N

O

12

6

H+

4 FeSO4
12 N(CH3)4OH
H2O

S

F FF

F
F F

S

F FF

F
F F

Fig. 15 Encapsulation of SF6 [131]
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contrast, the cavities of both cages are quite similar in size due to a twist in the

spacer of L23 [139].

Earlier synthesised M4L4 cages have smaller cavities with no guest molecules

inside [87, 142, 143]. In contrast, the interiors of the cages described byM. Albrecht

are big enough to accommodate guest molecules and one example is now described

in more detail.

Within the cage M8[Ti4(L
21)4] (M ¼ Li+, Na+ or K+) four counterions are bound

to the internal oxygen atoms of the titanium tris(catecholate) units together with

three DMF molecules per cation. Those counterions could be exchanged succes-

sively with primary ammonium ions as shown in Fig. 18. This exchange could be

monitored by 1H NMR spectroscopy, e.g. for the Li8[Ti4(L
21)4] complex [139].

4 M4L6 Tetrahedra as a Chemical Sensors

Chunhua Yan and coworkers designed “metal-tuneable” M4L6 tetrahedra. For the

synthesis of these cages the group uses two different C3-symmetric facial ligands.

Both could be synthesised via a Schiff base reaction. The first is made by the

N
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N

OH
HO

HO
OH

OH

OH

NOH
HO

N

HO
OH

N

OH

OH

N
N

N

NOH
HO

HO
OH

OH

OH

L21 L22 L23

Fig. 16 Different C3 symmetric ligands [30, 135–141]

+    44

Fig. 17 Formation of the tetrahedra of Markus Albrecht et al. [30, 135–141]
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reaction of 2-quinoline carboxaldehyde with 1,3,5-tricarbohydrazine benzene

in ethanol (L24). For the other ligand the quinoline function was replaced by

a pyridine one (L25). In total, five similar coordination cages with five different

metal ions were synthesised, two with L24 while using cobalt(II) or zinc(II) ions

and three while reacting L25 with nickel(II), europium(III) or terbium(III) ions

(Fig. 19) [144].

In the first ligand (L24), the three quinoline groups act as chromophores and

fluorophores, so that host–guest interaction could lead to changes in the optical

properties. Such changes can be measured by adding glucosamine (NH2-Glu) to

[M4(H9(L
24))6]

9+ (M ¼ Co2+, Zn2+). The UV/Vis spectra for both cages show

ligand-based charge-transfer bands in an acetonitrile solution (Fig. 20a). By adding

NH2-Glu a significant increase and decrease of the absorbance at about 345 and

420 nm, respectively, is observed. In addition to this effect the [Zn4(H9(L
24))6]

9+

cage also shows an increasing emission signal at 510 nm in its fluorescence spectra

when NH2-Glu is added (Fig. 20b) [144].

In contrast to these optical effects, the addition of glucose leads to no

change in the spectra. This means that the synthesised cages [M4(H9(L
24))6]

9+

= {K(DMF)3}
+ =

NH3
+

NH3
+

Br

or

Fig. 18 Successive exchange of {K(DMF)3}
+ against primary ammonium ions [139]

=Co2+, Ni2+, Zn2+, Eu3+,Tb3+

N
H

N

N

HN O

N

N
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N
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=

L24

L25

Fig. 19 Adamantane tetrahedra by Chunhua Yan and coworkers [144]
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(M ¼ Co2+, Zn2+) could be used as optical sensors for the selective recognition of

NH2-Glu (Fig. 21) [144].

Modification of the ligand by replacing the quinoline with a pyridine group

allows the introduction of lanthanoid ions (Eu3+, Tb3+) into the cage and lumines-

cence properties [144].

5 Various Nearly Closed Coordination Cages

In our group we are interested in the formation of various shaped container

molecules with different derivatives of tris(2-hydroxybenzylidene)triaminogua-

nidinium chloride ligand. These ligands could all be synthesised via a Schiff base

wavelength
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Fig. 20 (a) UV/Vis spectra and (b) fluorescence spectra (excitation at 380 nm) of

[Zn4(H9(L
24))6]

9+ [144]
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CH2OHa bFig. 21 a) Glucose.
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reaction in which triaminoguanidinium chloride is reacted with the corresponding

benzaldehyde derivative. In the following figures (Figs. 22–25), each cage is shown

together with the used derivative of the ligand [126, 127, 145–150].

By reacting the L19 or L20 with CdCl2�2H2O in the presence of Et3N, a nearly

closed coordination cage with the outer shape of a tetrahedron could be obtained.

Each ligand coordinates three (CdCl)-units, and the triangular faces thus formed are

linked by the phenolate oxygen bridging two neighbouring Cd atoms. In this

way four membered (CdO)2-rings are formed. The cavity size of the cages is

approximately 180 Å3. The interior is filled with Et4N
+ or Et3NH

+ and water

respectively, as shown by X-ray diffraction (Fig. 22) [126, 127].

The cage [Cd6(L
20)4] was also analysed via ESI mass spectroscopy, which

confirmed that the guest molecules are Et3NH
+ and H2O. In addition, the analysis

shows that the tetrahedron is also stable in the gas phase [127].

Another cage which could be designed with ligand L19 features the shape of an

octahedron. For this synthesis the principle of the molecular library method was

used. This means that a planar C3 symmetric ligand was reacted with the square

planar metal ion Pd2+. The ligand system is known to bind the metal ions in a tris

chelating manner. So only one coordination site of the Pd2+ ion is left. To connect

the generated triangular faces, a coligand which provides the right connection angle

of 109.5� is required. In this case the used coligand is sodium 5,5-diethylbar-

biturate, whose binding angle for this compound is known to be about 108–117�.
All three components react together with Et4NCl and Et3N in a mixture of acetoni-

trile and water to build a tightly closed octahedron of M6L8 topology,

Na4[Et3NH]12[{Pd3(L
19)}8{m-(bar)}12]�xH2O (Fig. 23). The inner cavity is about

1,600 Å3, filled with four Na+ ions and approximately 20 water molecules. The

octahedron is again tightly closed with H···H-distances of 2.5 Å observed at the

corners [147].

Such an octahedron could not be synthesised with L20 in contrast to the

tetrahedron, because the additional bromine atoms would point towards each

other at unacceptably short distances at each of the corners. The only way to

connect these larger triangles as faces of a capsule together is to form a trigonal

=
N

N N

N

N

N

OH

HO

OH

R

R

R

+

= (CdO)2

R = H  L 19

R = Br  L 20

Fig. 22 M6L4 tetrahedra by the group of Iris M. Oppel [126, 127]
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bipyramid, which requires the linkage of only six faces instead of eight. That is

exactly what was observed in the reaction of L20, Pd(II), NaHbar, Et4NCl and Et3N.

The resulting trigonal bipyramid, (Et3NH)6(Et4N)6[{Pd3(L
20)}6(m-bar)9–(Hbar)9]

is depicted in Fig. 24. The influence of the bromine atoms can be illustrated

by comparing the Br–Br distances of the corners. The axial corners of the cage

show Br–Br distances of 6.20(8)–6.24(8) Å while the equatorial ones are more open

(5.15(8)–12.4(2) Å). The inner volume of the cage is again about 1600 Å3, and its

cavity is time occupied by four Et3NH
+ and one Et4N

+ counter cations [148].

Parallel to the formation of the trigonal bipyramid an open tetrahedron of the

composition (Et3NH)(Et4N)4[{Pd3(L
20)}4(m-bar)4(Hbar)4] is always formed in the

same synthesis. The cavity is approximately 800 Å3 in size. This cage can also be

described as an incomplete triangular bipyramid, with two faces missing. These two

compounds show clearly the influence of the counter cations. Within the trigonal

bipyramid four Et3NH
+ and one Et4N

+ are encapsulated while within the open

tetrahedron one can find no Et3NH
+ but three Et4N

+ ions [148].

If a mixture of L20 and L25 is reacted with the smaller metal ion Zn2+ in the

presence of Et3N in MeOH, another type of cage is formed. Previously zinc

complexes synthesised with the derivatives of L19 show that the zinc ion does not

fit as well as Cd2+ into the plane of the ligand. The ions are screwed out of the plane.

That means it should be possible to connect them more easily with the phenolate

oxygen of another ligand or a coligand. In fact two Zn3(L
19)-building blocks can

be connected by three methanolate coligands. Both ligands are connected via

a methoxy group and in this way they form a kind of triangular double layer face.

If these building blocks are made asymmetrical by the use of one small and one

large derivative of L19, they can form a tetrahedron with the outer shape of a double

= L19

= Pd2+

=bar2-

N
N

N

N

NN

O

O

O

Pd

Pd

Pd

bar bar

bar

Fig. 23 Tightly closed M6L8 octahedron [147]
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walled tetrahedron ((Et3NH)4(H2O)[{Zn3({m-(OCH3)}3{Zn3(solvent)3(L
25)})

(L20)}4], solvent ¼ MeOH, H2O). This cage is additionally stabilised by weak

OCH3···Br interactions (3.1 Å) at each corner. The cavity (~180 Å3) is occupied

by one Et4N
+ cation (Fig. 25) [149].

= L19

= Pd2+

= bar2-

N
N

N

N

NN

O

O

O

Pd

Pd

Pd

bar bar

bar

Br

Br
Br

Fig. 24 Trigonal bipyramid [148]

R1 = H   R2 = H     L20

R1 = Br  R2 = OMe L25
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R1
R1
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R2

R2

+

Fig. 25 Double walled tetrahedron [149]
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6 Conclusion

Container molecules in general show an increasing number of applications and so

do the container molecules based on imine type ligands. Many different shapes of

open or nearly closed ones could already be synthesised. Those cages are known to

encapsulate different types of guest molecules. This encapsulation can be selective

and permanent or reversible. The container molecules described are also used for

stabilisation of different compounds such as the allotrope P4. They can be used as

gas or optical sensors. One of the described cages can also be opened and closed

selectively.

In summary, container molecules open a wide field of unknown opportunities in

chemistry, with more and more interesting and useful applications to be expected.
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Molecular Capsules Derived from Resorcin[4]

arenes by Metal-Coordination

Tobias Schr€oder, Satya Narayan Sahu, and Jochen Mattay

Abstract A short introduction to the fundamental features and recent

developments of supramolecular chemistry is presented besides defining scope

and limitation of this review article. A brief overview about calix[n]arenes and

especially resorcin[4]arenes and their conformationally rigid cavitands is given.

Selected examples are presented to demonstrate the dependence of self-assembly of

cavitands exhibiting different flexibility either due to their basic macrocycle or due

to flexible receptor units commonly located at the o,o0-position of the resorcinarene
ring. In addition, the process of self-assembly is also controlled by metal coordina-

tion geometry as shown by one example. The receptor units may also be connected

at the methylene group of the cavitand as shown by one example. Examples of

supramolecular architectures are presented utilizing the special features of

2,20:60,200-terpyridine (terpy) metal-binding ligand. The synthesis and characteriza-

tion of a metallo-supramolecular Zn-coordination cage with a diameter of 4–5 nm

based on a cavitand-terpy building block is presented in detail.

Keywords Cavitand � Metal coordination � Resorcin[4]arene � Self-assembly �
Supramolecular chemistry � Terpyridine ligand
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1 Introduction

1.1 General

Concepts of supramolecular chemistry have changed the way scientists perceive

chemical structures: not as independent entities but as interacting structures. The

“chemistry beyond the molecule” has opened the view to understand, design, and

use assemblies of molecules [1, 2]. Starting with the development of ligand-

receptor systems to explore the basic principles of molecular recognition, the

increasing systematization of supramolecular binding motifs and building blocks

has facilitated self-assembly by design, yielding impressive architectures, and

stimulating chemistry, biology, physics, and material sciences [3]. The wide imple-

mentation is reflected in the research areas, such as supramolecular catalysis [4],

supramolecular polymers [5], and supramolecular electronics [6]. Adaptive chemi-

cal systems, which can be obtained by taking advantage of the weakness of

supramolecular bonds and the reversibility of the formation of supramolecular

structures, are subjects of current research interest.[7] Besides exploring the

prospects offered by supramolecular chemistry in various fields, a deeper under-

standing of its principles remains a basic challenge. Two important aspects are

generally governed during the formation of a supramolecular capsule which are

the controlled self-assembly of hollow architectures and the dynamic strength of

interactions between building blocks.

Moreover, the inner cavity of supramolecular capsules provides a discrete, well-

defined environment ideally suited to investigate effects of compartmentalization

and processes in confined spaces [8]. To realize technical applications as detection

and stabilization of encapsulated molecules or their use as nano-sized reaction

vessels, precise control of important factors such as size, stability, porosity of the

walls, and functionalization of the inner surface have to be achieved [9–18]. Several

capsules have been synthesized and a proof of principle for several applications has

been provided, but in most cases their use is restricted to small guest molecules. The

development of spacious architectures which are able to encapsulate several bulky

molecules and are amenable for decoration of the inner surface with functional

groups will constitute an important step on the way to functional systems.

The stability of supramolecular binding motifs defines the degree of reversibility

during self-assembly and therefore the ability for self-correction, ensures the

integrity of the structure, and controls the adaptability to environmental changes

[3]. Connecting building blocks via multiple hydrogen bonds is one of the most
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frequently used strategies to obtain dynamic structures. The combination of pre-

dictable orientation and fast equilibration accounts for the increasing interest in

employing hydrogen bonds in supramolecular design principles [19–21]. On the

other hand, metal-coordination-driven self-assembly has become another tool for

creating a variety of multicomponent self-assemblies due to the possibility of a

large number of combinations of coordination motifs and ligands. Therefore metal-

coordinated self-assembly is being intensely developed as a promising approach to

design supramolecular cage architectures possessing nanoscale cavities [22–25].

Moreover, the directional bonding nature facilitated by the metal ion defines a

higher structural control over the coordination geometries while the thermody-

namic properties of metal-ligand bonding regulate the overall stability of the

giant coordination cages.

1.2 Scope

This chapter concentrates on a special type of monomeric building block, namely

the cavitands (derived from resorcin[4]arenes), and is restricted to capsules formed

by metal coordination rather than H-bonding. Beside reviewing some selected

examples of metal-coordination cages from the literature (Sect. 3) emphasis is

laid on molecular architectures involving terpyridine (tpy) ligands as connecting

units (Sect. 4) and on results from our own laboratory (Sect. 5) rather than to give a

comprehensive overview about molecular capsules derived from calix[n]arenes in

general [26]. Such a comprehensive review article covering aspects of covalent as

well as supramolecular capsules involving all types of non-covalent interactions is

currently in production [27]. Readers interested in the modern analytical methods

used in supramolecular chemistry and especially in a new method of studying the

complexation dynamics by Single Molecule Force Spectroscopy are referred to

[28, 29].

2 Cavitands and Calix[n]arenes: Building Blocks

for Supramolecular Capsules

The synthesis of hollow architectures based on cavitands started in 1985, when

Cram et al. reported on the inclusion of solvent molecules in a carcerand obtained

by covalent linkage of two cavitands [30]. Since then, molecular and supramolecu-

lar capsules have been prepared from cavitands and calix[n]arenes due to two

important properties: the bowl-shaped form and the various functionalizations

which can be introduced at the upper rim of the cavitands or the wider rim of the

calix[n]arenes (Fig. 1).
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While the conformation of the methylene-bridged cavitands 1 is fixed (Fig. 1a), a

number of more flexible cavitands with other bridging units (BU) have been

prepared (Fig. 1b) [31, 32]. Depending on the substituent R0 at phenolic oxygen

and the group (G) attached to the wider rim, the calix[n]arenes 2 can adopt different
conformations (Fig. 1c, d) [33, 34]. The calix[n]arenes with more than four phenol

units in the cyclophane basis are particularly flexible.

Because cavitands and calix[n]arenes with various functional groups (G) can be

synthesized, a range of reactions can be applied to obtain substituted derivatives.

Some of these molecules can be used as receptors for neutral molecules and ions,

for the synthesis of stationary phases for chromatography and as catalysts for

Fig. 1 (a) Structure of a methylene-bridged cavitand 1 substituted with functional groups (G) at

the upper rim. (b) General structure of cavitands with different bridging units (BU) and one

example of an aryl-bridged cavitand [38]. (c) Structure of calix[n]arenes 2 with functional groups

(G) at the wider rim. (d) Conformations of calix[4]arenes
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organic reactions [34–37]. In the following sections it will be shown that cavitands

which can be easily synthesized from resorcin[4]arenes (a subgroup of calix[n]

arenes) are valuable building blocks for complex structures such as supramolecular

capsules due to the unique combination of shape and functional groups that can be

attached to the cyclophane basis. Cavitands are especially suitable as building

blocks for higher and defined structures due to their conformational rigidity.

3 Coordination Cages from Cavitands: Influence of Ligand

Design on Metal-Directed Self-Assembly

3.1 Receptor Units at the o,o0 Position of the Cavitand

Several metallo-supramolecular cages with different geometries have been

synthesized from cavitands functionalized with metal-coordinating groups at the

upper rim [18]. The successful self-assembly of such building blocks is a complex

reaction that yields the most thermodynamically stable product [39]. A reversible

formation of the coordinative bonds is necessary to allow “error correction” by

partial disassembly of less stable intermediates to form the final more stable

assembly. On the other hand, a stable connection of the cage subunits has to be

realized to ensure the integrity of the structure and allow the characterization of the

assembly in solution. The development of rigid ligands with a high preference to

self-assemble to only one aggregate with defined geometry is of major importance

for the synthesis of coordination cages. The degree of preorganization of building

blocks derived from cavitands is controlled by the shape and conformational

freedom of the cavitand basis and the flexibility of the attachment of the metal-

coordinating group. To illustrate the impact of the ligand properties on the geome-

try of the obtained structures, selected examples of coordination cages based on

cavitands are presented in this section.

The self-assembly of the tetra(cyano)cavitands 3 and 4with a different flexibility

of the cavitand basis was investigated by Dalcanale et al. (Fig. 2) [40, 41].

Compared to the methylene-bridged cavitand 4, the ethylene-bridged cavitand 3

is conformationally less rigid. The higher flexibility of 3 accounts for the lower

tendency to aggregate to discrete coordination cages. While 4 forms dimeric

coordination cages in the presence of Pd(dppp)(CF3SO3)2, no successful capsule

self-assembly was observed for the flexible cavitand 3.

Kobayashi and co-workers have further extended the work of Dalcanale et al.

[40, 41] to achieve selective self-assembly of a homo- or hetero-cavitand cage via

metal coordination based on ligand tuning (Fig. 3) [42–45]. The authors reported a

series of tetra(4-pyridyl)-cavitand (6), tetrakis(4-pyridylethynyl)-cavitand (7), and

tetrakis(4-cyanophenyl)-cavitand (8) molecules and demonstrated that addition of

square-planar Pd(dppp)(OTf)2 complex (9) to cavitand 6–8 in 4:2 ratios respectively

resulted in the formation of homo cavitand cages {(7)2 [Pd(dppp)]4}
8+.8(TfO�) (10)
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and {(8)2[Pd(dppp)]4}
8+.8(TfO�) (11) while the cavitand 6 gave various species of

aggregates as evidenced from its broad and complicated 1H NMR signals. On the

other hand a 1:1:4 mixture of 6, 8, and 9 exclusively self-assembled into a highly

symmetrical hetero-cavitand metal coordination cage 12 as evidenced from its 1H

NMR signals which suggested a C4V symmetry for the coordination cage while a

similar cavitands-metal molar ratio of 6, 7 and 9, and 7, 8 and 9 did not result in any

hetero-cavitand cages. The authors proposed that the observed selectivity during

the self-assembly of the homo or hetero-cavitand cages 10–12 via metal coordina-

tion could be attributed to the differences of the inherent coordination ability of

cavitand ligands (6 � 7 > 8), the flexibility of dihedral angle between ligand

moiety and the cavitand scaffold (7 > 8 � 6), and the steric hindrance between

dppp and the cavitand metal coordination sites (6 > 7 > 8). Moreover, the selec-

tive formation of hetero-cavitand cages 12 could be achieved by controlling the

addition order of cavitand ligand 6 to the homo cavitand cage 11 through dynamic

self-assembly based on kinetic control [45].

Haino and co-workers have reported the synthesis of a self-assembling dimeric

capsule via metal-coordination utilizing two octadentate resorcin[4]arene cavitands

possessing four bipyridyl groups (13) which complex four silver cations (Ag+) in a

tetrahedral fashion (Fig. 4) [46, 47]. A detailed computational study of the dimeric

metallo-capsule 14 revealed a large and elaborate three-dimensional inner capsular

Fig. 2 (a) The ethylene-bridged cavitand 3 is not suited for capsule self-assembly with Pd(dppp)

(CF3SO3)2. (b) Self-assembly of the methylene-bridged cavitand 4 to the dimeric capsule 5
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cavity which might be able to distinguish slight structural differences in flexible

alkyl-diacetate guests as well as rigid aromatic guests. The thermodynamic studies

on the binding characteristic of the capsule demonstrated that not only the CH-p
interactions between the methyl groups on the guest termini and the aromatic cavity

walls but also desolvation of the inner cavity play a significant role in the guest

encapsulation. Moreover the cavity can preferentially select hydrogen-bonded

heterodimers over homodimers of a mixture of two or three carboxylic acids [47].

The kind of attachment of the metal coordinating groups to the cavitand is an

important structure-defining parameter. Hong et al. studied the self-assembly of a

cavitand 15 functionalized with pyridyl groups via flexible ether linkages (Fig. 5)

[48, 49]. Due to the conformational freedom of the connection, intramolecular

coordination of the metal (Pt2+ and Pd2+) centers is observed in competition with

intermolecular complexation leading to the supramolecular capsules 16a–b. While

the capsules 16a–b and the half-capsules 17a–b are in dynamic equilibrium in

nitromethane, the dimeric capsule is formed exclusively in chloroform/methanol

mixtures.

Further examples for structural diversity induced by non-rigid linkage of the

metal coordinating groups to the cavitand basis have been provided by Beer et al.
(Fig. 6) [50]. In the presence of different metal ions, the cavitand 19 with four
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thiocarbamate units attached via methylene groups to the cyclophane aggregates

to trimeric or tetrameric species. Reaction of 19 with Zn2+ yields the trimeric

aggregate 20 with the cavitands located at the corners of an equilateral triangle

[51]. All edges of the triangle are doubly spanned by two zinc ions coordinated to

the same cavitands. In the presence of Cu2+ ions, tetrameric species 21 are formed

[52]. Determination of the molecular structure by X-ray diffraction analysis showed

that the cavitands lie at the apices of a flattened tetrahedron with two edges doubly

spanned by two copper ions coordinated to the same cavitands.
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To ensure the integrity of the assemblies in solution, stable connections between

the building blocks of the cages are required. Figure 7 shows an example of an

aggregate that has been characterized in the solid state by X-ray diffraction analy-

sis, while no evidence for intact coordination cages in solution were obtained [53].

The assembly 23 contains six tetra(carboxyl)cavitands 22 that are stitched together

by Zn2+ ions coordinated to the carboxylate groups. In the solid state, one-dimen-

sional coordination polymers of the coordination cages 23 are formed by aggrega-

tion through linear m-hydroxy- or m-oxo-linkages. Attempts to provide evidence for

discrete hexameric species in solution by ESI-MS or NMR spectroscopy have not

been successful. The insufficient stability of the aggregates can be attributed to the

weak connection of the cavitands via the carboxylate groups at the upper rim
coordinated to zinc ions.

The laboratories of Sherburn et al. and Stang et al. have synthesized selectively

functionalized bispyridyl cavitand molecules (26, 27) through the incorporation of

two pyridine units at the A,C-distal positions of the upper rim of resorcin[4]arene

cavitand and demonstrated that the cavitands readily self-assemble to form the

supramolecular triangle metal complexes (28a–b, 29a–b) in the presence of linear

bis-platinum complex 25 (Fig. 8) [54]. The NMR spectra of these assemblies are

very simple (e.g., a single 31P NMR resonance for all complexes) suggesting

thereby that the assemblies are either highly symmetrical or rapidly equilibrating

at room temperature. On the other hand, treatment of cavitands (26, 27) with
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2,9-(trans-Pt(PEt3)2NO3)2-phenanthrene (24) leads to the formation of dimeric

cavitand metal complexes (30a–b).

3.2 Receptor Units at the Bridging Methylene Position
of the Cavitand

Dalcanale and co-workers have reported the synthesis of deep-cavity coordination

cages (32a–h) through cage self-assembly (CSA) of two tetrapyridyl-substituted

deep-cavity cavitand ligands (31) connected through four square-planar palladium

or platinum complexes (Fig. 9) [55]. The authors show that the capsule internal

cavity resembles an ellipsoid with a calculated volume of 840 Å and possesses four

lateral portals having a diameter of about 6 Å which is large enough to allow the

fast entry–exit of counter ions in solution. Stability studies of these metallo-cages

revealed that the platinum cages are kinetically more stable at room temperature

and cannot be disassembled even by competitive triethylamine ligands whereas the

palladium cages are kinetically labile and can be disassembled under similar

conditions. In another report the same research group used the phenyl units as

spacers to extend the cavity size (33) to form deeper cavity metal-coordination

cages (34a–f) while retaining at the same time the relative orientation of the

pyridine moieties and the rigidity of the cavitand framework both pivotal for

CSA [56].

4 Terpyridines as Building Blocks for Coordination Cages

2,20:60,200-Terpyridine is a common metal-binding domain which has been

increasingly used as a supramolecular motif in the past 20 years [57, 58]. Due

to the meridional orientation of this tridentate ligand, its bis-complexes with

metal centers, preferring an octahedral coordination geometry, can be used as

linear connecting units (Fig. 10). As the metal center determines the dynamic

properties of the complexes, highly directional linkages that are kinetically

inert (M ¼ Co3+, Cr3+, Fe2+, Ru2+) or kinetically labile (M ¼ Zn2+, Cd2+) can

be realized.

Besides metallocycles, metallodendrimers, and metallo-supramolecular

polymers [58], few examples of hollow supramolecular architectures have been

obtained from polytopic ligands containing terpyridine units. Lehn et al. used
heteroaromatic ligands with terpyridine type coordination sites to obtain cylindri-

cal self-assembled architectures (Fig. 11) [60]. For synthesis of the cage 37,

tris-2,4,6-(2-pyrimidyl)-1,3,5-triazine (35) was mixed with lead triflate in
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Fig. 9 Design of cavitand ligands 31a–b and 33a–b and the self-assembly of cavitands to form

metallo-supramolecular cages 32a–h and 34a–f

Fig. 10 (a) Structure of

2,20:60,200-terpyridine and [Zn

(tpy)2]
2+. (b) Molecular

structure of [Zn(tpy)2]
2+ as

determined by X-ray

diffraction analysis [59]
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acetonitrile. After 2 h at room temperature, ligand 36 was added and the solution

stirred overnight at room temperature. In the assembly 37, the lead ions are

coordinated by six nitrogens of the chelating heterocycles and two triflate ions

(which are omitted in Fig. 11 for clarity). The highly symmetrical structure is

reflected in the 1H NMR spectrum, which contains only two sets of signals for the

ligands 35 and 36.

The extended scaffolding ligand 39 is also suited to yield a cylindrical coordi-

nation cage (Fig. 12). The assembly 40 was characterized by ESI-MS and NMR

spectroscopy. The 1H NMR spectrum of the highly symmetrical aggregate shows

one set of signals for the ligands 39 and two sets of signals for the ligands 38, which

were attributed to the cap ligands at the top and the bottom of the assembly and the

ligand in the interior.

Schmittel et al. prepared nanoprisms by heteroleptic aggregation of terpyridine

and phenanthroline containing ligands in the presence of Zn2+ ions (Fig. 13) [61].

In the ditopic ligand 42, the phenanthroline moieties are substituted by bulky

aryl groups. These substituents prevent the formation of homoleptic [Zn

(phenanthroline)2]
2+ complexes. Thus, heteroleptic zinc complexes can be selec-

tively prepared by coordination of the bis-phenanthroline ligand 41 to Zn2+ and

subsequent addition of the tris-terpyridine ligand 41 (HETTAP approach,

HETeroleptic Terpyridine And Phenanthroline aggregation) [62]. When the tritopic

terpyridine ligand 42 is added to a solution of the ditopic phenanthroline ligand 41

Fig. 11 (a) Formation of the cylindrical cage 37 by self-assembly. (b,c) Structure of 37 as

determined by X-ray diffraction analysis ((b) side view, (c) top view, substituents and coordinated

triflate ions omitted)
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Fig. 12 Association of 38 and 39 to the cylindrical cage 40

Fig. 13 Formation of the nanoprism 43 by heteroleptic aggregation and schematic representation

of the proposed structure
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and Zn2+, self-assembly yields discrete nanoprisms 43. In agreement with the

proposed structure, the 1H NMR spectrum showed only one set of signals for the

(panelling) ligand 41 and one set of signals for the (scaffolding) ligand 42 that spans

the edges of the prism.

The sensitivity of the self-assembly process towards the ligand design is

reflected in the association of the ligands 44 and 45 in the presence of copper

ions (Fig. 14) [63]. In contrast to 41 and 42, ditopic terpyridyl ligands and tritopic

phenanthroline ligands were used. Reaction of 45 with Cu1+ ions and subsequent

addition of the bis-terpyridyl ligand 44 yielded a product mixture with the expected

metallo-supramolecular cage as a minor component. A templating effect was

Fig. 14 (a) Self-assembly of filled nanoprisms 46. (b,c) Schematic representation of the proposed

structures
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successfully used to realize quantitative formation of the prismatic structure. In the

presence of appropriate guest molecules as C60 or a trispyridine (TP), the self-

assembly of the cages proceeded smoothly.

5 Synthesis of a Large Metallo-Supramolecular Cage

from a Cavitand-Terpy Building Block [64]

For the synthesis of a cavitand functionalized with terpyridyl groups via rigid

linkages, transition metal catalyzed cross-coupling reactions are especially well

suited. Starting with the boronic acid ester 48 [65], attachment of the terpyridyl

groups to the cavitand was realized by Suzuki–Miyaura reaction with the tetraiodo-

cavitand 47 (Fig. 15).

Initial attempts to prepare a self-assembled spheroidal cage using zinc triflate

yielded a colorless solid which was insoluble in organic solvents.

To increase the solubility of the aggregates formed, the large lipophilic TFPB

anions (TFPB ¼ tetrakis-(3,5-bis-(trifluoromethyl)-phenyl)-borate) were used

instead of the triflate anions [66–68]. The zinc salt [Zn(NCMe)6][TFPB]2 50 was

obtained by reaction of zinc bromide with Ag(TFBP) in acetonitrile under exclu-

sion of light. Addition of tetrahydrofuran-d8 to a mixture of the cavitand 49 and the

zinc salt 50 gave the coordination cage 51 after keeping the reaction mixture at

60 �C for 1 h (Fig. 16).

The product, which was readily soluble in organic solvents including acetone,

tetrahydrofuran, and methylene chloride, was characterized by ESI-MS, 1H, and
13C NMR spectroscopy, diffusion NMR spectroscopy, SAXS measurements and

elementary analysis. In the ESI-MS, multiply charged ions [51-n TFPB]n+ with

n ¼ 7�11 containing the intact coordination cage were observed exclusively

Fig. 15 Preparation of a tetra-(4-(2,20:60,200-terpyridyl)-phenyl)-cavitand 49
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Fig. 16 Synthesis of the hexameric assembly 51
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Fig. 17 (a) ESI-MS of 51. (b) Isotopically resolved pattern observed for [51-10 TFPB]10+
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(Fig. 17). The isotope patterns prove the charge states of the ions and confirm the

hexameric nature of the aggregate.

The 1H and 13C NMR spectra indicate a highly symmetrical structure of 51

(Fig. 18). For all six cavitands in the assembly, only one set of signals is observed.

Furthermore, even for the 2,20:60,200-(terpyridyl)phenyl groups only five different

resonances are detected, which can be explained with a rotation of the terpyridyl

groups resulting in a fast exchange at the NMR timescale at room temperature. The

characteristic shift of the signals of the hydrogen atoms in meta- and ortho-
positions to the nitrogen atoms compared to the resonances of free cavitand 49

signifies the coordination of the Zn2+ions by the terpyridyl groups.

Diffusion NMR spectroscopy experiments were carried out to determine the

diffusion coefficient D of the cavitand 49 and the coordination cage 51 [69]. While

for the free cavitand 49 a diffusion coefficient ofD ¼ (4.91 � 0.04) � 10�10 m2 s�1

was obtained, a significantly slower diffusion (D ¼ 2.06 � 0.05) � 10�10 m2 s�1

was observed for the large assembly 51 in tetrahydrofuran-d8 at 20
�C. Assuming a

nearly spheroidal form, the diameter of 51 was estimated to be 4 nm.

SAXS (Small Angle X-ray Scattering) measurements provided further insight

into the structure of the assembly in solution [70]. Using the GNOMN/DAMMIN

software packages, the SAXS data were used to reconstruct a low resolution three-

dimensional particle shape (yellow semitransparent spheres in Fig. 19) [71–74].

Fig. 18 (a)
1H NMR spectrum (500 MHz) of 51 in acetone-d6. (b) Zoom into the aromatic region
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Fig. 19 Main plot: SAXS intensity (I) vs momentum transfer for a solution of 51 in acetonitrile

(5.1 g L�1). The symbols and the solid line correspond to the experimental data points and the

numerical fit using GNOM/DAMMIN simulated annealing, constraining the symmetry to the point

group P432 (w ¼ 1.397). Inset: reconstructed low resolution particle shape for 51 obtained by the

GNOM/DAMMIN fit (semitransparent spheres) superimposed onto the PM3 stationary point

(space-filling model, iso-butyl groups substituted by methyl groups)

Fig. 20 (a) Space-filling representation of the O-symmetric stationary point of the methyl

derivative of 51 on the PM3 hypersurface. (b) Representation of the energy minimized structure

of the methyl derivative 51 containing seven TFPB anions obtained from a force field calculation
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The radius of gyration obtained as well as the reconstructed shape is in very good

agreement with the expected dimensions of the coordination cage 42 (Fig. 20).

Attempts to grow single crystals suitable for X-ray diffraction analysis of 51

failed. Therefore, the structure of the assembly 51 (iso-butyl groups substituted by

methyl groups) was optimized under the constraint of O symmetry using the

semiempirical PM3 method (Fig. 20) [75]. In the modeled structure, the cavitands

lie at the apices of an octahedron. The edges of the platonic solid are defined by the

zinc ions coordinated to the terpyridyl groups. While the largest distance of the zinc

ions at opposite edges is approximately 3.9 nm, the largest distance between the

methyl groups are 4.6 nm. According to the calculations, openings with a minimal

diameter of 0.77 nm exist between adjacent bis-terpyridyl zinc complexes. Based

on the modeled structure, the size of the inner cavity was evaluated with the

program CARVER [76]. The largest sphere that fits into the capsule has a diameter

of approximately 3 nm, which corresponds to a volume of about 14 nm3. A force

field calculation of the gas phase energy minimized structure demonstrates that up

to seven TFPB anions could be encapsulated, illustrating the dimensions of the

inner cavity.

In cooperation with the group of Dirk Volkmer (Ulm University), the synthetic

procedure established for the preparation of the tetra-(4-(2,20:60,200-terpyridyl)-
phenyl)-cavitand 49 was adapted for the synthesis of terpyridyl-substituted calix

[n]arenes [77]. The tetra-(4-(2,20:60,200-terpyridyl)-phenyl) calix[4]arenes 54a,b

and the penta-(4-(2, 20:60, 200-terpyridyl)-phenyl)calix[5]arene 55 can be prepared

from the boronic acid ester 48 and tetrabromocalix[4]arene 52a or b and

pentabromocalix[5]arene 53, respectively (Fig. 21).

The flexibility of the calix[4]arene basis is reflected in the molecular structure of

54a as determined by X-ray diffraction analysis (Fig. 22). The calix[4]arene adopts

a flattened cone conformation with intramolecular p-stacking of two terpyridyl

Br

OR

N

N N

B
O O

OR

N

N N

n

n

X+

Pd(PPh3)4
K3PO4

DMF ,100 °C
8-12 h

52a n = 4, R = n-Butyl
52b n = 4, R = CH2COOEt
53   n = 5, R = CH2COO-t-Bu

48 X = 4 or 5 54a n = 4, R = n-Butyl
54b n = 4, R = CH2COOEt
55   n = 5, R = CH2COO-t-Bu

Fig. 21 Synthesis of terpyridyl-substituted calix[n]arenes
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units. While the hexameric coordination cage 51 has been obtained from the rigid

terpyridine-substituted cavitand 49, the lower degree of preorganization of the calix

[n]arenes leads to a significantly different self-assembly in the presence of Zn2+

ions with a variety of species formed as determined by ESI-MS and 1H NMR

spectroscopy.

In conclusion, a large metallo-supramolecular capsule 51 based on a terpyridyl-

substituted cavitand has successfully been synthesized. The low flexibility of the

methylene-bridged cavitand units and the rigid attachment of the terpyridyl groups

to the cavitand basis yield the highly preorganized tetratopic ligand 49. The relative

orientation of the metal coordinating sites is suited for the self-assembly of 49 in the

presence of zinc ions to the stable, highly symmetrical coordination cage 51. To

prevent irreversible formation of insoluble precipitates during self-assembly, the

use of lipophilic anions as tetrakis-(3,5-bis-(trifluoromethyl)-phenyl)-borate

(TFPB) is essential. The structure of the hexameric assembly has been modeled

using semiempirical PM3 method. According to the calculated structure, and in

agreement with experimental data from diffusion NMR and SAXS measurements,

the diameter is approximately 4.5 nm. The size of the inner cavity of the aggregate

is characterized by the diameter (d ¼ 3 nm) of the largest sphere that fits into the

capsule and is large enough to encapsulate several bulky molecules. Therefore, this

coordination cage is an example for a large molecular flask, which can be used for

the stabilization of reactive species or as nanoscale reaction chambers [17]. To

realize such advanced applications, the encapsulation of guest molecules in the

cage 51 will be investigated in further studies.

The synthetic route to the cavitand 49 can with minor changes be applied to

synthesize terpyridyl-substituted calix[4]arenes 54a and 54b and the calix[5]arene

55. Due to the higher flexibility of the cyclophane basis, the self-assembly behavior

of these ligands is significantly different, yielding product mixtures upon addition

of zinc ions. Besides templating effects of appropriate guest molecules, the intro-

duction of substituents at the narrow rim of the calix[n]arene basis might be a

possibility to rigidify the ligand and gain enhanced control over the self-assembly

process.

Fig. 22 Structure of 54a as determined by X-ray diffraction analysis

120 T. Schr€oder et al.



6 Summary

In this chapter we have summarized selected examples of supramolecular capsules

starting from resorcin[4]arene derivatives. Self-assembling is initiated only by

metal-coordination rather than by other types of non-covalent interaction such as

H-bonding, etc., and covalent bond formation. Ligand design, coordination geometry,

and flexibility of the monomeric units strongly influence the architecture of the

new-formed coordination capsules. In addition, reversible formation of the coordi-

native bonds is necessary to allow “error correction” by partial disassembly of less

stable intermediates to form the final more stable assembly. Using terpyridine (tpy)

ligands and linear linkers as connecting units, giant supramolecular capsules are

accessible as shown for the Zn-coordination cage discussed in Sect. 5 of this review.

Applications such as controlled encapsulation and release of guest molecules

(for transport processes) as well as controlled reactions in the confined cavity of

these supramolecular capsules (for catalysis) will be the subject of future activities.
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Coronates, Spherical Containers, Bowl-Shaped

Surfaces, Porous 1D-, 2D-, 3D-Metallo-

Coordination Polymers, and Metallodendrimers

Rolf W. Saalfrank and Andreas Scheurer

Abstract Supramolecular coordination cages and polymers bear exceptional

advantages over their organic counterparts. They are available in one-pot reactions

and in high yields and display physical properties that are generally inaccessible

with organic species. Moreover, their weak, reversible, noncovalent bonding

interactions facilitate error checking and self-correction. This review emphasizes

the achievements in supramolecular coordination container as well as polymer

chemistry initiated by serendipity and their materialization based on rational

design. The recognition of similarities in the synthesis of different supramolecular

assemblies allows prediction of potential structures in related cases. The combina-

tion of detailed symmetry considerations with the basic rules of coordination

chemistry has only recently allowed for the design of rational strategies for the

construction of a variety of nanosized spherical containers, bowls, 1D-, 2D-, and

3D-coordination polymers with specified size and shape.

Keywords 1D-coordination polymers � 2D-coordination polymers � 3D-coordina-
tion polymers � Coronates � Host–guest chemistry � Metallodendrimers � Self-
assembly � Spherates � Supramolecular chemistry
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1 Introduction

Biology provides striking illustrations of thermodynamically stable architectures,

such as the tobacco mosaic virus, DNA, and numerous protein complexes,

generated via self-assembly [1–3]. Though the conceptual origins of self-assembly

are rooted in biology, self-assembly is by no means restricted to biology [4–8]. In

synthetic chemistry self-assembly leads basically to discrete nanoscale molecular

devices and has therefore been proposed as a strategy for the development of new

materials. To achieve the high degree of selectivity that we are used to from natural

processes, synthetic chemists must improve conventional multistep reactions. For

that reason, tailor-made templates, which recognize matching reaction partners and
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bring them sufficiently close together to promote intermolecular reactions, are

needed. In the past, numerous recognition motifs mimicking nature were offered

in which metal ions often play an important role.

Lehn has described supramolecular chemistry as an information science in

which molecular subunits that contain the necessary information self-assemble

into large specific structures [9–15]. Consequently, self-assembly has been

recognized as a powerful tool for the construction of supramolecular scaffolds, as

demonstrated by numerous excellent contributions [16–66].

As the systems discussed in this review gradually became more and more

complex, their presentation became more and more difficult. Therefore, to enhance

understanding without loss of information, we have put much effort into the design

of self-explanatory cartoons. The importance of abstraction and minimization for

rapid recognition of complex pictures is especially useful in the case of nanosized

1D-, 2D-, and 3D-coordination polymers. All structural motives presented in this

review are based on single crystal X-ray structure analyses and displayed as

POVRAY stereoviews (red-blue: if necessary for didactic reasons). Unless stated

otherwise, protons, disorder, and solvent molecules are omitted for clarity. We

recommend the reader viewing the figures take the time sometimes necessary for

the brain to adapt in order to experience the 3D world. The additional information

the 3D pictures reveal is well worth this effort. The breadth of supramolecular

coordination polymer chemistry has become progressively more apparent. Recent

years have seen an explosive growth, as documented by the increasing number of

laboratories joining the field whose work has been reported in an immense number

of publications. It is therefore impossible to provide an exhaustive account of this

field. We do not claim to give a complete overview, and examples are selected and

highlighted according to their originality and are taken mainly from our own work.

This review provides a personal account of how new synthetic tools were developed

and put to use in our current work.

2 Coronates, Spherical Containers, Bowl-Shaped Surfaces

Bis- and Tris-Bidentate Chelators as Endoreceptors:

Cation-Mediated Formation of Metallocoronates

and {2}-Metallocryptates and their One-Dimensional

Coordination Polymers

2.1 Coronates and Sandwich Complexes

Previously, we pointed out the structural analogy between coronates and {2}- and

{3}-cryptates and their topologically equivalent metallocoronates and
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metallocryptates [67]. If the principles of organic crown ether chemistry are applied

to the chemistry of metallocrown ethers (MCs), the complexation of differently

sized cations by MCs should lead to metallocoronates of varying structures. As the

ionic radii of alkali- and alkaline-earth-metal cations differ significantly, while the

diameter of the MCs does not change substantially, the inclusion of small cations,

such as Na+ or Ca2+, should lead to a complex with an Na+ or Ca2+/MC ¼ 1:1

stoichiometry. In contrast, encapsulation of the larger K+ ion should lead to

an MC ether sandwich complex with a K+/MC ¼ 1:2 stoichiometry. Consequently,

reaction of diethyl ketipinate H2L
1 (1) with copper(II) acetate in the presence

of calcium nitrate led to green crystals of the neutral trinuclear metallocoronate

[(Ca�{Cu3(L1)3})(NO3)2] (2; Scheme 1, Fig. 1) [68]. The guest Ca2+ ion, whose

charge is compensated by the two axially coordinated nitrate ions, is located in the

center of the metallocoronand host.

Whereas encapsulation of the small cation Ca2+ ion led to host-guest system

2 with an M/MC ¼ 1:1 stoichiometry, double deprotonation of di-tert-butyl
ketipinate H2L

2 (1) with 2 N potassium hydroxide and reaction of the dianion

(L2)2– with copper(II) chloride in methanol afforded the MC ether sandwich

complex [(K�{Cu3(L2)3}2)OMe] (3) with a K/MC ¼ 1:2 stoichiometry (Scheme 1,

Fig. 1) [68, 69].

Scheme 1 Formation and schematic representation of [(Ca�{Cu3(L1)3})(NO3)2] (2) and

[(K�{Cu3(L2)3}2)OMe] (3)
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2.2 One-Dimensional Coordination Polymers from
Metallocoronates: Threading Cesium Ions

Further studies on the supramolecular coordination chemistry of copper(II)

focused on the synthesis of oligonuclear complexes by self-assembly with the

pentadentate ligand (L3)2– with 2,6-pyridinyl-spacer [70]. To this end, H2L
3 (4)

was treated with calcium hydride and copper(II) acetate to give the metallocoronate

[(Ca�{Cu2(L3)2})(OAc)2] (5; Scheme 2). In the crystal, 5 is present as a dinuclear

copper(II) coronate in which a calcium ion is encapsulated in the center; two

acetates act as counterions.

In contrast, treatment of a solution of H2L
3 (4) with copper(II) acetate

and cesium carbonate does not yield a metallocoronate similar to 5. Instead, the

larger cesium ion, which prefers a higher coordination number, functions as a

template for the formation of the one-dimensional coordination polymer

1
1[({Cs2�({Cu2(L3)2}2{OAc}2)}Cs)2(OAc)2] (6; Scheme 2). The individual

modules of 6 are composed of two concave {Cu2(L
3)2} metallocoronands linked

by two bidentate acetate ions. Endohedral encapsulation of two cesium ions

and two acetate ions together with two molecules of ethanol in the container

({Cu2(L
3)2}2{OAc}2) gives the cryptate {(Cs·EtOH)2�({Cu2(L3)2}2{OAc}2)}.

Exohedral coordination of a further cesium ion to the cryptate generates the self-

complementary unit ({(Cs·EtOH)2�({Cu2(L3)2}2{OAc}2)}Cs)
+. Linkage of two of

these building blocks, alternately rotated by 90�, finally affords the dicationic

monomer [({(Cs·EtOH)2�({Cu2(L3)2}2{OAc}2)}Cs)2]
2+ of the one-dimensional

coordination polymer 6. Charge compensation is achieved by acetate ions. To the

best of our knowledge, the interatomic distances of the threaded cesium cations in 6

are the shortest measured to date (Fig. 2).

Fig. 1 Stereo representation

of [(Ca�{Cu3(L1)3})(NO3)2]

(2) (top) and cation

[K�{Cu3(L2)3}2]
+ (3)+

(bottom; the disordered
counterion MeO– is omitted

for clarity)
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2.3 {2}-Metallocryptates of Iron(III)

To synthesize the {2}-ironcryptates [M�{Fe2(L3)3}][X]n (7–9, n ¼ 1–3), 2,6-

pyridinyl-spacered H2L
3 (4) was treated with potassium hydride, strontium hydride,

or lanthanum(III) chloride and subsequently with iron(III) chloride (Scheme 3)

[71–75]. For instance, an X-ray analysis revealed that the cavity of {2}-

metallocryptate [K�{Fe2(L3)3}]PF6 (7) is occupied by a potassium ion, with

ninefold coordination to six ligand oxygen atoms and to three pyridine nitrogen

Fig. 2 Stereo representation

of the dicationic repeating

unit [({(Cs·EtOH)2-

�({Cu2(L3)2}2{OAc}2)}

Cs)2]
2+ of 6, highlighting the

close contact of the cesium

ions (for clarity the tBu
groups are represented

by Me)

Scheme 2 Formation and schematic representation of [(Ca�{Cu2(L3)2})(OAc)2] (5) and

1
1[({Cs2�({Cu2(L3)2}2{OAc}2)}Cs)2(OAc)2] (6)
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donors (Fig. 3). There is a hexafluorophosphate counterion, and the two iron

bridgeheads of the {2}-metallocryptate are octahedrally surrounded by six oxygen

donors. In contrast to racemic homochiral {2}-ironcryptates 8 and 9, the two iron

centers in meso-(D/L)-fac-7 have opposite configurations.

2.4 One-Dimensional Coordination Polymers from {2}-
Metallocryptates of Metal(II) Ions

2.4.1 One-Dimensional Linear Strings

For further developments in the field of supramolecular coordination chemistry, it is

of great interest to investigate how nature copes with electronically mismatched

metal/ligand combinations. In other words, this type of approach transfers the

intellectual responsibility for design to the molecules themselves [76, 77].

Fig. 3 Stereo representation

of the cation meso-(D/L)-fac-
[K�{Fe2(L3)3}]

+ of 7

Scheme 3 Formation and schematic representation of [M�{Fe2(L3)3}][X]n (7–9, n ¼ 1–3)
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To expand the void in complexes derived from ligands mentioned so far, a

catecholate ether spacer was adapted to the bis-1,3-diketo ligand system, as for

instance in H2L
4 (10). Consequently, reaction of six-coordinate nickel(II) and 10 in

the presence of cesium carbonate yielded the neutral one dimensional polymer

1
1[{(Cs�{(D,D)-Ni2(L4)3})Cs}{(Cs�{(L,L)-Ni2(L4)3})Cs}] meso-(11) (Scheme 4)

[78]. The fundamental building block is the {2}-metallocryptand {Ni2(L
4)3}

2– core

which is composed of two nickel centers linked through three bis-1,3-diketo dianions

(L4)2– with catecholate functionality (Fig. 4). The resulting {2}-metallocryptands are

homochiral with either (D,D)-fac or (L,L)-fac stereochemistry at the nickel centers

Scheme 4 Formation and schematic representation of 1
1[{(Cs�{(D,D)-Ni2(L4)3})Cs}{(Cs�-

{(L,L)-Ni2(L
4)3})Cs}] meso-(11)

Fig. 4 Stereo representation of the repeating unit of one dimensional polymer 1
1[{(Cs�{(D,D)-

Ni2(L
4)3})Cs}{(Cs�{(L,L)-Ni2(L4)3})Cs}] meso-(11)
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and can host a cesium ion in the cavity, which is coordinated by six carbonyl and six

catecholate oxygen donors. Charge compensation of the thus formed enantiomers

[Cs�{(D,D)/(L,L)-Ni2(L4)3}]
– is achieved through extra external cesium ions to give

the neutral self-complementary building blocks [Cs�{(D,D)/(L,L)-Ni2(L4)3}Cs].

These self-complementary building blocks aggregate alternately end-on through the

external cesium ions to yield the one-dimensional coordination polymer meso-11.
When H2L

4 (10) was treated with magnesium(II) acetate in the presence

of cesium acetate, the cesium ions again function as templates. However, in

contrast to the nickel case, which afforded meso-11, with magnesium(II) ions

1
1[(Cs�{(D,D)/(L,L)-Mg2(L

4)3})Cs] rac-(12) was formed. Homochiral building

blocks [(Cs�{(D,D)-Mg2(L
4)3})Cs] and [(Cs�{(L,L)-Mg2(L

4)3})Cs]aggregate

end-on across the external cesium ions to give the one-dimensional homochiral

strings 1
1[(Cs�{(D,D)-Mg2(L

4)3})Cs] D-(12) and 1
1[(Cs�{(L,L)-Mg2(L

4)3})Cs]

L-(12), which are packed in the crystal in alternating homochiral layers to give rac-
12 (Scheme 5, Fig. 5) [79]. Therefore, in the solid state themetal centers (NiII vsMgII)

are controlling the sequence of chiral {2}-metallocryptates, leading to the formation of

meso and homochiral 1D-coordination polymers meso-11 and rac-12, respectively.

2.4.2 Meandering One-Dimensional Strings

To suppress the formation of self-complementary monomers and their polymeriza-

tion by making the external pockets of the cryptates too small to host the external

cesium ions, H2L
5 (13) with bulkier phenyl groups was used. To that end, stoichio-

metric amounts of H2L
5, alkali acetates, and divalent hexacoordinate metal acetates

were reacted (Scheme 6). Since the polymers meso-14 are isostructural, only the

structure of meso-14e is discussed in detail. In meso-14e, two {2}-metallocryptate

Scheme 5 Formation and schematic representation of homochiral 1
1[(Cs�{(D,D)-Mg2(L

4)3})Cs]

D-(12) and 1
1[(Cs�{(L,L)-Mg2(L

4)3})Cs] L-(12) of rac-12
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Fig. 5 Stereo representation

of part of a homochiral layer

of rac-12 built-up by six

homochiral repeating units

[(Cs�{(L,L)-Mg2(L
4)3})Cs],

together with coordinating

acetonitrile solvent molecules

Scheme 6 Formation and schematic representation of meandering 1
1[({(Cs�{(D,D)-Co2(L5)3})-

Csend(Cs�{(L,L)-Co2(L5)3})}Csside)({(Cs�{(L,L)-Co2(L5)3})Csend(Cs�{(D,D)-Co2(L5)3})}Csside)]

meso-(14e)
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enantiomers are linked end-on by only one cesium ion to give ameso-fragment, and

a second fragment is coordinated side-on to these units, giving meandering polymer

meso-14e. Therefore, Csend links the enantiomers (Cs�{(D,D)/(L,L)-Co2(L5)3})
–

to givemeso-{(Cs�{(D,D)-Co2(L5)3})Csend(Cs�{(L,L)-Co2(L5)3})}
–, while Csside

links the meso-fragments across their homochiral {2}-metallocryptate halves

to give 1
1[({(Cs�{(D,D)-Co2(L5)3})Csend(Cs�{(L,L)-Co2(L5)3})}Csside)({(Cs�-

{(L,L)-Co2(L
5)3})Csend(Cs�{(D,D)-Co2(L5)3})}Csside)]meso-(14e). Themeandering

strands of the isostructural meso-14e polymers are packed in parallel in the crystal

(Fig. 6) [79].

3 Bis-Bidentate Chelators: Mixed-Valent Tetranuclear

Chelate Complexes of Iron [M�{Fe4–nIIFenIII(L6)6}]
0�

with Endohedral Guests

The neutral mixed-valent tetranuclear iron chelate complexes [M�{FeIIFe3III(L6)6}]

(16) are available according to the direct method in a one-pot reaction from

dialkyl malonates 15 with methyllithium, iron(II) chloride, and oxalyl chloride

with subsequent aerobic aqueous ammonium chloride or alkali metal chloride

work up [80].

However, when aqueous solutions of tetramethylammonium chloride,

lithium chloride, or alkaline-earth-metal chlorides were used, aerobic workup

afforded the all-iron(III) complexes [H2O�{Fe4III(L6)6}] (17). Accordingly,

[NH4�{Fe4III(L6)6}]
+ (NH4-18) was synthesized directly, starting with iron(III)

chloride and followed by workup with an aqueous solution of ammonium acetate

instead of tetramethylammonium chloride. Furthermore, the all-iron(III) complex

Fig. 6 Stereo representation of two repeating units of meandering 1
1[({(Cs�{(D,D)-Co2(L5)3})-

Csend(Cs�{(L,L)-Co2(L5)3})}Csside)({(Cs�{(L,L)-Co2(L5)3})Csend(Cs�{(D,D)-Co2(L5)3})}Csside)]

meso-(14e) in the solid state
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cations [K�{Fe4III(L6)6}]
+ (K-18) and [Cs�{Fe4III(L6)6}]

+ (Cs-18) are accessible

from 17 by simple exchange of the encapsulated water molecule for the

corresponding alkali metal ions. Finally, the mixed-valent complex anion

[NH4�{Fe2IIFe2III(L6)6}]
– (NH4-19) is available from dialkyl malonates 15 with

methyllithium, iron(II) chloride, and oxalyl chloride after rapid aerobic workup

with an aqueous ammonium chloride solution (Scheme 7) [80]. The mixed-valent

or all-iron(III) nature of Cs-16b, Cs-18b, K-18b, and NH4-19b was determined by

M€ossbauer spectroscopy [81]. The complexes 16–19 are formed as racemic mixtures

and are basically isostructural, with (D,D,D,D)/(L,L,L,L)-configuration at the octa-

hedrally coordinated iron centers; the complexes have approximately T-molecular

symmetry. The four iron centers are located in the apices of a tetrahedronwithwater or

cations encapsulated in the center, and the six edges are bridged by the doubly

negatively charged, ditopic, tetradentate chelate ligands. Figure 7 displays the X-ray

structure of [NH4�{FeIIFe3III(L6)6}] (NH4-16a).

To enlarge the size of the cavity of the tetrahedral complexes mentioned so far,

4,4’-phenylene and 4,4’-biphenylene spacers were introduced. For instance, when

tetramethyl terephthaloyldimalonate was deprotonated with sodium hydride and the

doubly negatively charged ditopic, tetradentate ligand (Lphen)2– treated with iron

(III) chloride, complex [Fe4(L
phen)6] with an empty cavity was isolated (not shown).

In contrast to racemic (D,D,D,D)/(L,L,L,L)-(16–19), complex (D,D,L,L)-
[Fe4(L

phen)6] is achiral (meso-form) and has S4-molecular symmetry in the crystal

[82–85].

Scheme 7 Formation and schematic representation of [M�{FeIIFe3III(L6)6}] (16), [H2O�-
{Fe4

III(L6)6}] (17), [NH4�{Fe4III(L6)6}]
+ (NH4-18) and [NH4�{Fe2IIFe2III(L6)6}]

– (NH4-19)
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4 Tris-Bidentate Chelators

4.1 Unoccupied Tetranuclear Chelate Complexes [Fe4(L
7)4]

and [Fe6(L
8)6] from 1,3,5-Substituted Phenyl Centered

Tripodal Tris-Bidentate Chelators

Compared with the T-symmetric edge-bridged complexes described in Sect. 3,

there are far fewer examples of T-symmetric complexes in which the octahedrally

coordinated metal centers in the vertices of a tetrahedron are linked by tripodal tris-

(bidentate) ligands that occupy the tetrahedral faces. In a one-pot reaction, the

tetranuclear iron(III) chelate complex [Fe4(L
7)4] (22) was generated from benzene-

1,3,5-tricarboxylic acid trichloride 20 and bis-tert-butyl malonate 21 (R1 ¼ tBu).
Alternatively, hexanuclear trigonal antiprismatic iron chelate complex [Fe6(L

8)6]

(23) was formed starting from bis-para-tolyl malonate 21 (R2 ¼ pTol) by

employing the same reaction conditions as for the synthesis of 22 (Scheme 8)

[86–90].

The all-iron(III) nature of 22 and 23 was determined by M€ossbauer spectros-
copy. In [Fe4(L

7)4] (22), four octahedrally coordinated iron centers constitute the

apices of a tetrahedron, and the four tripodal, tris(bidentate) ligands (L7)3– are

centered above the triangular faces of the tetrahedron [86]. Hence, 22 has nearly

T-molecular symmetry, and the crystals are composed as racemic mixtures of

homoconfigurational (D,D,D,D)/(L,L,L,L)-fac stereoisomers. There is no evidence

that the cavity of the tetrahedron hosts a guest (Fig. 8, top) [49, 62, 91–99].

Complex [Fe6(L
8)6] (23) can be described as having idealized D3-molecular

symmetry. The iron centers define the apices of a distorted trigonal antiprism in

which six tripodal, tris(bidentate) ligands (L8)3– make up the equatorial faces,

leaving the top and bottom triangles unoccupied. All six iron(III) ions are

Fig. 7 Stereo representation

of (D,D,D,D)-
[NH4�{FeIIFe3III(L6)6}]

(NH4-16a)
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identically octahedrally coordinated, and 23 exists as a racemic mixture of

homoconfigurational (D,D,D,D,D,D)/(L,L,L,L,L,L)-fac stereoisomers (Fig. 8,

bottom).

4.2 Occupied Tetranuclear Chelate Complexes [M�{In4III(L9)4}]
from an N-Centered Tripodal Heptadentate Chelator

Since there is no evidence that the electron deficient cavity of the tetrahedron 22

(Sect. 4.1) hosts a guest, in general N-centered tripodal heptadentate ligands (L)3–

should be suitable to complex and bridge appropriate metal ions, leading to

oligonuclear cages appropriate to host cationic guests. Therefore, when H3L
9 (24)

was treated with cesium carbonate and indium(III) perchlorate, pentanuclear

host–guest complex [Cs�{In4(L9)4}]ClO4 (25) was isolated. However, when the

experiment was repeated in absence of an alkali base, endohedral N-protonated

tetranuclear [In4(H
NL9)4](ClO4)4 (26) was isolated. On the other hand, reaction of

indium(III) perchlorate and H3L
9 (24) with subsequent addition of triethylamine

Scheme 8 Formation and schematic representation of [Fe4(L
7)4] (22) and [Fe6(L

8)6] (23)

138 R.W. Saalfrank and A. Scheurer



afforded the neutral tetranuclear complex [In4(L
9)4] (27) (Scheme 9) [49, 62,

91–100].

The structure determination of 25–27 was accomplished by 1H and 13C NMR

spectroscopy. In racemic, homochiral (D,D,D,D)/(L,L,L,L)-fac 25 and 26, four

indium ions constitute the apices of a tetrahedron, and the four tripodal ligands

(L9)3– are centered above the triangular faces of the tetrahedron. Hence, 25 and 26

have nearly T symmetry. There are a cesium ion or four protons linked to the

nitrogen lone pairs directed to the cavity center of the tetrahedron (Fig. 9) [100].

Whereas in the complexes 25 and 26 with T-molecular symmetry all four ligands

are equivalent, a tripling of the signals was observed in both the 1H and 13C NMR

spectra of 27. According to the X-ray structure, (D,D,L,L)-[In4(L
9)4] (27) has

idealized S4-molecular symmetry, and the indium ions have a distorted octahedral

coordination sphere with alternative D or L configuration. In addition, the X-ray

data imply that the C3 symmetry of the ligands (L9)3– in 27 is broken during

complexation to the indium ions and that the lone pairs at nitrogen are displaced

with respect of the interior in 25 and 26 to the surface in 27. However, despite the

desymmetrized C1-symmetric ligands (L9)3–, 27 is intrinsically achiral. This is due

Fig. 8 Stereo representation

of (D,D,D,D)-fac-[Fe4(L
7)4]

(22) (top), and
(D,D,D,D,D,D)-fac-[Fe6(L

8)6]

(23) (bottom)
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to the (P)/(M) helicity of the ligands (L9)3– resulting in an overall S4 molecule

symmetry of meso-(D,D,L,L)-(P,P,M,M)-[In4(L
9)4] (27) (Fig. 9) [100].

In total agreement with the X-ray data, the 1H NMR spectrum of 27 in

[D8]toluene at 20 �C displays two sets of three signals for the olefinic protons and

tBu groups. The diastereotopic CH2 protons appear as three simple, but different, AB

systems. This proves 27 to be kinetically stable on the NMR timescale. Most interest-

ingly, the 1H NMR spectrum of meso-(D,D,L,L)(P,P,M,M)-[In4(L
9)4] (27) revealed

Scheme 9 Formation and schematic representation of [Cs�{In4(L9)4}]ClO4 (25), [In4(H
NL9)4]-

(ClO4)4 (26), and meso-(D,D,L,L)-[In4(L
9)4] (27)
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temperature dependence. In the range of 20–105 �C the signals of the olefinic

protons (blue), the tBu groups (red), and the diastereotopic CH2 protons (green)

become broader and finally coalesce (Fig. 10) [101]. The unique dynamic tempera-

ture-dependent 1H NMR spectroscopic behavior of meso-27 can be explained by

an unprecedented mesomerization of the identical twins (D,D,L,L)(P,P,M,M)-27

⇄ (L,L,D,D)(M,M,P,P)-27’ (Fig. 10). This mesomerization process is the first of

this type and requires four tandem Bailar twists, which result in the inversion of the

chirality at the indium centers together with the (P)/(M) inversion of the four
coordinated C1-symmetric helical ligands (L9)3–. This mesomerization process is

reversible and occurs non-dissociative without the formation of diastereomers.

Furthermore, it is worth noting that 27 and 27’ are identical and would only be

distinguishable in the case of two pairs of different metal ions.

Fig. 9 Stereo representation

of monocation of (D,D,D,D)-
[Cs�{In4(L9)4}]

+ (25)+ (top),
tetracation (L,L,L,L)-
[In4(H

NL9)4]
4+ (26)4+

(center), and neutral meso-
(D,D,L,L)-(P,P,M,M)-

[In4(L
9)4] (27) (bottom)
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5 Bis-Bidentate Chelators: Tetranuclear Chelate Complexes

of Metal(II) Ions [(R2NH3)4\{M4
II(L10,11)6}] with Exohedral

Guests

The tetranuclear magnesium chelate complexes [(NH4)4\{Mg4(L
10,11)6}] (29a,b)

were first synthesized by reaction of dialkyl malonate 28, methylmagnesium iodide,

and oxalyl chloride, followed by workup in aqueous ammonium chloride solution

[102–105]. Now methyllithium/magnesium chloride instead of methylmagnesium

iodide (direct method) is used, which by mere replacement of magnesium chloride

by the chlorides of manganese, cobalt, and nickel also allows the synthesis of

the corresponding tetranuclear complexes 29 (with MII ¼ Mn2+, Co2+, Ni2+)

[103, 105].

Fig. 10 Top: Variable-temperature (VT) 1H NMR spectrum of meso-(D,D,L,L)-(P,P,M,M)-

[In4(L
9)4] (27). Bottom: 3D presentation of the mesomerization (D,D,L,L)(P,P,M,M)-27 ⇄

(L,L,D,D)(M,M,P,P)-27’
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The doubly bidentate bridging ligands (L10,11)2– are formally obtained by tem-
plate coupling of two dialkyl malonate monoanions with oxalyl chloride and

spontaneous double deprotonation of the bis(enol) intermediates (Scheme 10).

To tune the physical and chemical properties of [(NH4)4\{Mg4(L
10)6}] (29a),

the direct method was extended by the exchange method (Scheme 11) [104].

Addition of an excess of n-alkylamines R3-NH2 leads to replacement of the

Scheme 11 Formation and schematic representation of [(R3NH3)4\{Mg4(L
10)6}] (30) and

[(NH4)2(p-MeOC6H4CH2NH3)2\{Mg4(L
10)6}] (31)

Scheme 10 Formation and schematic representation of [(R2NH3)4\{Mg4(L
10,11)6}] (29)
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ammonium ions in 29a with n-alkylammonium ions to form the tetrakis-

(n-alkylammonium)tetrahemispheraplexes [(R3NH3)4\{Mg4(L
10)6}] (30) or [(NH4)2-

(p-MeOC6H4CH2NH3)2\{Mg4(L
10)6}] (31). Exchange of the four ammonium ions

in [(NH4)4\{Mg4(L
11)6}] (29b) by alkali-metal cations is achieved by stirring a

solution of 29b with potassium or cesium hydroxide to give the tetra-alkali-metal

tetramagnesium chelate complexes [M4
I\(H2O�{Mg4(L

11)6})] (MI ¼ K+, Cs+)

with an extra endohedrally encapsulated water molecule (not presented in

Scheme 11) [104]. Similarly, when 29b is stirred in solution with an excess of

cobalt(II) chloride for several hours, the magnesium(II) ions are exchanged for

cobalt(II) ions.

Furthermore, the study reveals that the space available at the surface of the

tetrahedral, tetraanionic cores {Mg4(L
10,11)6}

4– depends on the steric demand of the

ligands (L10,11)2–, forcing the formation of [(NH4)2(p-MeOC6H4CH2NH3)2\-
{Mg4(L

10)6}] (31) or of [Na(EtNH3)3\{Mg4(L
11)6}] (not presented in Scheme 11)

[104]. All the tetrahedral complexes are formed as racemic mixtures with either

(D,D,D,D)-fac or (L,L,L,L)-fac configurations at the stereogenic metal centers.

Since the complexes 29–31 are basically isostructural, only the solid-state structure

of 31 is discussed as an example (Fig. 11). The {Mg4(L
10)6}

4– core of 31 is a

distorted tetrahedron composed of four magnesium(II) ions, which are linked along

each of the six edges by the bis(bidentate) ligands (L10)2–, so that each of the four

magnesium(II) ions is octahedrally coordinated. Charge compensation of the

tetraanionic core (31)4–, to give [(NH4)2(p-MeOC6H4CH2NH3)2\{Mg4(L
10)6}]

(31), is achieved by two ammonium and two p-methoxybenzylammonium

counterions, which are each hydrogen-bonded to three ideally oriented oxygen

donors of the ligands at the triangular faces (Scheme 12, Fig. 12).

Fig. 11 Stereo representation of (L,L,L,L)-
fac-[(NH4)2(p-MeOC6H4CH2NH3)2\-
{Mg4(L

10)6}] (31)
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5.1 Enantiomerization of Tetrahedral Homochiral
[(RNH3)4\{Mg4(L

12)6}] Chelate Complexes:
Enantiotopization of Diastereotopic Protons via
Enantiomerization

So far we have described only the solid state structures of the tetrahemi-

spheraplexes 29–31. The question now was, is it possible to prove, whether

Scheme 12 Schematic representation of [(NH4)4\{Mg4(L
11)6}] (32), [(NH4)4\{Mg4(L

12)6}]

(33), and [(EtNH3)4\{Mg4(L
12)6}] (34)

Fig. 12 Variable-temperature 1HNMRspectrumof (D,D,D,D)/(L,L,L,L)-[(EtNH3)4\{Mg4(L
12)6}]

(34)

Coronates, Spherical Containers, Bowl-Shaped Surfaces 145



they are also stable in solution and do not fall apart. The most striking difference

between [(NH4)4\{Mg4(L
11)6}] (32) and [(NH4)4\{Mg4(L

12)6}] (33) [106–108]

is the fact that (L12)2– lacks the two bulky ester groups present in (L11)2–

(Scheme 12).

Temperature-dependent 1H NMR spectroscopy studies showed homochiral,

racemic (D,D,D,D)/(L,L,L,L)-[(NH4)4\Mg4(L
11)6}] (32) to be kinetically stable

on the NMR timescale. Owing to steric hindrance, rotation around the cen-

tral C–C bond in (L11)2– is blocked, which prevents 32 from enantiomerization.

The spectrum of 32 displays one triplet each for the ester and ether methyl

groups and four multiplets for the corresponding diastereotopic methylene

protons. Surprisingly, the 1H NMR spectrum of racemic (D,D,D,D)/(L,L,L,L)-
[(NH4)4\Mg4(L

12)6}] (33) reveals dynamic temperature dependence. The spec-

trum presents one sharp triplet for the ether methyl groups at 32 �C, but only one

unresolved broad signal for the diastereotopic methylene protons. The triplet

remains sharp over a temperature range from 32 �C to �10 �C, whereas the

methylene protons at 32 �C are recorded as one broad signal and at �10 �C as two

poorly resolved quartets. This phenomenon can be explained by simultaneous

Bailar twists at the four octahedrally coordinated magnesium centers

synchronized with sterically unhindered atropenantiomerization processes

around the C–C single bonds of the six enolate ligands (L12)2–, leading to the

unprecedented enantiomerization (D,D,D,D)-(33) ⇄ (L,L,L,L)-(33). This pro-

found, non-dissociative transformation monitored by NMR spectroscopy reflects

the enantiotopization of the diastereotopic methylene protons [37, 106–111].

A prerequisite for the performance of the Bailar twists in 33 is its flexible

[Mg4(L
12)6]

4– scaffold. This is guaranteed, since the ketipinate dianion (L12)2–

allows sterically unhindered back and forth twists around the central C–C single

bond and thus atropenantiomerization of the ligands. The enantiomerization of 33

occurs non-dissociatively without the formation of diastereoisomers, outlined by

the sharp singlet for the olefinic protons, indicating the presence of only one

product.

Supplementary support for the interpretation of the temperature-dependent

dynamic 1H NMR spectra of 33 is presented by additional studies of

(D,D,D,D)/(L,L,L,L)-[(EtNH3)4\{Mg4(L
12)6}] (34). In 33 and 34, the methylene

protons of the ligands exhibit identical VT NMR spectra. Moreover, the

diastereotopic methylene protons (magenta) of the ethyl ammonium counterions

of 34 display similar temperature-dependent coalescence as the ligand vinylether

methylene protons (green). This is due to the fact that, even in solution, the ethyl

ammonium groups are fixed to the tripodal calix-like surfaces of the

[Mg4(L
12)6]

4– scaffold and therefore the methylene protons are in a chiral

environment and display diastereotopicity.
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6 Six- and Eight-Membered Iron(III) Coronates

from Triethanolamine with Sodium- or Cesium-Ions

as Endohedral Guests

When triethanolamine H3L
13 (35) was reacted with sodium hydride and iron(III)

chloride, the hexanuclear centrosymmetric ferric wheel [Na�{Fe6(L13)6})Cl (36)

was isolated. Amidst a set of possibilities in the template-mediated self-assembly of

a supramolecular system, the one combination of building blocks is realized that

leads to the best receptor for the substrate [112]. Therefore, the six-membered

cyclic structure 36 is exclusively selected from all the possible iron triethoxyamine

oligomers, when sodium ions are present. The iron(III) complex 36 is present

as an S6-symmetric wheel, with an encapsulated sodium ion in the center and

a chloride counterion. Consequently, the trianion (L13)3– acts as a tripodal,

tetradentate, tetratopic ligand, which each links three iron(III) ions and one sodium

ion. In the presence of cations with different ionic radii, different structures are

expected. Therefore, when triethanolamine H3L
13 (35) was reacted with cesium

carbonate and iron(III) chloride, the octanuclear centrosymmetric ferric wheel

[Cs�{Fe8(L13)8}]Cl (37) was isolated (Scheme 13) [113].

Scheme 13 Formation and schematic representation of [Na�{Fe6(L13)6})Cl (36) and [Cs�-
{Fe8(L

13)8}]Cl (37)
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7 Six-Membered Iron(III) Coronands from N-Substituted

Diethanolamines

7.1 Compartmentation Through Interdigitation

A common feature of the complexes [Na�{Fe6(L13)6}]Cl (36) and [Cs�-
{Fe8(L

13)8}]Cl (37, Sect. 6) is that one m1-O
– ethoxide donor of the triethano-

lateamine ligands [N(CH2CH2O
–)2CH2CH2O

–] of (L13) 3– does not participate in

the formation of the ferric wheels. They function solely as ligands for the coordi-

native saturation of the iron centers. Therefore, any monoanionic donor, such as a

chloride ion, could also be a candidate for this function. As expected, reaction of

N-alkyldiethanolamines H2L
14–17 (38) with calcium hydride and iron(III) chloride

yielded the neutral iron coronands [Fe6Cl6(L
14–17)6] (39) with unoccupied centers

(Scheme 14) [114–116].

In principle, all the six-membered ferric wheels [Fe6Cl6(L
14–17)6] (39) are

isostructural and have idealized S6-molecular symmetry. However, there are funda-

mental differences concerning their crystal packing. For example, all the disk-like

molecules of 39a are arranged in parallel and are piled in cylindrical columns, with

all the iron centers superimposed. Each column is surrounded by six parallel

columns, which are alternately dislocated by 1/3 c and 2/3 c against the central

one (Fig. 13).

An additional interesting feature of some ferric wheels is their readiness to create

various superstructures, depending on the nature of their side arms. For instance,

van der Waals interactions cause the side arms of [Fe6Cl6(L
15)6] (39b) to interlock

Scheme 14 Formation and schematic representation of [Fe6Cl6(L
14–17)6] (39)
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and give rise to the formation of compartments occupied by disordered chloroform,

respectively (Fig. 14).

7.2 Porosity of 3D-p–p-Stacked Ferric Wheels

An especially interesting example of crystal packing, leading to porous three-

dimensional frameworks, is caused by p–p stacking of the naphthyl groups of the

side arms of the ferric wheels [Fe6Cl6(L
16)6] (39c) (Fig. 15).

Fig. 14 Stereo

representation of the

columnar crystal packing of

[Fe6Cl6(L
15)6] (39b),

highlighting the

compartments with

encapsulated disordered

chloroform

Fig. 13 Stereo

representations of the

schematic unit cell (top) and
the crystal packing (bottom)
of the ferric wheel

[Fe6Cl6(L
14)6] (39a), view

along the c axis
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Fig. 16 Stereo

representations of the

schematic three-dimensional

orthogonal arrangement of

(top) and the crystal packing

(bottom) of the ferric wheel
[Fe6Cl6(L

17)6] (39d)

Fig. 15 Stereo

representation of the crystal

packing of [Fe6Cl6(L
16)6]

(39c), highlighting the p�p
interactions together with the

co-crystallized water

molecules
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Unlike [Fe6Cl6(L
14)6] (39a) (Sect. 7.1), the ferric wheels of [Fe6Cl6(L

17)6] (39d)

are not arranged in parallel but rather are three-dimensionally perpendicular

(Fig. 16) [114–116], a well-known arrangement for 3D-coordination polymers

(Sect. 9.2, Fig. 18).

8 Metallodendrimers

Especially promising examples for the generation of three-dimensional interlocked

systems are metallodendrimers such as [M6
IIICl6(L

dendrimer)6] (40; M
III ¼ Fe3+, In3+).

Provided that the bridging ligands are flexible, these systems are not rigid, but rather

undergo rapid, non-dissociative topomerization. This was shown by VT 1H and 13C

NMR spectroscopy. The six indium centers experience inversion of configuration

resulting in retention of the overall S6 molecule symmetry (Fig. 17) [117].

Fig. 17 Representation of metallodendrimer [In6Cl6(L
dendrimer)6] (In-40)
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9 Porous 1D-, 2D-, 3D-Metallo-Coordination Polymers –

Tetrazolyl Enolate-, Pyrrolidinyl Enolate-, and Semicorrinate

Anions as Chelate Ligands for Iron(II) and Copper(II) Ions:

From Molecular to Collective Structures

9.1 Mononuclear- and Polynuclear Chelate Complexes
of Iron(III)- and Iron(II) Ions

Naturally occurring and synthetically accessible siderophores (iron carriers) con-

tain predominantly bidentate pyrocatechinato- or hydroxamato ligands and are of

special interest because of their high affinity towards trivalent metal ions, especially

towards iron(III) ions [5, 118–127]. The methyl (E)-2-(1-alkyl/aryl-4,5-dihydro-
1H-tetrazol-5-ylidene)-2-cyanoacetates 41a–c, first prepared by us [128], also

appeared to be suitable as siderophores.

Upon reaction of the tetrazolyl enolates 41a–c (HL18) in ether with aqueous

iron(III) chloride solutions, and after addition of n-hexane, the mononuclear

complexes [Fe(L18)3] (42a–c) separate as deep blue microcrystals [129, 130].

The corresponding iron(III) complexes [Fe(L18)3] (42d–f) can be obtained

analogously from the 1-(1-alkyl/aryl-1H-tetrazol-5-yl)-2-aIkanones 41d–f (HL18)

[131]. Apparently, in both cases only the (D)/(L)-mer-isomers 42 of the two

theoretically possible (D)/(L)-configurational isomers, are formed (Scheme 15)

[129, 130].

Scheme 15 Formation of [Fe(L18)3] (42)
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Whereas the enolates of 41a–c function as bidentate ligands towards iron(III)

ions and form the neutral mer-complexes 42a–c, the enolates of the same

compounds 41a–c should function as tridentate ligands towards iron(II) ions and

afford, by spontaneous self-organization [102, 103, 132], neutral three-dimensional

coordination polymers [132–153].

Therefore we have carried out reactions of 41a–c in diethyl ether with aqueous

iron(II) sulfate solutions. The green precipitates obtained are almost insoluble in

non-coordinating solvents. The analytical data obtained correspond with the gen-

eral composition 1
3[Fe(L18)2], indicating the presence of polymers (Scheme 16).

The formation of the coordination polymers 1
3[Fe(L18)2] (43) is understandable if

the enolates of 41a–c are considered as tridentate chelate ligands and if one assumes

intermediary formation of the coordinatively unsaturated iron(II) building blocks

44. The monomers are bidentate coordinating through the two CN donors, which

leads to linking of monomers and to coordinative saturation at the iron(II) center of

44 with formation of the corresponding three-dimensional coordination polymers

43 [154]. In agreement with a polymeric structure of 43 is the fact that they are

readily soluble in coordinating solvents such as pyridine, acetonitrile, etc., and are

depolymerized.

In contrast to 41a–c, the prerequisites for an “internal” coupling are lacking in

41d–f because of the absence of additional CN donors.

An unequivocal assertion in favor of a 3D-linkage of the self-complementary

monomers 44 is still missing, since it was hitherto not possible to grow single

crystals of 43 suitable for X-ray analysis. However, an indirect proof of the

structure of 43 is given in the case of copper(II) (Sect. 9.2).

Scheme 16 Formation and

schematic representation of

1
3[Fe(L18)2] (43)
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9.2 3D- and 2D-Coordination Polymers of Copper(II)-Ions
from Tetrazolyl- or Pyrrolinyl Enolates

Transition metal complexes are interesting as bio-inorganic model systems

[155–157] and also because of their material properties (conductivity, magnetism,

porosity) and as potential hosts for a variety of guests [156–161]. Whereas salt-like

2D-CuII-coordination polymers are well documented [158–162], far less is known

about their neutral counterparts.

Reaction of tetrazolyl enole 45 with copper(II) acetate yields the 3D-coordination

polymer 1
3[Cu(L19)2] (46), the structure of which is unequivocally established by

single-crystal X-ray diffraction. The formation of 46 is understandable if the enolate

of 45 is considered as tridentate chelate ligand and if the intermediate formation of

the coordinatively unsaturated self-complimentary copper(II) building block 47 is

assumed. The monomers 47 are bidentate coordinating by the two CN donors, which

leads to linking of monomers and to coordinative saturation at the copper(II) center

of 47 with formation of three-dimensional 1
3[Cu(L19)2] (46) (Scheme 17, Fig. 18)

[163, 164].

In contrast to tetrazole 45 (HL19) structurally analogous pyrrolidines 48 (HL20)

react with copper(II) acetate to give 2D-coordination polymers 1
2[Cu(L20)2] (49)

rather than 3D-coordination polymers (Scheme 18). The structure of 49a is

established by single crystal X-ray diffraction (Fig. 19). The formation of 2D-

coordination polymer 49a is understandable if the enolate of 48a is considered as

tridentate chelate ligand and if an intermediate formation of the self-complimentary

coordinatively unsaturated copper(II) building block 50a, which reacts as metal and

as well as ligand, is assumed [165].

Depolymerization of copper(II)/pyrrolidine-based 2D-polymer 49a by 4,4’-

bipyridyl and crystallization of the reaction product leads to two visually

Scheme 17 Formation and

schematic representation of

1
3[Cu(L19)2] (46)
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distinguishable crystal charges, composed of dark green octahedral meso-51 and

light green rod-shaped crystals racem-51 (Scheme 19, Fig. 20) [165]. Separation of

the conglomerate of the morphologically different crystals is accomplished by pick

out. The structure of the dinuclear complex racem-51 has been established unam-

biguously by X-ray analysis.

The construction of supramolecular coordination polymers requires the ability to

assemble small supramolecular units that can be further aggregated in a controlled

Fig. 18 Stereo

representation of the structure

determining motif of

1
3[Cu(L19)2] (46)

Scheme 18 Formation and

schematic representation of

1
2[Cu(L20)2] (49)
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fashion. Thus, during the crystallization of the 3D- and 2D-polymers, the role of the

building blocks is twofold. They react both as metals and as ligands. This leads

to perpendicular linking of the monomers and to coordinative saturation at

the copper(II) centers. However, in order to study the effect of lateral substituents

at the ligands on the dimensionality and geometry of the coordination polymers, we

treated a methanolic solution of pyrrolidine 52 (HL21) with copper(II) acetate and

Fig. 19 Stereo

representation of the structure

determining motif of

1
2[Cu(L20)2] (49a)

Scheme 19 Formation of meso-51 and racem-51
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isolated crystals of 1
2[Cu(L21)2] (53) (Scheme 20) [166]. Polymer 53 is generated

from the self-complementary C2h-symmetric building blocks (Cu(L21)2) (54). Most

interestingly, in this case, the cyano groups of monomer 54 are now bound to

copper with a Cu–N–C angle of 117.0� (Fig. 21).

Fig. 20 Representation of

crystals of meso-51 (top:
octahedron) and racem-51
(bottom: rod)

Scheme 20 Formation and

schematic representation of

1
2[Cu(L21)2] (53)
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The reaction of copper(II) acetate with ethyl aminomethylene cyanoacetate

of type H2(L
22) (55) provides highly stable polymer 1

2[Cu(L22)] (56). The supra-

molecular 2D geometry of 56 depends basically on the lateral groups of the chelate

ligand. The two cyano donors of monomer [Cu(L22)] (57) coordinate differently,

with the result that 56 is rather composed of zig-zag-1D-strands, linked among each

other to give a 2D-network (Scheme 21) [167].

Fig. 21 Stereo

representation of the structure

determining motif of

1
2[Cu(L21)2] (53)

Scheme 21 Formation and

schematic representation of

1
2[Cu(L22)] (56)
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9.3 Ligand Programmed 1D-Coordination Polymers

In the 2D-, and 3D-coordination polymers discussed so far, a given monomer is

surrounded by a total of four monomeric building blocks. Two of them are

connected perpendicular to the axial position (Cu  NC acceptor interaction),

and two are connected equatorial (CN ! Cu donor interaction) to the central

monomer.

In contrast, when ethyl aminomethylene cyanoacetate of type 58 [H2(L
23)] is

reacted with copper(II) acetate, a one-dimensional stair-like rather than a 2D- or

3D-coordination polymer 1
1[Cu(L23)] (59) is generated. In 59, the monomers

[Cu(L23)] (60) are not arranged perpendicularly as in the 2D-/3D-case, but parallel,

with the equatorial cyano donors coordinated axially to the copper centers

(Scheme 22, Fig. 22) [168].

Scheme 22 Formation and

schematic representation of

1
1[Cu(L23)] (59)

Fig. 22 Stereo

representation of the structure

determining motif of

1
1[Cu(L23)] (59)
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On the other hand, diethyl 1,4-butanediylbis(aminomethylene)-bis(cyanoacetate)

H2(L
24) (61) reacts with copper(II) acetate to give coordination polymer 1

1[Cu(L24)]

(62). In contrast to the hexacoordinate examples discussed so far, in 62 copper is only

pentacoordinate. This leaves one cyano group of monomer [Cu(L24)] (63) unoccu-

pied and as in stair-like 59 leads to reduction of dimensionality resulting in a zig-zag

1D-structure for 62 (Scheme 23, Fig. 23) [168].

Scheme 23 Formation and

schematic representation of

1
1[Cu(L24)] (62)

Fig. 23 Stereo

representation of the structure

determining motif of

1
1[Cu(L24)] (62)
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9.4 Induction of Helicity via Stereogenic Centers: Asymmetric
Synthesis of (P)- and (M)-1D-Coordination Polymers

Reaction of a methanolic solution of copper(II) acetate and enantiomerically pure

(R)/(S)-methyl(E)-4ethyl-2-oxazolidinylidene)cyanoacetate 64 leads to the

coordinatively unsaturated C2-symmetric intermediates (R,R)-65 and (S,S)-65,
which are sterically shielded at one side by two ethyl groups. Therefore, in contrast

to the 2D- and 3D-coordination polymers, coordination of (R,R)/(S,S)-65 with only

one cyano donor is possible, resulting in the formation of polymers (P)-1
1[Cu(LR)2]

(P-66) and (M)-1
1[Cu(LS)2] (M)-66) (Scheme 24) ([166, 169, 170]; for other

chiral 1D-coordination polymers of our group, see [171, 172]). The X-ray crystal

structure analysis of polymer (P)-66 clearly proves a well-ordered infinite one-

dimensional architecture. The central copper atoms in (P)-1
1[Cu(LR)2] (P-66) are

almost tetragonal-pyramidally coordinated, and in contrast to the 2D- and

Scheme 24 Formation and schematic representation of (P)-11[Cu(L
R)2] (P)-66 and (M)-1

1[Cu-

(LS)2] (M)-66
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3D-polymers (Sects. 9.1–9.2), the monomers (R,R)-65 in the helix polymer (P)-66
are not positioned perpendicular to each other.

Consequently, the mononuclear building blocks (S,S)-65 were obtained starting

from (5S)-64, which during crystallization from chloroform afforded left-handed
helical 1D-coordination polymer (M)-1

1[Cu(LS)2] (M-66). The structure of (M)-66

was determined by X-ray crystal structure analysis (Fig. 24). In conclusion, it is

demonstrated that stereogenic centers of ligands may induce stereospecifically

helicity to 1D-coordination polymers. Thus (R)-64 gives rise to (P)-66 and (S)-64
to mirror image (M)-66 [166, 169–172].

9.5 Reduction of Dimensionality by Using a Group 1 Metal

Reaction of sodium hydride with tetrazole HL25 (67) in the presence of PMDETA

(pentamethyldiethylenetriamine) in toluene leads to one-dimensional coordination

polymer 1
1[Na(L25)(PMDETA)] (68) (Scheme 25) [173]. The generation of 68 is

understandable if one assumes the intermediate formation of the coordinatively

unsaturated, monomeric sodium building block [Na(L25)(PMDETA)] (69). The

exact structure of neutral 1D-coordination polymer 68 was determined by X-ray

crystallographic structural analysis. According to this analysis, the central sodium

ion is coordinated by one tetrazolyl enolate ligand (L25)–, tridentate PMDETA, and

a CN group of a neighboring monomer, which completes the preferred sixfold

coordination at sodium.

Fig. 24 Stereo

representation of the structure

determining motif of helical

(P)-1
1[Cu(LR)2] (P)-66 (left)

and (M)-1
1[Cu(LS)2] (M)-66

(right)
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9.6 A meso-Helical 1D-Coordination Polymer

Reaction of achiral [Cu2(H3CCN)2(m-pydz)3][PF6]2 (70) (pydz ¼ pyridazine)

with bidentate 1,3-bis(diphenyl phosphanyl)propane 71 in acetonitrile at room

temperature in a 1:1 ratio yielded the mononuclear copper(I) complex

Scheme 25 Formation and

schematic representation of

1
1[Na(L25)(PMDETA)] (68)

Scheme 26 Formation and schematic representation of meso-1
1[{Cu(m-pydz)2}2(PF6)2] (73)
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[Cu{CH2(CH2PPh2)2}2][PF6] (72) together with new one-dimensional coordination

polymer 1
1{[Cu(m-pydz)2][PF6]} (73) (Scheme 26) [174–188].

The one-dimensional coordination polymer 73 exhibits as an outstanding feature

the rare structure of a meso-helix. Detailed analysis of the one-dimensional infinite

framework of 73 revealed that finally eight copper centers constitute the repeating

unit, creating the extraordinary meso-helix 73 with its points of contrareflexure

(Fig. 25).

10 Summary and Perspectives

To see or to cognize
This review impressively demonstrates the paramount synthetic versatility of

supramolecular coordination chemistry to get access to coronands, coronates,

spherical containers, bowl-shaped surfaces, porous 1D-, 2D-, and 3D-metallo-

coordination polymers, and even metallo-dendrimers. These systems altogether

have high potentials for applications and because of the interdisciplinary assign-

ment of tasks are best suited to train young chemists. They combine organic,

inorganic, and physical aspects. Especially the incorporated metal ions assign

redox or single molecular magnetic properties to these supramolecular coordination

species.

It is evident that the majority of different structures given above provides

excellent sources for further development, as illustrated exemplarily by the ferric

wheels. A general feature of the metallo-coronands [Fe6Cl6(L)6] (39; Sect. 7) is the

fact that the N-alkyl substituents are alternately arranged above and below the plane

of the six iron ions. Interestingly, this molecular geometry offers the possibility to

construct container molecules.

Fig. 25 Left: Schematic representation of the location of the copper(I) centers of coordination

polymer meso-1
1{[Cu(m-pydz)2[PF6]} (73). In order to clarify the meso-helical arrangement, the

positions of the copper centers were scaled along c by a factor of 0.125. Right: Generation of a

helix and a meso-helix from a circle and a lemniscate
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In our modern world of visualization we have to deal cautiously with the

suggestive power of pictures. If you want to present something new to students,

you are often disappointed about the impact because they make you feel that they

have seen this already.

However, there is a fundamental difference between whether you have only seen

something or you have cognized (experienced) the issue. Therefore we have put

much effort in the graphical 3D presentation of the supramolecular structures. The

blue-red presentations, looked at with the inexpensive paper-back spectacles,

impressively reveal the 3D world even of these complex structures and give you

an unexpected insight and understanding.

What is meant by “to see or to cognize” is best illustrated by the art work of

Albrecht D€urer (Betende H€ande) [189] and by Auguste Rodin (La Cathedrale)
[190]. The obvious fact which makes Rodin’s La Cathedrale so special is that it is

two right hands.
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