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There are numerous examples of supramolecular
assemblies based on metal–ligand interactions. Many have
been synthesized unintentionally, while others have been
the result of systematic variation of metal and ligand com-
ponents. Until recently, no one has provided a rational
synthetic methodology for the synthesis of metal–ligand
coordination clusters. We have provided a model for the
assembly of naturally-occurring, high-symmetry protein
assemblies such as ferritin (O symmetry) and viral protein
coats (I symmetry) based on incommensurate symmetry
interactions. This model has led us to develop a rational
synthetic approach to the synthesis of high-symmetry clus-
ters based on the metal–ligand coordinate bond. Herein we
describe our design strategies, provide examples of triple
helicates of stoichiometry M2L3 and tetrahedral clusters of
stoichiometry M4L6 and M4L4, and discuss the solution
dynamics of these clusters.

High symmetry clusters in nature
Supramolecular chemistry, which has been called a molecular
information science, describes the spontaneous assembly of
non-covalently linked molecular clusters of unique shape and
composition.1 This requires both a driving force and a dynamic

† This review covers papers in our series Coordination Number
Incommensurate Cluster Formation. For the most recent paper in that
series see ref. 82.

system so that all possible molecular structures can be explored
to generate the formation of the thermodynamically favored,
ideally pre-designed, assembly. An example of such a structure
in nature is the iron storage protein apoferritin (Fig. 1).2,3 The
protein is composed of 24 non-covalently linked protein sub-
units that form a nearly spherical shell of octahedral symmetry.
Inside the shell up to 4,500 iron atoms can be stored in the form
FeO(OH). In effect, ferritin operates to keep iron in solution as
a small particle of rust by stopping the growth of the iron oxide
particle before it reaches a size that would result in precipit-
ation. Remarkably, when the apoprotein is dissociated into the
individual subunits and allowed to reassemble, only the highly
symmetric 24 subunit cluster forms.4 Intermediate assemblies
of less than the full 24 complement are only transiently stable.

Similar structures are seen in many viruses, in which non-
covalently linked assemblies of protein subunits are used to
protect the viral nucleic acid. Again, it is generally true that
dissociation and reassembly of the protein coat does not give a
random polymeric assembly, but instead only the highly sym-
metric cluster, in many cases 60-mers with icosahedral sym-
metry.5,6 Viral coats of this stoichiometry and the ferritin cluster
correspond to the pure rotation groups I and O, with 60 and 24
symmetry elements, respectively. That is, each of the protein
subunits in the examples given constitutes an asymmetric unit
of the cluster.‡

‡ In the case of certain viruses, a four protein bundle makes up one of
the 60 subunits.7
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Consider again the octahedral symmetry ferritin cluster.
Interaction of the protein subunits at the four-fold axis (the
view direction in Fig. 1) can be considered a lock-and-key
interaction in which the lock and key are 908 apart (Fig. 1). The
interaction around the four-fold axis is both a symmetry and
stoichiometry requirement: it requires formation of tetramers
from the monomeric subunit. Similarly, the interaction of the
protein subunits at the three-fold axis (the view direction in
Fig. 1, top right) can be regarded as a lock-and-key interaction
in which the lock and key are positioned 608 apart (Fig. 1,
bottom right). The result is a stoichiometry requirement to
form trimers. Simultaneous satisfaction of these two incom-
mensurate n-fold symmetry axes can only be satisfied by form-
ation of a cluster with octahedral symmetry. In a similar fashion
the icosahedral cluster is formed through the combination of
incommensurate lock-and-key interactions with five-fold and
three-fold symmetry.

The term “incommensurate” is used in the same sense as
applied to incommensurate lattices. When a planar crystal layer
with one lattice spacing is deposited on a structurally similar
layer with a slightly different lattice spacing, the two layers must
curve in order for the unit cells to remain in registry. This is
what drives the formation of some naturally-occurring tubular
structures.9 In the case of a discrete closed cluster such as
ferritin, the surface lattice must curve to satisfy the two incom-
mensurate symmetry interactions. The information for this
curvature is programmed into the subunits as the angle between
the three-fold and four-fold axes.

Rational design of high symmetry coordination
clusters
The protein–protein interactions described above are formed
from many weak hydrogen bonding and van der Waals contacts
along large regions or surfaces. The complicated sum of these
many individual interactions can still be described by a single
vectorial relationship that represents the geometry of the highly
directional lock-and-key interactions described above. Metal–
ligand interactions, on the other hand, are strong and highly
directional, and can be used in place of many weak interactions
to direct the formation of multi-metal coordination clusters.

There are examples of one-, two- and three-dimensional
polymeric assemblies using metals and ligands.10–16 There are
also numerous discrete structures, including helices, tetra-
hedra, squares and cubes among others.17–50 Most of these
interesting complexes have been discovered fortuitously by
systematic variation of ligand and metal components. Only

Fig. 1 Based on the crystal structure of human H chain ferritin,8 the
octahedral 24-subunit iron storage protein as viewed down the four-fold
(left) and three-fold (right) axes. The four helix bundle protein subunits
that directly interact at these symmetry axes are highlighted in yellow
and blue, respectively. The interaction at the four-fold axis, in which
the lock and key are 908 apart, requires the formation of tetramers.
Similarly, the interaction at the three-fold axis, in which the lock and
key are 608 apart, requires the formation of trimers.

recently has there been progress towards developing a rational
synthetic approach to the design and synthesis of such
architectures.17–19,21,25,36,38–40,48,51–53

In principle, the formation of clusters of any symmetry
should be possible. To do so, the symmetry elements of a par-
ticular point group need to be considered. In order to design a
cluster with D3 symmetry, an M2L3 triple helicate 41 for example,
both the C2 and C3 axes of the point group must be taken into
account. A C2-symmetric bis(bidentate) ligand can provide the
2-fold axis, while a metal ion with pseudo-octahedral coordin-
ation by three bidentate chelators can provide the 3-fold axis.
These symmetry axes must, however, be oriented 908 to one
another (Fig. 2). A cluster with T symmetry, an M4L6 tetra-
hedron 17,27,37,50,54 for example, is also possible with the same
combination of symmetry elements. In this type of cluster,
however, the C2 and C3 axes must be oriented 54.78 from one
another (Fig. 2).

Design strategies
The metal coordination geometry and the orientation of the
interaction sites in a given ligand provide the instructions, or
blueprint, for the self-assembly of the proposed cluster. As a
result, there are several important considerations in designing
these supramolecular assemblies based on metal–ligand inter-
actions. Firstly, we choose to use multi-branched chelating
ligands because of their increased preorganization and stronger
binding as a result of the chelate effect;55 although, there
are numerous examples of supramolecular assemblies based
upon multibranched monodentate ligands.25,26,36,40 Secondly,
the orientation of the multiple binding units within a ligand
must be rigidly fixed so that other, unwanted, cluster stoichio-
metries or geometries are avoided. Thirdly, because the self-
assembly of the thermodynamically-favored cluster from the
ligand and metal components involves the making of many
metal–ligand bonds, the metals should be labile so that “mis-
takes” resulting from the initial formation of kinetic products
can be corrected.

Catecholamide and hydroxamate ligands are excellent
choices for binding units in supramolecular complexes because
of the high stability and lability of these chelates with 13 metal
ions with octahedral coordination environments.56–61 Recently,
hydroxypyridinone 62 (HOPO) and pyrazolone 63 ligands have
also proven useful in synthesizing supramolecular clusters
(Fig. 3). Three catecholamide units coordinating a 13 metal ion
will generate a 23 charge for the M(catam)3 unit. In contrast,
the hydroxamates, hydroxypyridinones and pyrazolones will
form neutral M(ligand)3 units.

As part of our approach, the feasibility of the proposed
metal–ligand system is explored prior to ligand synthesis using
molecular mechanics calculations.64 Although these calcu-
lations do not guarantee that the proposed structure will
form, they do help eliminate unsuitable structures. If the
metal coordination and ligand geometry are correctly chosen,
the intended supramolecular cluster should be the only struc-
ture that satisfies the binding requirements of the metal, while
not creating unfavorable steric interactions in the ligands.

Fig. 2 The orientation of the C3 and C2 symmetry axes determines
whether a T symmetry tetrahedron or a D3 symmetry triple helix will
form.
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Definitions
In order to describe this approach to rational design, it will be
useful to define terms that more accurately describe the relevant
geometric relationships. The vector that represents the inter-
action between a ligand and metal is the Coordinate Vector
(Fig. 4).§ In the case of a monodentate ligand, this vector is
simply the one directed from the coordinating atom of the
ligand towards the metal ion. In the case of a bidentate ligand,
this vector bisects the bidentate chelating group and is directed
towards the metal ion.

When using chelating ligands, the plane orthogonal to the
major symmetry axis of a metal complex is the Chelate Plane
(Fig. 5); all of the coordinate vectors of the chelating ligands
lie in the chelate plane. Any symmetric coordination complex
cluster can be described in terms of the relationships between
these chelate planes. In principle, by careful pre-arrangement of
coordinate vectors in a multibranched ligand, programming of
a cluster of any symmetry or stoichiometry becomes feasible.

Although the twist angle 55 is a common measure of the

Fig. 3 Catecholamides, hydroxamates, hydroxypyridinones and pyr-
azolones are useful chelating units for synthesizing supramolecular
clusters because of their high stability and lability with 13 metal ions
such as Al(), Ga() and Fe().
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Fig. 4 In the case of a monodentate ligand, the Coordinate Vector is
the vector from the coordinating atom of the ligand directed towards
the metal center. In the case of a bidentate ligand, the coordinate vector
is the vector that bisects the chelating group and is directed toward the
metal ion.

§ Although we previously used the term chelate vector to describe
the interaction between a bidentate ligand and a metal ion, we now
use the term coordinate vector so that the term is more general and
applicable to describing the numerous supramolecular systems based
on monodentate ligands.

arrangement of three bidentate chelators around a metal ion,¶
the Approach Angle has the advantage that it provides a meas-
ure that can be readily compared to angles generated by a given
high symmetry cluster (Fig. 6). The approach angle is the angle
between the vector connecting the two coordinating atoms of
a bidentate ligand projected down the (pseudo) 2-fold axis of
the chelate group and the major symmetry axis of the metal
center. A twist angle of 608 corresponds to an approach angle
of 35.38, while a twist angle of 08 corresponds to an approach
angle of 08.

M2L3 Complexes
Triple helicates

The simplest multi-metal cluster contains two metal sites linked
by one or more ligands. When these two metal ions are linked
by three identical, C2-symmetric ligand strands the resulting
bimetallic cluster is called a triple helicate if both metal ions
have the same chirality. This chiral M2L3 complex has idealized
D3 symmetry: the C3 axis is coincident with, and the three C2

axes are perpendicular to, the helical axis of the complex. There
are numerous examples of clusters of this type (Fig. 7).19,45,65–69

An early example of a triple helicate is the iron() complex of
the dihydroxamate siderophore rhodotorulic acid (H211), which
is produced by the yeast Rhodotorula mucilaginosa (previously
R. piliminae).70,71 Rhodotorulic acid enantioselectively forms
a ∆-cis complex of Fe2113 stoichiometry at neutral pH, and
this complex is currently the only known naturally-occurring
example of a triple helicate (Fig. 8). Later, the Fe() complex
of a hydroxypyridinone (H212) analogue of rhodotorulic acid

Fig. 5 The plane orthogonal to the major symmetry axis of the metal
complex is the Chelate Plane. In the case of bidentate chelators, all of
the coordinate vectors lie in the chelate plane.

Fig. 6 An alternative measure of the arrangement of three bidentate
chelators around a metal ion is the Approach Angle, which is the
angle between the vector connecting the two coordinating atoms of a
bidentate ligand projected down the (pseudo) 2-fold axis of the chelate
group and the major symmetry axis of the metal center.

¶ A twist angle of 608 corresponds to that of a perfect octahedral metal
complex, while a twist angle of 08 corresponds to that of a trigonal
prismatic metal complex.
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Fig. 7 Ligands which form M2L3 triple helicates. Ligands 1,68 H42
45 and H43

67 form helicates with Co(), Ga() and Ti(), respectively. Ligands
H44–H410 were designed to make M2L3 triple helicates with 13 metal ions like Ga(), Al() and Fe().19,65,66 The arrows represent the coordinate
vectors, which should be parallel (or be able to become parallel upon complexation), pointing in the same direction if a triple helicate is to form.
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was structurally characterized (Fig. 8); the crystalline Λ,Λ-
Fe2123 complex encapsulates a molecule of water.72

As mentioned above, in order to rationally design an M2L3

triple helicate with idealized D3 symmetry, both C2 and C3 axes
must be encoded. Using a metal ion with pseudo-octahedral
coordination and a C2 symmetric bis(bidentate) ligand, these
symmetry axes can be generated (vide supra). These symmetry
axes must, however, be oriented 908 to one another. Because the
two metal centers share the same C3 helical axis, the two chelate
planes in a triple helix must be parallel (Fig. 9). Although a
flexible linker may allow for the formation of an M2L3 triple
helicate, a rigid linker can direct the formation of an M2L3 triple
helicate.

Based on this design strategy, a series of M2L3 triple helicates
based on ideally planar bis(bidentate) catecholamide ligands
has been synthesized (H44–H410, Fig. 7).19,65,66 The rigid aro-
matic linkers serve to maintain preorganization of the ligand,
since other topologies are possible when flexible linkers are used
(vide infra).|| The chelate vectors, indicated as arrows, are parallel

|| Note, however, that a rigid backbone is not necessary if the linker is
short enough to prevent both ends of the ligand from coordinating a
single metal.45,67

and point in the same direction within each ligand. Molecular
mechanics calculations indicated that for each of these ligands
the chiral helicate was lower in energy than the meso-M2L3

cluster.64 The M2L3 stoichiometry was confirmed by both fast
atom bombardment (FAB) and electrospray mass spectrometry.
The crystal structure of the Ga() complex of H45 is shown
in Fig. 10 and confirms that the rigid ligand forms a racemic
mixture of homochiral triple helicates with Ga().

Triple mesocates

A non-chiral M2L3 cluster has a ∆-configuration at one and a
Λ-configuration at the other metal center, and, therefore, will be
called a meso-complex or a mesocate.** This type of cluster
has idealized C3h symmetry: rather than having three C2 axes
perpendicular to the C3 axis, there is an orthogonal mirror
plane that relates the ∆- to the Λ-configured metal center. What
factors control the formation of a mesocate versus a helicate?
Although it has been proposed that the length of an alkyl
spacer between two chelating moieties may direct helicate versus
mesocate formation 73,76 or that a chiral ligand may be able to

** Since a helix by definition is chiral, the term meso-helicate 73–75 is an
oxymoron and will not be used.
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Fig. 8 The dihydroxamate siderophore rhodotorulic acid forms an enantiomerically pure ∆,∆-triple helicate with Fe().70,71 The bis(hydroxypyr-
idinone) ligand H212 was synthesized as a rhodotorulic acid analogue and forms a rac-(∆∆/ΛΛ) Fe2123 triple helicate encapsulating a molecule of
H2O.72
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induce a helical twist in an M2L3 complex these explanations do
not seem convincing.45

Recently we have presented the first example of a ligand
(H213) that makes both a helicate and a mesocate.77 Remark-
ably, the X-ray analysis showed that in the solid state the Al2133

complex is a chiral helicate (racemic), while the Ga2133 complex
is an achiral mesocate (Fig. 11). Although both complexes con-
tain the same ligand, the structures are markedly different: the

Fig. 9 In a D3 symmetric triple helicate, the chelate planes are parallel.
The spheres represent the pseudo-octahedral metal ions, the rods
represent the ligands, and the arrows on the ligand rods indicate the
coordinate vectors.

Fig. 10 The crystal structure of the triple helicate [Ga273]
62.

distance between the two metal centers in Al2133 is 7.13 Å, while
in Ga2133 this distance is 9.74 Å. The structures show that the
helical cavity of Al2133 contains one encapsulated water mole-
cule, while no encapsulated solvent was found in the Ga2133

mesocate (Fig. 11). The encapsulated water molecule in Al2133

is in close contact (2.9–3.0 Å) with six phenolic oxygen atoms
that are pointing into the helicate cavity. The rather polar cavity
of Al2133 forces the six hydrophobic methyl groups of the ali-
phatic linkers to point outwards. Only three methyl groups in
Ga2133 are pointing outwards, while the remaining three methyl
groups are directed into the cluster interior and are shielded
from interaction with the solvent (Fig. 11).

Other topologies

Other topologies are also possible for M2L3 clusters. For
example, the dihydroxamate siderophore alcaligin forms an
M2L3 complex with Fe() in which each metal center is
coordinated by one tetradentate and one bridging bis(bi-
dentate) alcaligin ligand (H214, Fig. 12).78 A similar structure
type has recently been reported by McCleverty and coworkers
(15, Fig. 12).27 The alcaligin topology is more likely with the use
of flexible ligands that can wrap around and coordinate a single
metal ion, thus the use of rigid linkers can be used to avoid this
topology.

M4L6 Complexes
Another cluster with the same ligand to metal ratio as the M2L3

triple helicate is the M4L6 tetrahedron, where the four metal
ions act as the vertices and the six ligands act as the edges of the
tetrahedron. Depending on the chiralities at the metal centers,
the cluster can have either idealized C3 (∆ΛΛΛ/Λ∆∆∆), S4

(∆∆ΛΛ) or T (ΛΛΛΛ/∆∆∆∆) symmetry. The first examples of
M4L6 tetrahedral clusters were the surprises that Saalfrank and
coworkers characterized as adamantoid-type clusters of both
S4 and T symmetry (H216 and H217, Figs. 13 and 14).50,54,79

Remarkably, an ammonium cation was found to be encapsu-
lated by one of these tetrahedral clusters.50

We have demonstrated the utility of the incommensurate
symmetry interaction model in two approaches to the rational
design of such clusters. Both approaches employ an ideally
planar C2-symmetric bis(bidentate) ligand with a rigid back-
bone, but the orientation of the C2 axis of the cluster with
respect to the plane of the ligand differs. In the first design
strategy, the 2-fold axis of the tetrahedron is intended to lie in
the same plane as that defined by the ligand (Fig. 15). Since the
chelate vectors must lie within the chelate planes at each of the

http://dx.doi.org/10.1039/a808370c
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Fig. 11 Ligand H213 forms both a chiral helicate (left) and an achiral mesocate (right).77 The pictures are based on the X-ray structure coordinates.
The Al2133 helicate has a molecule of water in the cluster cavity similar to a previously reported iron() complex of a rhodotorulic acid analogue.72

four metal vertices, the angle between the chelate vectors within
a given ligand must be 70.68. (This angle is simply the sup-
plementary angle to 109.48, which is the angle between the
3-fold axes in a tetrahedron.) A 608 angle is formed for ligands
H218 and H419 (Fig. 14); thus, the targeted structure can be
achieved with only slight out of plane twisting by each of the
chelating groups.

Microcrystalline precipitates of Fe4186 or Ga4186 were
obtained from the reaction of Fe(acac)3 or Ga(acac)3 with H218
and triethylamine in methanol.51 Both complexes show intense
peaks for the M4L6 molecular ions in the FAB1 mass spectrum.
In addition, the crystal structure of Ga4186 revealed that the
tetrahedral cluster has S4 symmetry (two ∆ and two Λ metal
centers) in the solid state (Fig. 16). The ligand backbone is
coplanar with the S4 axis, and there is a substantial cavity,
which is partially open to the outside, in the cluster. Four

Fig. 12 The dihydroxamate siderophore alcaligin 78 (H214) and the
recently reported ligand (15) from McCleverty and coworkers 27 form
M2L3 clusters of the above topology with Fe() and Ni(), respectively.
The lines represent the ligands and the spheres represent the metal ions.

Fig. 13 As described by Saalfrank and coworkers, ligands H216 (left) 79

and H217 (right) 54 form M4L6 tetrahedral clusters with Fe().†† The
cluster on the left has idealized S4 symmetry, while the cluster on the
right has idealized T symmetry and encapsulates a molecule of NH4

1

(yellow).

†† One of the four iron atoms in the cluster on the left is Fe().

crystallographically identical DMF molecules partially fill the
cavity. The average carbon to carbon distance between the
DMF methyl groups within the cluster cavity is 4.0 Å.

Ligand H419 also appears to form a tetrahedral cluster with
Ga() (Fig. 16).80 The cluster K12Ga4196 precipitates from a
methanol solution containing H419, Ga(acac)3 and KOH after
six to eight hours. The 1H NMR spectrum (D2O) of the micro-
crystalline product shows only one set of ligand peaks, indicat-
ing a high symmetry solution structure on the NMR timescale.
In addition, preparation of the complex in the presence of
excess ligand does not disrupt the formation of the desired clus-
ter: the 1H NMR spectrum of this mixture shows two sets of
peaks, one for the free and one for the coordinated ligand.
Unfortunately the high charge (212) of the cluster has made
obtaining X-ray quality single crystals difficult. The major ions
observed in the electrospray mass spectrum (low resolution)
match those expected for [K14Ga4196]

21, [K15Ga4196]
31 and

[K16Ga4196]
41.

In the second design strategy, the 2-fold axis of the tetra-
hedron is designed to be perpendicular to the ligand plane
(Fig. 17). The ideally planar ligand should have parallel
coordinate vectors that point in opposite directions. To under-
stand this design it helps to view the tetrahedral cluster as a
truncated polyhedron. If the six ligands are to act as the six
2-fold symmetric faces (shown in blue) of the polyhedron, then
the angle between the chelate planes (shown in red) is no longer
important. The angle between the extended 2-fold plane (blue)
and the C3 axis of the cluster is important, however, as this
corresponds to the approach angle. This approach angle is 35.38
and corresponds to a perfect octahedral metal complex with a
608 twist angle. Clusters based on this design should be homo-
chiral with idealized T symmetry (i.e., all ∆ or all Λ metal
centers).

Ligands H420 17 and H421 81 were designed to form M4L6

tetrahedral clusters based on this strategy (Fig. 18). Molecular
modeling 64 of the metal complexes [M = Ga(), Fe()] of
H420 indicated that the cluster would have a substantial cavity
(250–350 Å3). Solution and solid state observations showed
that one of the Et4N

1 counterions is encapsulated within the
[M4206]

122 [M = Ga(), Fe()] cluster interior. The 1H NMR
spectrum (D2O) of K5(Et4N)7[Ga4206] showed two sets of
Et4N

1 resonances split in a 6 :1 ratio. The larger set of Et4N
1

peaks was shifted slightly upfield‡‡ from free Et4NCl (δ = 3.26, q;
1.27, t), while the smaller set was shifted substantially upfield,
showing up at negative ppm (δ = 20.70, m; 21.59, t)! Based on
literature precedent,27,48,82–86 this extreme upfield shift was taken
as an indication of the encapsulation of one Et4N

1 cation by
the tetrahedral cluster host. This assertion was further corro-

‡‡ The upfield shifts of the exterior Et4N
1 resonances are attributed to

a strong π-cation interaction between the aromatic naphthalene and
catechol rings of the ligands and the Et4N

1 counterions.
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Fig. 14 Ligands H216 and H217 formed M4L6 tetrahedral clusters as the result of fortuitous accidents. One approach to the rational design and
synthesis of such clusters relies on the coordinate vectors (arrows) being 70.68 from each other. Ligands H218 51 and H419 80 form tetrahedral clusters
based on this design.
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borated in the crystal structure of K5(Et4N)7[Fe4206] (Fig. 19),
in which the naphthalene rings of the ligands are twisted
around the arene–N bond so that they are in van der Waals
contact with the encapsulated Et4N

1. The distance between the
iron atoms in the T symmetry cluster is 12.8 Å, bringing the
cluster just into the nanometer regime.

In an attempt to make a similar cluster with a larger cavity,
ligand H421, based on a 2,7-diaminoanthracene backbone, was
prepared (Fig. 18). This ligand also forms an M4L6 tetrahedral
cluster, but only in the presence of an alkylammonium guest.
The 1H NMR spectrum (D2O) of (Me4N)8[Ti4216] shows a
single highly symmetric product with two Me4N

1 resonances in
a ratio of 7 :1 (δ = 3.97; 22.6). The presence of an extremely

Fig. 15 One approach to the synthesis of M4L6 tetrahedral clusters
relies on the plane of the ligand being coincident with the 2-fold axis of
the tetrahedral cluster. As such, the coordinate vectors within a given
ligand must be oriented 70.68 from each other.

Fig. 16 Viewed down the crystallographic S4 axis, the structure of
Ga4186 (left) revealed four DMF solvent molecules (yellow) pointing
into the cluster cavity.51 The minimized 64,80 structure of the T symmetry
isomer of the proposed [Ga4196]

122 tetrahedron is shown (right). Notice
that the highlighted ligands are nearly planar and that these planes are
coincident with the 2-fold axes of the clusters.

upfield-shifted Me4N
1 resonance (22.6 ppm) in a ratio of one

Me4N
1 to six ligands can be interpreted as a direct indication

of the encapsulation of one Me4N
1 by the tetrahedral cluster

[Ti4216]
82.17,27,48,82–86 Again, this conclusion was corroborated in

the crystal structure of (Me4N)8[Ti4216] (Fig. 20); one mole-
cule of Me4N

1 is located in the cavity of the T symmetry
cluster. The distance between the titanium atoms averages
16.1 Å.

However, in the absence of an alkylammonium guest mole-
cule, H421 forms an M2L3 triple helicate with Ti() (Fig. 20).81

Although the metal centers within a given complex have the
same chirality, the overall structure is significantly distorted
from idealized D3 geometry. The local pseudo-C3 axes at the
two metal centers are not aligned, and two of the anthracene
rings are oriented with their edges directed into the cluster
interior, while the third anthracene ring is oriented approxi-
mately perpendicular to the plane bisecting the two former
anthracene ring planes. This third ligand is substantially non-
planar. It is apparent that the greater bridge length and flexibil-
ity of the anthracene ligand allows for the formation of the
M2L3 structure, but just barely.

Other recently reported T symmetry M4L6 tetrahedral clus-
ters illustrate the generality of the incommensurate symmetry
interaction design strategy (Figs. 18 and 19). McCleverty and
coworkers 27 synthesized ligand 15, which forms a tetrahedral
cluster with Co(). Solution and solid state evidence indicate
that a molecule of BF4

2 is encapsulated in the cluster cavity.
Although the ligand backbone is perpendicular to the ends
of the ligand, the two chelating ends are essentially coplanar
and perpendicular to the pseudo-two-fold axis of the cluster.
In addition, the coordinate vectors are parallel and point in
opposite directions. Another example for the utility of the
design is the tetrahedral Ga() cluster by Stack and coworkers
based on ligand H422.37 The ligand is essentially planar and

Fig. 17 One can envision an M4L6 cluster in which the six ligands act
as the six 2-fold symmetric faces (blue) of the truncated polyhedron.
This design is ideally suited for a metal center with perfect octahedral
coordination (i.e., approach angle = 35.38 or twist angle = 608).
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Fig. 18 Ligands H420 and H421 were designed to make M4L6 tetrahedral clusters. Based on this new design strategy, the coordinate vectors (arrows)
in a ligand should be parallel and point in opposite directions. Ligands 15 27 and H422 37 are recently reported examples of ligands that form
tetrahedral M4L6 clusters and illustrate this design strategy.
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perpendicular to the pseudo-two-fold axis of the T symmetry
cluster. Again, the parallel coordinate vectors point in opposite
directions.

M4L4 Complexes
An approach to the synthesis of M4L4 tetrahedral clusters has
also been developed. In an M4L4 tetrahedral cluster the metal
ions occupy the four vertices and the ligands occupy each of the
four faces of the tetrahedron (Fig. 21). This implies that both
the ligand and the metal ion must have 3-fold symmetry. As in

Fig. 19 H420 forms an M4L6 tetrahedral cluster with Ga() and
Fe(). The crystal structure of the [Fe4206]

122 cluster is shown at the
top with the encapsulated Et4N

1 shown in yellow. Ligands 15 and H422
also form M4L6 tetrahedral clusters with Co() and Ga(), respectively.
The crystal structures of BF4

2 ⊂ [Co4156]
81 (bottom left) 27 and [Ga4-

226]
122 (bottom right) 37 are shown. Note the similarity of the conform-

ation of the highlighted ligand in each structure: the ligands are nearly
planar, and the coordinate vectors are parallel and point in opposite
directions.

the previously described M2L3 helicates and M4L6 tetrahedra,
three bidentate ligands coordinating a pseudo-octahedral metal
ion can generate a 3-fold axis at the metal. Rather than using
a C2-symmetric ligand, a C3-symmetric ligand can be utilized.
This ligand must be rigid, however, so that no two chelating
moieties on the ligand can coordinate a single metal ion. Ligand
H623 satisfies this requirement (Fig. 21).18

If the ligand is ideally planar, as in the case of H623, then the
approach angle for this type of cluster is 19.48 (Fig. 22). This
ideal angle is less than four degrees from the approach angle
of 238 (corresponding twist angle = 408) observed for tris-
(catecholate) complexes of Ti(), Ga() and Fe();56,61,87

therefore, this design seems optimized for metal ions with sig-
nificant distortions toward trigonal prismatic geometry.

Ligand H623 reacted with Al(), Fe() and Ga() under
basic conditions to give precipitates whose 1H NMR and mass
spectra indicated the expected M4L4 species.80 The high charge
(122) of these clusters precluded the isolation of X-ray quality
single crystals, however, because of the large number of
countercations to be ordered in a crystalline lattice. The use of
higher oxidation state metal ions [e.g., Ti() and Sn()], des-
pite reducing the lability of the metal–ligand system, would
lower the overall charge of the cluster to 82, thus reducing the
number of countercations. With this in mind, the Ti() and
Sn() complexes of H623 were prepared, and X-ray quality
crystals were obtained of the (Et3NH)8[Ti4234] complex (Fig.
22).18 The cluster is a racemic mixture of homochiral tetrahedra
(either all ∆ or all Λ configuration within a given cluster). There
is no evidence that the small cavity of the tetrahedron contains
a guest, as observed in the previously described M4L6 clusters.

The manganese() cluster reported by McCleverty and
coworkers using ligand 24 further illustrates that a 3-fold sym-
metric tris(bidentate) ligand can be used to synthesize homo-
chiral M4L4 tetrahedral clusters by self-assembly (Fig. 23).

Two metal clusters
We have recently demonstrated the rational design of a
M2M93L6 mixed-metal cluster in which, rather than using a
symmetric ligand to generate a symmetry element, two different
metals generate the two incommensurate symmetry elements
(Fig. 24).89 In principle, the ligand H225 forms part of an
asymmetric unit of the cluster and must have two different
incommensurate symmetry interaction sites. As described
earlier, a chiral triple helicate has idealized D3 symmetry, while
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Fig. 20 Ligand H421 forms an M2L3 helicate in the absence of a Me4N
1 guest, but an M4L6 tetrahedron in the presence of Me4N

1. The crystal
structures of [Ti2213]

42 (left) and Me4N
1 ⊂ [Ti4216]

82 (right) are shown.81

an achiral triple mesocate has C3h symmetry. Therefore, to syn-
thesize a mixed-metal helicate (or mesocate) of stoichiometry
M2M93L6, one must consider a three-fold interaction site and an
orthogonal two-fold (mirror plane) interaction site (Fig. 24).

As already illustrated, catechol ligands are relatively hard
donors and generate a C3 axis when forming a tris-chelate with
hard, trivalent or tetravalent metals [e.g., Al(), Ga(), Fe(),
Sn(), Ti()].56,59,61,90,91 Phosphine ligands, on the other hand,
are soft donors and can generate a two fold axis or mirror plane
when coordinated to a square planar metal [e.g., Pd() or Pt()]
in a trans fashion.92,93 A ligand containing both these func-
tionalities arranged in the proper geometry can assemble a
M2M93L6 cluster, because it is the smallest discrete species that
would simultaneously fulfill the two orthogonal symmetry
requirements.

Fig. 21 An M4L4 tetrahedral cluster with the metals on the vertices
and ligands on the faces of the tetrahedron can be synthesized using
ligand H623.

Fig. 22 If the ligand is ideally planar, as in the case of H623, then the
angle that the 3-fold face (yellow) of the tetrahedron makes with the C3

axis is 19.48 and corresponds to the approach angle. The crystal struc-
ture of [Ti4234]

82 is shown (right).18

The crystal structure of Cs4[Ti2256(PdBr2)3] shows that the
complex has C3h symmetry (Fig. 25); the cluster is a mesocate
with one of the titanium atoms having ∆- and the other hav-
ing Λ-configuration. Significantly, three of the Cs1 counter-
ions are located in clefts of the cluster (Fig. 25). Each is
coordinated by four of the catecholate oxygens and two mole-
cules of THF. The clefts of the cluster are so deep that the
coordinating THF molecules can also be described as being
buried. The palladium-coordinated bromine atoms are not in
van der Waals contact with the caesium atoms, but they do
shield the caesium atoms from other solvent molecules, help-
ing to explain the low coordination number (6) of the Cs1

cations.

Fig. 23 McCleverty and coworkers reported the M4L4 tetrahedron
[Mn4244]

41. The manganese atoms are ferromagnetically coupled.88

Fig. 24 A cluster with D3 (or C3h) symmetry can be designed using an
asymmetric ligand H225.89 Interaction of the catechol moiety with an
octahedral metal ion (blue spheres) can generate the necessary C3 axis,
while interaction of the phosphine moiety with a square planar metal
ion (red spheres) can generate the C2 axis (or mirror plane). Simul-
taneous satisfaction of these two symmetry requirements can lead to a
cluster with D3 (or C3h) symmetry.
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Fig. 25 In the stereoview (top) of [Ti2256(PdBr2)3]
42 the Pd atoms are colored purple and the titanium atoms are colored orange. Viewed down the

crystallographic 3-fold axis, this space filling model shows the buried caesium cations (green) and their coordinated THF molecules. The hydrogen
atoms are omitted for clarity.89

m(MxLy) versus n(MxLy) clusters
Especially with high symmetry structures, it is imperative to
have molecular weight data if structure assignment is to be cer-
tain, as there are several examples of ligands that make clusters
of both m(MxLy) and n(MxLy) stoichiometries. McCleverty and
coworkers reported that ligand 15 makes an M4L6 tetrahedron
with Co() but an M2L3 alcaligin-type cluster with Ni() (Figs.
12, 18 and 19).27 We have reported that ligand H421 makes an
M4L6 tetrahedron in the presence of an alkylammonium guest
but an M2L3 triple helicate in the absence of guest (Fig. 20).81

Lehn and coworkers have reported both penta- and hexa-
nuclear circular helicates of Fe() using ligand 26; in the
absence of a Cl2 guest the hexanuclear circular helicate forms,
while in the presence of Cl2 the pentanuclear helicate forms
(Fig. 26).42 It has been similarly suggested that molecular
“squares” (27) are in equilibrium in solution with molecular
“triangles” (28) as shown in Fig. 27.31,94 In each of the above
examples, the metal–ligand ratio is the same between the two
structures, and therefore spectroscopic evidence or analytical
data is of limited value. Only high resolution mass spectrometry
or X-ray diffraction data could distinguish between an m(MxLy)
or an n(MxLy) structure.

Recently Stang and coworkers reported the synthesis of a
nanoscale molecular hexagon (29, Fig. 27).39 Characterization
of this compound included spectral and analytical results, but
did not include mass spectrometry or crystallographic data.
The formulation of the complex as a hexagon was based on the
use of a linker with a 1208 bond angle. The discrepancy between
the 1208 angle needed for a hexagon and the 1088 angle needed
for an analogous pentagon, for example, is easily accounted
for when one considers the size of the molecule. One edge of
either of these macrocycles is over 23 Å. This includes seven
angles that, when compared to analogous angles taken from the
Cambridge Structural Database,95 would be expected to deviate
from the ideal by two to three degrees each. This is more than
enough to make up for the necessary 128 per edge. Even the
previously reported “molecular square”, based on 908 angles,

has corner angles around square planar platinum of 838.96

Independent molecular modeling 64 of both the hexagon (29)

Fig. 26 Lehn and coworkers reported that the hexadentate bipyridine
ligand 26 shown above makes a pentanuclear [Fe5265]

101 circular heli-
cate with Fe() in the presence of the guest Cl2, but a hexanuclear
[Fe6266]

121 circular helicate in the absence of Cl2.42
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Fig. 27 Fujita and coworkers have presented evidence that suggests the molecular “square” (27) and “triangle” (28) shown above are in equilibrium
in solution.94 Stang and coworkers have suggested that the molecular “hexagon” (29) exclusively forms from the ligand and metal components based
on the use of a linker with a 1208 angle.39 Independent molecular modeling 64 of both the proposed hexagon and an analogous pentagon reveal no
obvious steric interactions that would cause the hexagon to be favored over the pentagon.

and the pentagon (30) revealed no obvious steric interactions
or strain around the metal centers in either proposed structure
(Fig. 27). While NMR data can point to the existence of a
symmetric structure, and both NMR and elemental analysis
can determine metal–ligand or ligand–ligand9 ratios, only mass
spectrometry or crystallographic data can give the full formula
and structure.

Dynamics of supramolecular clusters
The geometric requirements for synthesizing clusters of various
stoichiometries and symmetries are beginning to be under-
stood. It is less clear, however, how these clusters assemble in
solution from the ligand and metal components, and once
assembled, how the clusters function. For example, how is
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geometric information transmitted between the multiple
coordination sites of a given ligand? Is there coupling of the
isomerization of chiral metal centers and, if so, what is the
magnitude of this coupling as transmitted through the rigid
ligand? For clusters that recognize and encapsulate guest mole-
cules, what are the factors controlling the recognition process
and how do guests enter and exit the cluster cavity?

M2L3 Triple helicate stereo-isomerism dynamics

When using rigid ligands to synthesize triple helicates, the
chirality of the first metal center should induce the same chir-
ality at the second metal center, so that only ∆∆- and ΛΛ-
configured complexes are present. The magnitude of the
mechanical coupling between the two metal centers and the
mechanism of the inversion reaction have been investigated
using the dinuclear Ga() complexes of ligands H48–H410 and
similar mononuclear Ga() complexes based on simple biden-
tate catecholamide ligands.65,66,97 The methyl groups on the iso-
propyl substituents of H48 are magnetically equivalent in the
free ligand, but become magnetically inequivalent around the
chiral metal center.

The activation parameters for this process were derived from
an Eyring plot of the first-order rate constants calculated by
line shape analysis. Consistent with an intramolecular mech-
anism, these parameters are not solvent dependent. The free
energy inversion barrier (∆∆ ΛΛ) for K6[Ga283] in
DMSO-d6 (79.8 kJ mol21) or D2O solutions (78.7 kJ mol21,
pD = 12.1) is only 1.2 times higher compared to the correspond-
ing mononuclear complex. Two limiting cases for coupling of
the two metal centers and their chirality can be considered: for
weak coupling the barrier should remain essentially unchanged.
However, for very strong coupling the two centers must move
through the trigonal-prismatic transition state simultaneously
(Fig. 28), and consequently the activation barrier would be
expected to be effectively twice the barrier for inversion of the
mononuclear complex. The kinetic data show weak coupling of
both metal centers that is about 22.6 kJ mol21. Thus, it is con-
cluded that inversion of the Λ,Λ- and ∆,∆-[Ga283]

62 helicates
involves the heterochiral Λ,∆-[Ga283]

62 anion as an intermedi-
ate, which is produced by a single twist event along the reaction
pathway.

At lower pD a second mechanism becomes dominant in
D2O. In contrast to the mononuclear complex, the dinuclear

Fig. 28 Potential energy diagrams and stereochemical courses for
intramolecular inversion of (a) the mononuclear complex and (b) the
Λ,Λ-[Ga283]

62 and ∆,∆-[Ga283]
62 dinuclear complexes involving the

heterochiral Λ,∆-[Ga283]
62 as an intermediate (solid lines). Inversion

with a hypothetical, concerted twisting of both metal centers is
indicated by a dashed line.

K6[Ga283] helicate shows a second order proton dependence
below pD = 7. This constitutes a remarkable confirmation of
the mechanism outlined in Fig. 28: inversion of one center,
which occurs rapidly because of the single protonation, does
not change the overall chirality owing to the higher energy of
the heterochiral intermediate and its consequent short lifetime.
Only when the second metal center is also protonated can the
overall inversion of the helicate occur. In the absence of mech-
anical coupling of the metal centers only a single proton
dependence would be expected because the heterochiral inter-
mediate would have the same energy as the homochiral anions
and, consequently, a long lifetime.

rac-(ÄÄ/ËË)-M2L3 Helicate to ËÄ-M2L3 mesocate
interconversion dynamics

As noted earlier, in the solid state H213 forms a helicate with
Al() but a mesocate with Ga() (Fig. 11).77 The methyl sub-
stituents in the H213 backbone serve as markers for following
the solution structure of the metal complexes by 1H NMR; in
the helicate these two methyl groups are equivalent, while in the
mesocate the methyl groups are diastereotopic. As expected for
the mesocate, the 1H NMR spectrum of Ga2133 in DMSO-d6

shows two singlets for the methyl groups in the ligand spacer;
however, the presence of an additional singlet indicates that the
helicate form of this complex is also present in solution. Vari-
able temperature 1H NMR experiments reveal that these two
structures are in thermodynamic equilibrium, with the helicate
being preferred at high temperatures. Additional investigations
revealed that the spontaneous meso-to-helix conversion is an
entropy-driven process, which must be a consequence of differ-
ent numbers of solvent molecules associated with the two forms
of the complex.77 While Al2133 also displays dynamic behavior,
it is considerably slower than the corresponding Ga() com-
plex. It has been previously shown that inversion of Ga()
helicates is fast on the NMR time scale and proceeds through
an intramolecular Bailar twist.65,66,97 Inversion of configuration
in mononuclear Al() and Ga() complexes proceeds through
the same mechanism,98,99 and the isomerization or exchange
rates for Ga()-trischelates are consistently faster than for
Al()-trischelates.100

Stereoisomerism in M4L6 tetrahedral clusters

As described, the M4L6 tetrahedral cluster based on ligand
H218 crystallizes as the S4 isomer (∆∆ΛΛ chiralities at the four
metal vertices).51 Low temperature 1H NMR experiments
reveal, however, that Ga4186 is a mixture of T (∆∆∆∆/ΛΛΛΛ),
C3 (∆ΛΛΛ/Λ∆∆∆) and S4 (∆∆ΛΛ) isomers in solution
(CDCl3).

20 With decreasing temperature the broad resonance of
one of the ligand protons, which is pointing into the cavity,
splits into five distinct peaks, representing the three isomers.

The integration of the peaks at 220 K yields a ratio of
C3 :S4 :T isomers of 58 :38 :4. If the distribution between the
isomers were purely statistical, one would expect the ratio of
C3 :S4 :T isomers to be 50 :37.5 :12.5. Although the isomers are
not present in an exact statistical distribution, the distribution
shows that the stabilities of the three isomers are very similar,
and, therefore, the mechanical coupling between the metal
centers is negligible.

Ligand exchange in hydroxamate iron() complexes has
been previously studied,58 but isomerization of a simple tris-
hydroxamate iron() or gallium() complex is certainly too
fast to follow by NMR. The slower rate of interconversion
detected here can be attributed to the geometric properties of
the ligand and the cluster. In order for a metal center to change
its chirality it is necessary to pass through a trigonal prismatic
transition state. Since four coordination centers are tethered in
the tetrahedron, the Bailar twist is the only mechanically pos-
sible rearrangement. To do this, the ligands in contact with the
active metal must pass through a conformation in which the
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ligand’s two coordinate vectors can not coexist in the chelate
planes of each metal center. In effect, because the ligand main-
tains an angle of only 608 in its planar form it forces a very
distorted trigonal prismatic intermediate.

The stereochemical courses and potential energy diagram
for the isomerization of ∆∆∆∆ to ΛΛΛΛ cluster are drawn in
Fig. 29. In order to isomerize from ∆∆∆∆ to ΛΛΛΛ, the cluster
has to go through all intermediate stereoisomers. Since both
NMR observations and MM2 calculations suggest that all
these isomers are very close in energy, they are drawn here at the
same energy level. The potential energy diagram can be then
simplified if we assume that isomerization of ∆∆ΛΛ to ∆∆∆Λ
will have the same energy barrier as its isomerization to ∆ΛΛΛ,
since both processes require inversion of configuration at only
one metal center. The inversion from ∆∆∆Λ to ∆∆∆∆ must have
the same energy barrier as inversion of ∆ΛΛΛ to ΛΛΛΛ, since
these are mirror image processes. Coalescence of the 1H NMR
resonances is observed at 300 K, corresponding to an activation
barrier of 58 kJ mol21.

Self-recognition in M2L3 triple helicates

A different issue of designed order was addressed in a family
of helicate complexes of varying, but fixed, metal–metal dis-
tance. It was intended that the information stored in rigid
bis(catecholamide) ligands (H44–H46, Fig. 7) be used to over-
come the intrinsic disorder of mixtures to produce a highly
ordered system of complexes in solution. These ligands are
unique in that, because of the rigidity and varying distances
between the catecholamide functionalities, it is geometrically
impossible to form a mixed ligand (M2L2L91)

62 complex. There
are few synthetic examples of self-recognition, despite nature’s
ability to perform this feat in many ways. Lehn and coworkers
have demonstrated the self-recognition of double stranded
copper() helicates that differ in the number (2–5) of metal
coordination sites.101 More recently Stack and coworkers
have shown that racemic mixtures of chiral ligands stereo-
selectively form complexes in which all ligands are of the same
chirality.37,102

When mixtures of any two or all three of the ligands shown
in Fig. 7 are equilibrated at room temperature with Ga(acac)3 in
basic methanol, both 1H NMR spectroscopy and electrospray
mass spectrometry indicate that only the individual complexes
form (Fig. 30). Remarkably, no oligomeric or mixed-ligand
species are observed in solution.

Selective encapsulation of alkylammonium guests by a
tetrahedral cluster host

The tetrahedral cluster [Ga4206]
122 shows remarkable dis-

crimination between alkylammonium guests.17 There are orders
of magnitude differences between the association equilibrium

Fig. 29 Potential energy diagram and stereochemical courses for
intramolecular inversion of the T symmetry (ΛΛΛΛ/∆∆∆∆), C3 sym-
metry (ΛΛΛ∆/∆ΛΛΛ) and S4 symmetry (ΛΛ∆∆) isomers of Ga4186.

constants, Keq, for Me4N
1, Et4N

1 and Pr4N
1, and these dif-

ferences allow for the quantitative step-wise exchange of one
guest for another (Fig. 31). If Pr4N

1 is added to a solution of
K6(Me4N)6[Ga4206], the Pr4N

1 quickly (<1 min) and quanti-
tatively is incorporated into the cluster cavity, displacing
Me4N

1. In turn, if Et4N
1 is added to this same solution, the

Et4N
1 displaces the Pr4N

1 rapidly (<1 min) and quantitatively!
In the presence of either Me4N

1, Et4N
1 or Pr4N

1, the tetra-
hedral cluster selectively encapsulates Et4N

1. No mixtures are
observed by 1H NMR.

The thermodynamic parameters for the inclusion reaction in
water have been determined by measuring the temperature
dependence of the association equilibrium constants (Keq).82

Since the exchange between free and encapsulated guests is slow
on the NMR time scale, their relative concentrations can be
determined by integration of the corresponding 1H NMR
resonances. In the absence of any other guests the cavity of the
[Ga4206]

122 host will most likely be filled with solvent molecules.
Both 39K NMR spectroscopy and the lack of a K1 concen-
tration dependence on the equilibrium values suggest that the
K1 cations are located outside the cavity and do not interact
with the interior of the cluster.

The van’t Hoff plots for the encapsulation of Me2Pr2N
1,

Pr4N
1 and N,N,N9,N9-tetramethyl-1,3-propanediammonium

by the host [Ga4206]
122 anion show that encapsulation of the

cationic guests into this dodecaanion is an endothermic process.
The enthalpies and entropies are both positive; the encapsu-
lation is an entropy-driven process.

Encapsulation of a cation by a dodecaanion is endothermic
due to the very large, and dominant, solvation enthalpies of the
ions (Fig. 32). The free energy of hydration is predicted by the
Born equation to be 2162 z2 r21 kcal mol21, where z are units of
charge and r the diameter of the ion in Å.103 The corresponding
entropy of hydration is 22.8 z2 r21 kcal mol21 at 298 K, predict-
ing a ∆H of hydration of 2165 z2 r21 at 298 K. Because ∆H
of hydration is z2 dependent, solvation of the 212 anion is
the largest term. This and the cation solvation override the
enthalpy gained on partial charge neutralization. This model
also makes a clear prediction that higher charge cations will not
be encapsulated and that highly solvated, singly charged cations
(i.e., K1) should be poor guests. These predictions are con-
firmed by the observed behavior.

The major entropy terms in the host–guest complexation
reaction are all positive. A large entropy gain upon host–guest
complexation is predicted based both on desolvation of the ions
and release of encapsulated water by the host (Fig. 33). This
model is consistent with other examples of ion pairing or com-

Fig. 30 Schematic representation of self-recognition in gallium()
triple helicates. The different sized rods represent the different length
ligands. Spheres represent the gallium ions.

Fig. 31 Schematic representation of stepwise guest exchange from the
cavity of the tetrahedral cluster [Ga4206]

122. The red spheres represent
Me4N

1, the green spheres Pr4N
1 and the blue spheres Et4N

1.
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plexation of metallic ions with anionic ligands, which are also
entropically driven processes.104

We have further investigated the role of solvent by measuring
the thermodynamic parameters of the encapsulation of alkyl-
ammonium cations by the tetrahedral cluster [Ga4206]

122 in
various solvents.105 The ∆G values for the encapsulation event
show excellent correlation with several empirical scales that
describe the polarity of the solvent, suggesting that the selectiv-
ity and extent of inclusion depends on the solvation of the
dodecaanionic host and the cationic guest.

Guest-induced M2L3 helicate to M4L6 tetrahedron conversion

We have shown that two different clusters,81 a triple helicate and
a tetrahedron, can be prepared using identical ligand (H421)
and metal components (Fig. 20).27,37,42,43,106–109 Simply the add-
ition of an appropriate guest is enough to shift the equilibrium
from the entropically preferred helicate to the tetrahedron.
Since the only difference in the two systems described above
is the presence or absence of Me4N

1, it should be possible to
transform a triple helicate into a tetrahedral cluster simply
upon addition of Me4N

1. In order to test this hypothesis, the
Ga() analogues were prepared because of the greater lability
of Ga() compared to Ti(). The addition of 20 equivalents of
Me4NCl to a K6[Ga2213] solution in D2O revealed that this was
indeed possible. Complete transformation of the helicate into
the tetrahedral cluster was observed via 1H NMR spectroscopy
over the course of 5 days (pD 6.5, T 40 8C). Similar studies of
this transformation at higher pD values (pD 7.5) and lower
temperatures (room temperature) showed lower conversion
rates due to the slower kinetics of metal–ligand rearrangement
under these conditions.

Fig. 32 Born–Haber cycle for guest encapsulation by [Ga4206]
122.

Solvation of the negative twelve anion is the largest enthalpy term
(∆H4) because of the z2 dependence of solvation enthalpy. The enthalpy
of the encapsulation event in aqueous solution (denoted by a red X)
was determined experimentally.

Fig. 33 Upon encapsulation of the guest, the “frozen” solvent mole-
cules in the cluster cavity are released, resulting in a favorable entropy
gain.

Summary
In this review we have illustrated the utility and generality of an
approach to the designed synthesis of supramolecular clusters
based on metal–ligand interactions. An analysis of the high
symmetry seen in the natural protein clusters (e.g., ferritin and
viral protein coats) is based on the incommensurate symmetry
numbers of the interaction sites and the fixed relative angles
between these symmetry axes. The use of this model in the
successful design of several metal–ligand clusters is illustrated.
Rigid ligand geometries, while chosen to accommodate the tar-
geted cluster geometry, preclude the formation of alternative
structures. This process is greatly facilitated by molecular
modeling in the early stages of design.

Triple helicates of M2L3 stoichiometry are based on bis(biden-
tate) ligands with C2 symmetry interacting with “octahedral”
metal centers that generate C3 axes when coordinated by three
bidentate chelators. When the angle between the C3 and C2 axes
is rigidly fixed at 908 by the use of a rigid linker between the two
coordinating ends of the ligand, a chiral triple helicate is the
most likely structure. When less rigid linkers are used, achiral
mesocates and even alcaligin-type topologies are increasingly
possible.

Tetrahedral clusters of M4L6 stoichiometry are similarly
based on bis(bidentate) C2-symmetric ligands and “octahedral”
metal centers. In contrast to the M2L3 helicates, when the angle
between the C3 and C2 axes is rigidly fixed at 57.48, a tetrahedral
cluster results. Two strategies for achieving this geometry and
the resulting M4L6 tetrahedral clusters are presented. Alter-
natively, M4L4 tetrahedra can be synthesized by imposing C3

symmetry on the ligand, which is designed to span the face of
the tetrahedron and bridge three metal vertices. In addition to
illustrating these design approaches towards tetrahedral struc-
tures prospectively in the synthesis of numerous clusters, we
have also shown retrospectively that several clusters reported by
others conform to the geometric parameters called for by our
model.

The initial investigation of the dynamic behavior of these
synthetic supramolecular clusters has begun. We are beginning
to understand the mechanical coupling (or lack thereof)
between chiral metal centers in M2L3 and M4L6 clusters, the
kinetics and host-guest chemistry of multi-metal complexes, the
self-recognition properties in pre-designed rigid systems and the
dramatic role that guest molecules can play in the formation of
clusters of n(MxLy) (n = 1, 2, 3, . . .) stoichiometries.

The host–guest chemistry of these clusters offers the first
promise of achieving synthetically what nature accomplishes in
the supramolecular clusters of ferritin and viral protein coats.
In both cases the natural clusters protect valuable guest mole-
cules by providing a nanometer scale environment that is
significantly different from the surrounding solution. We have
described the first indication that we can significantly alter the
properties of the guest molecules in the host clusters we have
prepared. The further development of the reaction chemistry of
the encapsulated guests is an exciting prospect.
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