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Molecular capsules, cages and other three-dimensional
hosts arising from the reversible assembly of comp-
lementary monomers are able to enclose space and
encapsulate guest molecules. This article highlights
work done in this area exemplifying the growing variety
of non-covalent stabilising interactions being employed
in host formation. These interactions include hydrogen
bonding, ionic interactions, metal ion coordination as
well as combinations thereof. Due to the protective
environment offered by these hosts from the bulk phase
solution, altered properties are often observed for
encapsulated guests which is paving the way towards
realising practical applications of such host systems.

Keywords: Molecular capsules; Metal ion coordination cages;
Three-dimensional hosts; Guest encapsulation; Self-assembly

INTRODUCTION

Since its humble beginnings the field of host–guest
or supramolecular chemistry has undergone tremen-
dous growth and development. This can been seen
in, amongst other things, the complexity of the
molecular species used as host compounds. These
hosts have developed from simple macrocyclic
species to complex three-dimensional (3D) architec-
tures and have been of interest for a variety of
reasons: for example complexation, catalysis, sen-
sors, detection, and sequestering. In recent times,
host construction strategies have shifted from those
based purely on the covalent bond to those involving
both covalent bond formation and self-assembly
principles based on intermolecular interactions. In
particular, the enclosing of 3D space and guest
encapsulation by molecular capsules [1–3].

Our focus in this article will be on the molecular
components used for capsule construction and the

intermolecular interactions used to hold these
components together. We have chosen to report as
many of the types of molecular frameworks used in
capsule construction rather than focus on any
particular structural motif. In addition, we have
chosen selected pictorial examples only in each
section so as to give the reader a flavour of the
approaches used. References are however given to
other work not represented pictorially. A brief
discussion of our contribution to the field, with the
incorporation of the porphyrin macrocycle into a
capsular structure, is then presented.

COVALENTAPPROACH TO THREE-
DIMENSIONAL HOSTS

Cram’s pioneering concept of molecules within
molecules saw ‘closed-surface, globe-shaped mol-
ecules with enforced hollow interiors large enough
to incarcerate simple organic compounds, inorganic
ions, or both’ [4] constructed entirely using covalent
chemistry. Typically two rim-functionalised resor-
carene bowls were linked either directly or together
with a difunctional spacer molecule, with appro-
priate guest templation to form a covalent container
as shown schematically in Fig. 1(a). Reactants,
solvents and impurities were imprisoned in the
interior of these carcerands to form carceplexes with
guest release only possible with breakage of the
covalent bonds that form the wall linkages.
Modifications to this initial container design pro-
duced hemicarcerands in which one of the linkages
between the hemispheres was omitted or the size of
the wall linkages was lengthened. The effect of this
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was two-fold; 1) an increase in interior cavity size
and 2) accessible guest exchange between the interior
and exterior environments.

Although interesting properties have been demon-
strated using carcerands or hemicarcerands [5–9],
they are limited by their tedious synthesis. The
irreversible nature of guest incarceration within
cacerands is beyond the scope of this article,
however excellent reviews have appeared in recent
times [4,10–13].

The self-assembled counterparts of carcerands,
formed using reversible bonds, are known as
molecular capsules, see Fig. 1(b), and have been
classified as encapsulation complexes when guests
are included within the hollow interior [3]. The
general synthetic simplicity of capsules compared to
entirely covalent based approaches, along with the
reversible nature of guest encapsulation, are particu-
larly important for potential applications
(e.g. reaction catalysis, drug delivery, sequestering
agents). The following sections describe encapsulat-
ing capsule type hosts that are based on different
structural motifs and are further divided by the types
of stabilising interactions used in host formation.

SELF-ASSEMBLED CAPSULES USING
PRE-FORMED BOWL COMPONENTS

When fully enclosing space using the aggregation of
molecules, each of the components usually possesses
a degree of curvature. This curvature is dependent on
the number of components involved in the aggrega-
tion. Bowl shaped hosts (e.g. calixarenes, resorc-
arenes) are pre-organised for molecular recognition
and possess curvature suitable for surrounding guest
molecules in essentially a two-dimensional manner.
As a result, a range of capsules that encapsulate
molecules in a 3D manner have been constructed
from the dimerisation of monomers with pre-formed
concave geometries. For example, when fixed in the

cone conformation, calixarene monomers functiona-
lised with complementary fragments at either the
narrow or wide rim readily self-assemble to form
dimeric entities. The choice of rim substituents varies
and is dependant on the intermolecular interaction
that will be employed for capsule stabilisation. Each
of the intermolecular interactions documented in
capsules containing bowl shaped monomers will
now be discussed in turn.

Assembly Using Hydrogen Bonding

Numerous calix[4]arene derivatised capsules have
been reported in the literature viahydrogenbondingof
two bowl shaped monomers [14–17]. The attractive
architecture of the calixarenes, coupled with their
straightforward synthesis, potential to be functiona-
lised at the wide or narrow rim with combinations of
complementary functionality suitable for non-
covalent interactions has proven popular for capsule
assembly. Therefore, only a few representative
examples are discussed here (see Fig. 2) and illustrate
the most common types of systems investigated. A
number of comprehensive reviews provide more
specific details regarding synthesis, characterisation
and guest exchange studies [13–19].

Capsule 1 was assembled from a calix[4]arene
monomer that was functionalised at the wider rim
with carboxylic acid groups [20]. Since the interact-
ing rims on each monomer contain identical
functional groups the resulting capsule is classified
as homodimeric. In this example, the monomer is bis-
substituted resulting in a capsule assembled from
four hydrogen bonds. Examples also exist where a
tetra-functionalised monomer is used which resulted
in the dimerisation being stabilised by a total of eight
hydrogen bonds, one from each rim substituent [21].

The utilisation of differentmonomeric fragments to
form a capsule has been termed heterodimerisation
[22]. The self-assembly of calixarene based hetero-
dimeric systems such as 2 (Fig. 2) is possible from the

FIGURE 1 Schematic comparison of 3D hosts. (a) A covalent approach developed by Cram et al. where a container host was prepared
under high dilution conditions from the linking of functionalised bowl shaped monomers (X and Yare reactive groups). In some cases the
spacer Y–Y was not used. Solid lines represent the covalent bonds of the container host. (b) The reversible enclosing of space to form a
molecular capsule using non-covalent interactions to hold the assembly together (represented by dashed lines). When a guest molecule (G)
is bound within the resulting cavity space the capsule is referred to as an encapsulation complex.

M. R. JOHNSTON AND M. J. LATTER596

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
0
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



complementary interaction between pyridyl and
carboxylic acid functionalities on opposing calixarene
rims. In such cases, either the wide or narrow rims
have been functionalised and dimers formed from
wide rim-to-wide rim interactions [23] aswell as from
narrow rim-to-wide rim interactions [24].

Dimers of type 3 have been formed from wide rim
urea functionalised calix[4]arenes and represent the
most studied type of calixarene based capsules. The
eight urea groups interact at the equatorial region
between the two calixarene monomers directing
sixteen hydrogen bonds in a head-to-tail fashion
around the centre of the capsule. Combination of
different urea monomers resulted in the assembly of
mixtures of homo- and heterodimers [22,25]. The use
of larger R substituents on the urea functionality
provided additional molecular entanglement
between the capsule monomers. This sterically
based interaction may be considered as stabilising
the capsule since it effectively inhibits dimer
dissociation [26].

The resulting cavity interiors produced from the
dimerisation of calixarene bowls proved rather
compact in size (,200 Å3) [15] limiting guest
encapsulation studies to small single molecules.
Thus, an obvious extension was to increase the host
size. This was achieved by either expanding the
macrocycle size (e.g. calix[5]arene [27] and calix[6]-
arene [28–31]) or placing spacing units (either
covalently [32] or non-covalently [33–39]) between
monomeric units. In some cases the use of polar
hydrogen bonding solvents as bridging molecules
between host components has also resulted in

FIGURE 2 Selected examples of capsules formed from calixarene basedmonomers that have been assembled from the hydrogen-bonding
of rim substituents. (a) Homodimeric capsule 1 formed from hydrogen bonding between opposing carboxylic acid rim substituents,
R ¼ propyl. Reproduced by permission of The Royal Society of Chemistry. (b) Heterodimeric capsule 2 that contain two different halves
formed from hydrogen bonding between a pyridyl functionalised monomer with a complementary carboxylic acid functionalised
monomer, R ¼ octyl. Reprinted in part with permission from [24]. Copyright (1996) American Chemical Society. (c) Urea substituted
monomers also hydrogen bond to form capsule dimers of type 3 and can also be homo- or heterodimeric depending whether the R and R’
substituents around the central binding region differ or are identical. Reprinted with permission from [18]. Copyright (1997) American
Chemical Society.

FIGURE 3 (a) A monomeric calixarene bowl functionalised with
imide walls, R ¼ undecyl. (b) Dimerisation via hydrogen bonding
resulted in the formation of cylindrical capsule 5 with increased
interior volume (460 Å3) compared to normal calixarene based
capsules. This interior has proven suitable for numerous guest
exchange and reaction catalysis studies. Illustration used with
permission. Copyright (2002) National Academy of Sciences,
U.S.A.

FIGURE 4 Formation of an extra large self-assembled capsule 7
from six monomeric units. Assembly of monomers 6 with eight
water molecules formed a spherical hexamer stabilised by sixty
hydrogen bonds. One monomeric unit has been removed from the
central back position and minimal hydrogen bonds are shown to
aid in visualisation. Illustration used with copyright permission of
Nature (http://www.nature.com/).
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solvent stabilised molecular capsules that previously
only formed ill-defined aggregates [39,40].

One illustrative example of increased capsule
size is provided by nanometer sized host 5
constructed by Rebek (Fig. 3). Covalent modifi-
cation of the resorcinarene bowl monomers with
imide wall moieties yielded an elongated cylinder,
which when allowed to dimerise, was stabilised by
eight rim-to-rim hydrogen bonds (Fig. 3) [32]. The
internal cavity volume increased from ,200 Å3 to
460 Å3, ample for pairwise encapsulation of guests,
a necessity if capsules are to act as reaction
chambers [41,42]. Capsule 5 has been extensively
studied with a wide range and combination of
guest molecules providing much insight into the
properties of encapsulated guests as compared to
those in the bulk solution [42–49]. The success of 5
in guest encapsulation is very evident as it
continues to be actively investigated by the Rebek
team [50–62]. An excellent review examining the
size aspects of large molecular hosts is that by
Rudkevich [63].

An alternative approach to creating larger cap-
sules was first realised by Atwood and co-workers
who used multiple bowl fragments to facilitate the
assembly of giant capsules [64]. Similar systems have
also been reported by Mattay et al., [65] Rebek
[66–68] and an electrochemically driven assembly by
Kaifer [69]. The spherical host 7 (Fig. 4) resulted from
the hexameric assembly of resorcarene units with
eight water molecules via sixty hydrogen bonds and
is structurally considered to closely mimic spherical
viruses [70]. The internal volume was calculated at
1375 Å3, spacious enough to encapsulate large guests
(e.g. fullerenes, porphyrins), although the nature of
the encapsulated species was not determined from
the X-ray crystallographic investigations reported.

Even though the enclosed volume of capsule 7 was
large, the disordered arrangement of guest species
within the host made understanding the identity and
position of guests difficult. Modification of the
macrocyclic substituents to incorporate additional
hydrogen bonding sites directed towards the interior
enforced internal order between host and guest,
whilst still maintaining the correct information for
assembling the hexameric capsule [71].

Atwood has further developed the potential
application of self-assembled capsules as delivery
vehicles by patenting the preparation of the
hexameric assembly [72]. Since “smart” drugs
contain specific receptors to bind to target cells, the
possible pharmaceutical benefits of encapsulating an
active drug within a nano-sized capsule and
delivering it to the required site are expected to be
considerable. The direct delivery of drugs may also
result in reduced dosages since the drug will be
concentrated at the specific site of need, which may
in turn minimise harmful treatment side effects [73].

Assembly Using a Combination of Non-covalent
Interactions

The stability of a self-assembled capsule can be
improved by combining various intermolecular
forces in a cooperative manner. For example,
hydrogen bonded assemblies and encapsulation
complexes can exist in competitive polar solvents
enhancing their applicability to biological systems
[40,74–76].

The construction of a calix[4]arene based capsule
using at least eight hydrogen bonds between wider
rim substituents and p–p interactions, and whose
formation was solvent dependent, has been reported
[75]. The carboxyl and amine moieties of opposing
acrylamide rim substituents interact forming eight
hydrogen bonds while p- ‘face-to-face’ interactions
between nitrile groups on the amide residue of the
host and the aromatic moiety of the calix[4]arene add
further stabilisation from p–p interactions. In
contrast to this, previously reported urea functiona-
lised calix[4]arene capsules of Rebek [16,77,78] or
Bohmer [22] have monomers held together with
sixteen equatorial hydrogen bonds. Thus, the extra
stabilisation provided by the p–p interactions allows
capsule formation to be observed with only eight
hydrogen bonds.

The combination of hydrogen bonding with
favourable p–p interactions to favour calix[4]arene
encapsulation complexes has been independently
reported by Rebek [40], Atwood [74], Kobayashi [76]
and Bohmer [26] with the latter example being
stabilised by an additional entanglement of bulky
amide residues upon dimerisation. Each of these
examples were shown to form in polar solvents,
illustrating the benefit of using different non-
covalent interactions cooperatively to prevent sol-
vation of the hydrogen bonds.

Assembly Using Ionic Interactions

The first molecular capsule assembled by ionic
interactions was reported by Hong in 1996 and was
assembled by charged hydrogen bonds between
oppositely charged bowl shaped cyclotriveratrylene
derivatised monomers [79]. Concentration depen-
dent non-covalent assembly was accomplished from
complementary interactions between a trisacid and a
trisamine monomer in polar DMSO. The interior
volume of the capsule was calculated to be 150 Å3

and it was found to be a suitable host for
small neutral guests exchanging slowly on the
NMR timescale between interior and exterior
environments.

Reinhoudt recently reported capsule 10a (Fig. 5(a))
from the dimerisation of oppositely charged calix[4]-
arene units (8 and 9a) in solvent systems containing
up to 40% water [80]. Multiple ionic interactions
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were afforded by incorporation of amidinium
moieties onto the wider rim of one monomer while
the wider rim of the opposing calix[4]arene was
flanked with sulfonato groups. Characterisation of
the dimer by NMR spectroscopy indicated that the
calixarene monomers were most likely assembled
with opposing charges facing each other. Unusually,
a portion of one propyl chain from monomer 8 was
found to be positioned within the capsule as
evidenced by changes in proton chemical shift
resonances (later confirmed by an X-ray crystal
structure) [81]. This encapsulated propyl chain
proved beneficial in guest encapsulation studies
since guests of a better fit for the interior capsule
space (acetylcholine, N-methylquinuclidinium and
tetramethylammonium cations) were preferentially
bound within 10a which could be indirectly
monitored by the chemical shift changes of propyl
chain proton resonances in an uncomplexed
environment.

More recently Reinhoudt replaced monomer 9a
with the amino acid functionalised monomer 9b and
assembled a second molecular capsule 10b (Fig. 5(b))
using ionic interactions [81]. Capsule 10b was found
to be water soluble (buffered at pH 9) as well as being
capable of encapsulating guest species and this has
initiated studies for its potential use as a drug
delivery vehicle under physiological conditions.

Similar calix[4]arene based capsules assembled in
polar solvents via ionic interactions have also been
reported independently by Schrader [82,83] and
Shuker [84]. Schrader’s report was an extension of
earlier research on ball-shaped assemblies from
highly charged tripod hosts which dimerised in
water and other polar solvents [85–87]. The resulting
interior cavity was found to be too small for guest
inclusion.

Assembly Using Metal Ion Coordination

In a similar manner to the functionalisation of
calixarene bowls with substituents capable of
hydrogen bonding, metal ion mediated self-assem-
bly of capsules has been achieved by ligand
incorporation onto bowl rims and subsequent
complexation with metal ions [88–91]. This is
shown schematically below. A benefit of metal ion
mediated assembly of calixarene derivatised mono-
mers is the elongation in capsule length as a result
of ligand attachment to the bowl rim [92]. To
illustrate the scope of metal ion mediated capsule
assembly (from hosts with pre-organised binding
cavities) a selection of ligand and metal ions are
listed in Table I.

The assembly of metal ion coordinated hetero-
dimers is much less common [93] than hydrogen

FIGURE 5 Dimerisation of oppositely charged calix[4]arene monomers to form molecular capsules. (a) Assembly of amidinium
functionalised calix[4]arene 8 with oppositely charged monomer 9a occurred even in polar solvent and provided a suitable cavity for
encapsulation of cationic guests, R ¼ propyl. Reprinted in part with permission from [80]. Copyright (2002) American Chemical Society. (b)
Modification of 9a to amino acid functionalised monomer 9b assembled with the amidinium monomer resulted in a water soluble
molecular capsule also shown to include guest molecules. Reprinted with permission from [81]. Copyright (2003) American Chemical
Society.
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bonded dimers due to the difficulties associated with
controlling metal ion coordination between different
ligands [94]. However, very recently both homo- (12
and 13) and hetero-dimeric capsules (14) have been
described where changing of the ligand between the
pyridyl and nitrile flanked monomers, in the
presence of palladium complexes, (see Fig. 6)
provided selectivity in capsule formation.

Successful capsule assembly has not been limited
to the use of bowl-shaped components. In particular,
Rebek and co-workers have efficiently formed
capsules from modular units by introducing curva-
ture into complementary host structures by the
incorporation of the glycouril unit. Capsules based
on these units are discussed in the following section.

SELF-ASSEMBLED CAPSULES FROM
MONOMERS CONTAINING GLYCOURIL
UNITS

A article on molecular capsules would not be
complete without summarising the valuable contri-
butions to the field by Rebek and co-workers, even
though this has been the subject of other recent
papers and reviews [3,13,14,18,95–97]. Rebek and co-
workers, have reported numerous capsular systems
(Fig. 7) based on a building block approach utilising
the glycouril unit. As shown in Fig. 7, the glycouril
unit is an attractive building block due to its versatile
derivatisation chemistry and ideal structural charac-
teristics, possessing both curvature and multiple
hydrogen bonding groups.

The first self-assembled capsule reported by Rebek
was termed the tennis ball [98] (also referred to as the
baseball) [95,99] so called because of their resem-
blance to the overall shape of such balls. The tennis
ball host structure is comprised of two substituted
glycourils attached to a central durene spacer as
shown in Fig. 8. The inbuilt curvature of the capsule
monomer results from a combination of the folding
of the seven membered rings within the structure
and the glycouril units on the sides, with the latter
also providing eight hydrogen bond donor or
acceptor sites. Two self-complementary monomers
were shown to self-assemble in organic solvents that
were non-competitive in hydrogen bonding to form
a homodimer, as evidenced by changes in the proton
NMR spectrum. No encapsulated solvent guest
resonances were observed initially and it was
thought that the capsule was either empty or
occupied by dissolved atmospheric gases. Molecular
modelling of the tennis ball capsule estimated an
interior cavity volume between 50 and 55 Å3 [98].
Methane [100] and xenon [101] were deemed
suitably sized for inclusion and were readily
incorporated within the capsule as directly observed
by NMR spectroscopy. The presence of suitably sized
guest molecules was shown to favour dimerisation
to the extent that competitive hydrogen bonding
solvents did not cause dimer dissociation due to
solvation of the hydrogen bonds.

TABLE I Metal mediated assembly of capsules from monomers
with pre-formed bowl type geometries illustrating the seemingly
endless opportunities for complexation between appropriate
ligands.

Ligand Type Metal ion Reference

Nitrile Pd(II) or Pt(II) [89,158,159]
Pyrimidine Pd(II) [91,160,161]
Pyridyl Pd(II) [90,162–166]
Dithiocarbamate Cu(III) [167]
Iminodiacetate Co(II) or Fe(II) [168–170]

FIGURE 6 Formation of capsule structures using bowl shaped
monomers appended with ligands such as pyridyl and nitrile.
Addition of palladium initiated the formation of homodimeric (12
and 13) as well as heterodimeric 14 capsules. Reprinted with
permission from [94]. Copyright (2004) American Chemical
Society.
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Although different properties of the self-
assembled entities were examined, the tennis ball
was limited by its small interior cavity size.
Modifications to the tennis ball spacer (durene) has
produced smaller [102], larger [103] and unsymme-
trical [104] hosts whilst maintaining self-comple-
mentarity between the monomers for dimerisation.
In addition, heterodimers have been formed from the
combination of different monomers [104]. Variation
of the glycouril substituents (from phenyl) was
successful in producing dimers with increased

solubility, which can be controlled from the exterior
of the capsule rather than the encapsulated species
(e.g. pH changes of peripheral amine groups or
shielding of the hydrophilic hydrogen bonding seam
by an ester functionality) [101]. Incorporating
substituents on the durene spacer also allowed the
interior environment to be altered for encapsulated
guests that are either electron rich or electron
deficient [105].

An extension of the monomer backbone to nine
fused ring spacers between each glycouril end of the

FIGURE 7 Chemical structure and molecular modelling representations of the glycouril building block (centre) R ¼ substituents e.g.
phenyl, ester. Arrows indicate the positions for hydrogen bonding to occur. The schematic representations of the various capsule
monomers aim to summarise the variety of structures successfully used by Rebek et al. in capsule assemblies.

FIGURE 8 (a) Monomeric structure of Rebek’s tennis ball. Arrows directed away and toward 15 respectively indicate hydrogen bond
donor and acceptor sites. (b) Modelling representation of hydrogen bonded dimer 16 formed from two equivalents of 15 in the presence of
suitable solvents and/or guests. Phenyl substituents have been removed from the glycouril moieties for clarity. Illustration from reference
[14]. Used with permission from Wiley-VCH.
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monomer produced, upon dimerisation, a larger
capsule referred to as the softball reflecting its size
and shape compared to the tennis ball capsule [106–
109]. Molecular modelling indicated the softball
capsule had a more spacious cavity size (240–
320 Å3), which allowed for greater variety of
potential guests [3]. Guests as large as adamantane
and ferrocene derivatives have shown to be
complementary with respect to the interior size and
shape, and hence were a good fit within the dimer
[108].

The demonstration that two solvent molecules
could be accommodated inside the softball capsule
over timescales sufficient for chemical reaction,
allowed the possibility of using these host systems
as reaction catalysis chambers to be contemplated.
Indeed, accelerated intermolecular chemical reac-
tions have been documented [109–111]. One of the
greatest advantages of using non-covalent inter-
actions for capsule assembly is the reversibility of
guest complexation. This potentially alleviates the
problem of permanent guest entrapment and hence
catalytic inhibition encountered with the covalently
bonded carcerands.

The tennis- and soft-ball capsules possess interiors
that are roughly spherical in shape implying that
guests with an approximate spherical shape are
preferentially encapsulated.Topromoteencapsulation
of differently shaped guests a flattened spherical
assemblywas prepared by the linking of fourglycouril
moieties to a central core (Fig. 7b). This capsule,
likened to a jam or jelly doughnut [112], has been shown
to encapsulate disc-shaped guests preferentially [113].
More recently Rebek has reported the inclusion of a
metallophthalocyanine core tetra-substituted with
glycouril units providing sixteen hydrogen bonds
sites to encourage dimerisation [114]. The overall box-
shape was similar to the jelly doughnut capsule yet
contained an increased internal volume of 275 Å3,
compared to 243 Å3 for the jelly doughnut [113].

In the preceding examples the dual covalent
attachment of glycouril units to backbone spacers
provides a skeleton without rotational freedom
between moieties. These materials were lengthy to
synthesise and proved problematic with the for-
mation of more than one stereoisomer being
possible. However, the attachment of mono-functio-
nalised glycouril units by a single covalent bond to

the core structure (Fig. 7c) overcame this isomeric
problem, due to free rotation of the glycouril moiety,
and saw the development of flexiballs [115].

A final example of a glycouril based host is the
assembly of four identical components to form a
capsule (Fig. 7d) rather than the commonplace use of
two monomers. In designing this system it was
expected the most acidic proton of 17 (sulfamide)
would pair with the most basic acceptor (the
carbonyl oxygen of the glycouril) assembling four
monomeric units in a head-to-tail arrangement to the
pseudo-spherical shaped capsule 18 (see Fig. 9) [116].
Host curvature was introduced in a similar manner
to the tennis-ball capsule monomer via a combi-
nation of the glycouril geometry and the folding of
the adjacent seven membered ring.

Although the monomer appeared to have limited
solubility in common organic solvents, except those
that compete for the hydrogen bonds and hence
disfavour assembly, NMR data acquired in the
presence of an appropriately sized templating guest
(e.g. adamantane derivatives) indicated the for-
mation of 18 [116].

THREE-DIMENSIONAL METAL ION
COORDINATION STRUCTURES

The popularity of metal ion coordination as an
assembly motif in supramolecular chemistry is
evident from the variety of different shaped
structures that have been produced such as helices,
cages, rings, knots, boxes, macrocycles, rods and
grids, that have been the subject of numerous
reviews [117–124]. The diversity in the types of
organic ligands and metal ions used to construct
capsules and cages in particular is illustrated in a
selection of recent reports [125–129]. In each of these
cases at least one guest molecule has been observed
inside the cavity interior of the capsule or cage.

Utilising a molecular panelling approach, Fujita
has been exceptionally successful at constructing 3D
structures via metal ion coordination between
multidentate ligands (the molecular panels) and cis-
protected square planar platinum or palladium
metal centres affording nanocages, cones, boxes,
tubes, bowls, polyhedra and capsules [130,131].
Specifically, a highly symmetrical octahedral M6L4

FIGURE 9 (a) Structure of monomeric host 17 indicating the complementary head and tail portions of the host. (b) Modelling
representation of the tetrameric capsule assembled from four monomers held together through hydrogen bonding. Reprinted with
permission from [116]. Copyright (1998) AAS (http://www.sciencemag.org).
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type nanocage 21 (Fig. 10) self-assembled from four
rigid tridentate ligands (or panels) 19 and six
palladium metal ions 20 is of most relevance to this
article [132]. Up to four neutral guest molecules have
been included within the host as indicated by NMR
spectroscopy and X-ray crystallography [133–135].

Fujita has described the microenvironments
provided by hosts such as 21 as ‘molecular safety
boxes’ and ‘molecular flasks’ since guest species can be
stabilised, their properties regulated, functions
altered and reactions made to occur within the
confined nanospace [131,136]. In particular, the
selective enclathration of two molecules of cis-4,40-
dimethylazobenzene that hydrophobically interacts
to form a dimer analogous to a “ship-in-a-bottle”
was demonstrated in 21 and sufficiently stabilised by
the surrounding environment that cis–trans isomer-
isation was prevented [137]. The dimensions of the
enclathrated dimer are significantly larger than the
portals of 21 (by about 4 Å) suggesting that
dimerisation is a post-enclathration process.

Other significant developments reported from
enclathration of guest species within host 21 include:

. The room temperature [4p þ 2p] Diels-Alder
reaction between 1,3-cyclohexadiene and
naphthoquinone was accelerated 21-fold in the
presence of 21 with the endo-adduct isolated by
extraction [138].

. Styrene encapsulated in host 21 was converted to
acetophenone via a Wacker oxidation through
reverse phase-transfer catalysis in an aqueous
media [139].

. The accelerated [2p þ 2p] homo- and cross-
photodimerisation of large olefins included
within 21 was achieved with high regio- and
stereo-control yielding only syn and head-to-tail
isomers [140,141].

. “Ship-in-bottle” synthesis of a trisilanol inter-
mediate from sol-gel condensation since the
smaller silane reagent is able to pass through the
host portals but due to the increased size of the
resulting trimer, cannot exchange to the bulk
phase [142].

. Photochemical oxidation of adamantanewas found
to only occur when encapsulated within 21 [143].

. Demonstration of molecular logic (AND, OR
gates) through bimolecular recognition between
host 21 and guests such as cis-decalin and
perylene [144].

Raymond and co-workers have adopted a similar
coordinative approach towards creating high sym-
metry structures with a ligand preference favoured by
multibranched bidentate ligands. Specifically, catecho-
lamide andhydroxamate ligands have been frequently
combinedwith labilemetal ions to commonly produce
complexes of types: M2L3; M4L4; and M4L6. A
summary of these types has been reported [145,146]
with typesM4L4 andM4L6 of themost relevance to this
research, since they enclose space and have been
shown to include guest molecules. Coordination
driven self-assembly was also utilised by Stang to
targethigh-symmetrycages specifically resembling the
Platonic and Archimedean solids. The fundamental
principles are similar to the metal ion mediated

FIGURE 10 (a) A panelling approach used by Fujita to self-assemble supramolecular structures. The pyridyl ligands provide linkages at
the corner of each triangle panel producing an octahedronwhere each alternating face is either a molecular panel (shaded) or portal (clear).
(b) Palladium(II) mediated assembly of nanocage 21 from four triangular panels. The sizeable interior has been successfully shown to
encapsulate a variety of guests with altered properties demonstrated. Reproduced by permission of The Royal Society of Chemistry.
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self-assemblyutilisedbyFujitaandRaymondandhave
been comprehensively reviewed [119,122,147–149].

CAPSULES CONTAINING PHOTOACTIVE
MOIETIES

The inclusion of porphyrin orphthalocyaninemoieties
into the structure of capsule type hosts permits the
utilisation of the rich knowledge of photochemistry,
electrochemistry or catalysis of these macrocycles.
Recently Rebek has reported the inclusion of a
phthalocyanine macrocycle into a glycouril based
host that dimerises to form a solvent dependent
molecular capsule [114]. The metallophthalocyanine
core is tetra-substituted with glycouril units providing
sites for sixteen hydrogen bonds that hold the capsule
together.Molecularmodelling of the dimer showed an
overall box-shape similar to the jelly doughnut
[112,113] previously synthesised by Rebek, but with
an increased internal volume of 275 Å3 (compared to
243 Å3 for the jelly doughnut [113]).

The incorporation of porphyrins into capsular type
structures was independently reported by Crossley
[150], Warrener [151] and Hunter [152]. Each of these
exampleswas assembledusingmetal ion coordination
interactions between host metalloporphyrins and
amino-functionalised guests that act as templates.
However, these examples are not strictly capsule
materials since the coordinatingguest templatefills the
cavity, effectively precluding the encapsulation of
additional guestmolecules. Thus therewas the need to
remove the templating ligand from the centre of the
structure so as to enable guest encapsulation.

The dimerisation of porphyrin containing host
monomers to form a 3D structure without the aid of a
guest template was first reported in 1995 [153]. In
non-competitive solvents the aaaa-atropisomer of
two porphyrin units containing carboxylic acid
functionalities self-assembled to a dimer through
eight hydrogen bonds. Zinc(II) metallation of the
porphyrin moieties, provided guest complexation

opportunities and a variety of pyrazine derivatised
guests were examined [154]. The carboxylic acid
dimers that formed the pillars assembling the two
porphyrin units created ‘window-like’ openings that
facilitated the binding of pyrazine derivatives with
bulky side chains and the chains were found to be
protruding from these windows.

Shinkai also recently constructed a dimeric
capsule with porphyrin walls terminated with
pyridyl ligands suitable for coordination to palla-
dium metal ions (Fig. 11) [155]. Although the dimer
exists without a permanent guest template, the
inclusion of a guest molecule within the dimer has
only been shown for bipyridine derivative guest 23
which complexes to the metalloporphyrin walls.

In the previous examples, the use of the porphyrin
macrocycle in molecular capsules generally served
one of two purposes. Either the coordination
properties of the metalloporphyrin were used to
arrange components into 3D hosts around a
templating guest or alternatively provided interior
binding sites for guest complexation which increased
guest residency time within the capsule.

Our own efforts towards a self-assembled por-
phyrin containing capsule differed from those
outlined above because the coordination properties
of the metalloporphyrins of our host acted as
coordination sites for ligands suitably positioned
on a complementary host. Essentially this removes
the templating guest so that dimerisation of these
self-complementary hosts creates a molecular cap-
sule with a hollow interior which is available for
further guest encapsulation [156]. The self-comp-
lementary bis-porphyrin cavities used possess
curvature from the alicyclic backbone and were
synthesised via a covalent building block approach
(see Fig. 12). High pressure assisted coupling of
block 25 and 4-pyridyl tetrazine 26 to construct bis-
porphyrin cavity 27 which incorporates the por-
phyrin macrocycle into the host structure. Upon
porphyrin metallation, the monomers become self-
complementary and dimerisation results in the

FIGURE 11 Porphyrin containing dimer 22 assembled from palladium(II) pyridyl interactions. When zinc is inserted into the porphyrins,
two-point simultaneous binding was shown with a bipyridine guest to form encapsulation complex 24. Reprinted with permission from
[155]. Copyright (2000) American Chemical Society.
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formation of a molecular capsule with a hollow
interior as shown in Fig. 12(a). Molecular modelling
(Fig. 12(b)) shows that the capsule interior is
significantly shielded from the bulk solution by the
substituents on the porphyrin periphery effectively
prohibiting rapid guest escape.

Data has been obtained supporting the dimeric
nature of capsule 28 which contains an interior cavity
of sufficient size for multiple guest encapsulation
(570 ^ 40 Å3) as estimated frommolecular modelling
[156,157]. However, to date, guest encapsulation has
only been observed by mass spectroscopy, with
extensive NMR investigations using a number of
different guests and solvents systems failing to
identify any encapsulated species. Work currently in
progress is focused on understanding this capsular
system particularly as regards guest encapsulation
and exchange.

CONCLUSION

As indicated by the diversity of designs and methods
used to arrange simple, complementary components
into functional 3D hosts it is obvious capsule research
is flourishing internationally. This is reflected in the
variety of curved molecules used as structural motifs
in capsule construction, all of which contain function-
ality suitable for intermolecular interaction. To this
end, hydrogen bonding has certainly been the most
exploited interaction with capsules forming with as

few as four hydrogen bonds to asmany as sixty. This is
followed by metal ion coordination using predomi-
nantly divalent transition metals and predominately
nitrogenous ligands.Thirdly, ionpairingusingcationic
amidinium functionality has been successfully used to
construct calixarene based capsules. Future capsules
will no doubt be constructed using a combination of
intermolecular interactions due to the advantageous
properties that result from such synergistic
cooperation.

The introduction of specific moieties into capsular
systems will expand investigations into their use.
Specifically, the introduction of photoactive molecules
such as porphyrins and phthalocyanines allows the
utilisation of the photo- and electro-chemical proper-
ties of these macrocycles in combination with capsule
characteristics. As modifications and improvements
continue to be made to 3D systems the potential
applications of such systems will be further probed
with increasing practicality to modern society appear-
ing possible in the near future.
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FIGURE 12 (a) High pressure coupling of porphyrin block 25 with coupling reagent 26 to produce the bis-porphyrin monomer 27. Upon
porphyrin metallation cavity 27 becomes self-complementary and assembles to formmolecular capsule 28. (b) Molecular modelling of the
final capsule structure indicating the shielded nature of the capsule interior.
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