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High-Symmetry Clusters in Nature

Supramolecular chemistry describes the spontaneous
assembly of noncovalently linked molecular clusters of
unique shape and composition and requires both a driving
force and a dynamic system so that all possible molecular
structures can be explored to generate the formation of
the thermodynamically favored, ideally predesigned as-
sembly.r An example of such a natural structure is the iron
storage protein, apoferritin (Figure 1),2 composed of 24
noncovalently linked protein subunits that form a nearly
spherical shell of octahedral symmetry. We have described
how a number of previously reported coordination clus-
ters conform to the same principles that define the natural
clusters and have shown how this can be used in de novo
rational design of such clusters.34 Here we summarize this
approach, focusing on the most recent developments from
our laboratory.

In the octahedral ferritin cluster, interaction of the
protein subunits at the 4-fold axis can be considered a
lock-and-key interaction in which the lock and key are
90° apart (Figure 1, left). The interaction around the 4-fold
axis is both a symmetry and a stoichiometry require-
ment: it requires formation of tetramers from the mono-
meric subunit. Similarly, the interaction of the protein
subunits at the 3-fold axis can be regarded as a lock-and-
key interaction in which the lock and key are positioned
60° apart (Figure 1, right), requiring the formation of
trimers. Simultaneous satisfaction of these two incom-
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FIGURE 1. From the crystal structure of human H chain ferritin,*®
the octahedral 24-subunit iron storage protein as viewed down the
4-fold (left) and 3-fold (right) axes. The interaction at the 4-fold axis,
in which the lock and key are 90° apart, requires the formation of
tetramers. Similarly, the interaction at the 3-fold axis, in which the
lock and key are 60° apart, requires the formation of trimers.

mensurate n-fold symmetry axes can only be achieved by
formation of a cluster with octahedral symmetry.

Rational Design of High-Symmetry Coordination
Clusters

Protein—protein interactions are formed from many weak
hydrogen bonds and van der Waals contacts along large
regions or surfaces. However, the sum of these many
individual interactions can be described by a single
vectorial relationship, representing the geometry of the
highly directional lock-and-key interactions described
above. Metal—ligand interactions are strong and highly
directional and can be used in place of many weak
interactions to direct the formation of multimetal coor-
dination clusters.

In principle, the formation of clusters of any symmetry
should be possible. To do so, the symmetry elements of a
particular point group need to be considered. To design
a cluster with D3 symmetry, an M,L; triple helicate, for
example, both the C, and C; axes of the point group must
be taken into account. A C,-symmetric bis(bidentate)
ligand can provide the 2-fold axis, while a metal ion with
pseudo-octahedral coordination by three bidentate che-
lators can provide the 3-fold axis. These symmetry axes
must, however, be oriented 90° to one another. A cluster
with T symmetry, an ML, tetrahedron, for example, is also
possible with the same combination of symmetry ele-
ments. In this type of cluster, however, the C, and C; axes
must be oriented 54.7° from one another.

Design Strategies

The metal coordination geometry and the orientation of
the interaction sites in a given ligand provide the instruc-
tions, or blueprint, for the self-assembly of the proposed
cluster. As a result, there are several important consider-
ations in designing these supramolecular assemblies based
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FIGURE 2. In the case of a monodentate ligand, the coordinate
vector is the vector from the coordinating atom of the ligand
directed toward the metal center. In the case of a bidentate ligand,
the chelate vector is the vector that bisects the chelating group
and is directed toward the metal ion.

on metal—ligand interactions. First, we choose to use
multibranched chelating ligands because of their increased
preorganization and stronger binding as a result of the
chelate effect. Second, the orientation of the multiple
binding units within a ligand must be rigidly fixed so that
other, unwanted cluster stoichiometries or geometries are
avoided. Third, because the self-assembly of the thermo-
dynamically favored cluster involves the formation of
many metal—ligand bonds, the metals should be labile so
that mistakes resulting from the initial formation of kinetic
products can be corrected. Catecholamide and hydrox-
amate ligands are excellent choices for binding units in
supramolecular complexes because of the high stability
and lability of these chelates with +3 metal ions with
octahedral coordination environments.

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

Definitions

To describe this approach to rational design, it will be
useful to define terms that precisely describe the relevant
geometric relationships. The vector that represents the
interaction between a ligand and metal is the coordinate
vector (Figure 2). When using chelating ligands, the plane
orthogonal to the major symmetry axis of a metal complex
is the chelate plane (Figure 3); 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 prearrangement of coordinate
vectors in a multibranched ligand, programming of a
cluster of any symmetry or stoichiometry becomes fea-
sible.

Although the twist angle is a common measure of the
arrangement of three bidentate chelators around a metal
ion, the approach angle (Figure 4) has the advantage that
it provides a measure that can be readily compared to
angles generated by a given high-symmetry cluster. The
approach angle is the angle between the vector connecting
the two coordinating atoms of a bidentate ligand projected

976 ACCOUNTS OF CHEMICAL RESEARCH [ VOL. 32, NO. 11, 1999

CZ CZ

!
CO

FIGURE 3. The plane orthogonal to the major symmetry axis of the
metal complex is the chelate plane.
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FIGURE 4. An alternative measure of the arrangement of three
bidentate chelators around a metal ion is the approach angle.

down the (pseudo) 2-fold axis of the chelate group and
the major symmetry axis of the metal center. A twist angle
of 60° corresponds to an approach angle of 35.3°, while a
twist angle of 0° corresponds to an approach angle of 0°.

M,Ls Complexes

Triple Helicates. The simplest multimetal cluster contains
two metal sites linked by one or more ligands. When these
two metal ions are linked by three identical, C,-symmetric
ligand strands, the resulting bimetallic cluster is called a
triple helicate if both metal ions have the same chirality.
This chiral M,L; complex has idealized D; symmetry: the
Csz axis is coincident with, and the three C, axes are
perpendicular to, the helical axis of the complex.

To rationally design an M,L; triple helicate with ideal-
ized D3z symmetry, both C, and C3 axes must be encoded
into the ligand and metal components. Using a metal ion
with pseudo-octahedral coordination and a C,-symmetric
bis(bidentate) ligand, these symmetry axes can be gener-
ated (vide supra). These symmetry axes must, however,
be oriented 90° to one another. Because the two metal
centers share the same C; helical axis, the two chelate
planes in a triple helix must be parallel (Figure 5).
Although a flexible linker may allow for the formation of
an MyL; triple helicate, a rigid linker can direct the
formation of an M,L; triple helicate.

Based on this design strategy, a series of MyL3 triple
helicates based on ideally planar bis(bidentate) catechol-
amide ligands has been synthesized (H;1—H,7, Figure
6).678 The rigid aromatic linkers serve to maintain pre-
organization of the ligand, since other topologies are
possible when flexible linkers are used. The chelate
vectors, indicated as arrows, are parallel and point in the
same direction within each ligand. Molecular mechanics
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FIGURE 5. In a Ds-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.
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FIGURE 6. Rigid bis(catecholamide) ligands designed to form MyL;
triple helicates. The fixed distance between the catechol groups is
sufficient information to generate an ordered system.

[Ga243]6'
FIGURE 7. Crystal structure of the triple helicate [Gax43]°.

calculations indicated that, for each of these ligands, the
chiral helicate was lower in energy than the meso-M;L;
cluster.> The M,L3 stoichiometry was confirmed by both
fast atom bombardment and electrospray mass spectrom-
etry. The crystal structure®” of the Ga(lll) complex of H;4
is shown in Figure 7 and confirms that the rigid ligand
forms a racemic mixture of homochiral triple helicates
with Ga(lll).

Triple Mesocates. A nonchiral M,L; cluster has a
A-configuration at one metal center and a A-configuration
at the other and, therefore, will be called a meso-complex
or a mesocate. This type of cluster has idealized Cs;,
symmetry: Rather than having three C, axes perpendicular
to the Cs; axis, there is an orthogonal mirror plane that
relates the A- to the A-configured metal center.
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FIGURE 8. Ligand H,8 forms both a chiral helicate (left) and an
achiral mesocate (right).® The pictures are based on the X-ray
structure coordinates. The Al,8; helicate has a molecule of water
in the cluster cavity, similar to a previously reported iron(lll) complex
of a rhodotorulic acid analogue.?®

H20 c (AA,AA)-A|283 H23

Recently we have presented the first example of a
ligand (H»8) that makes both a helicate and a mesocate.®
Remarkably, the X-ray analysis showed that, in the solid
state, the Al,8; complex is a chiral helicate (racemic), while
the Ga,8; complex is an achiral mesocate (Figure 8).
Although both complexes contain the same ligand, the
structures are markedly different: the distance between
the two metal centers in AlL8; is 7.13 A, while in Ga,8;
this distance is 9.74 A. The structures show that the helical
cavity of Al,8; contains one encapsulated water molecule,
while no encapsulated solvent was found in the Ga,8;
mesocate (Figure 8).

MsLs Complexes

Another cluster with the same metal-to-ligand ratio as the
ML triple helicate is the ML tetrahedron, where the four
metal ions act as the vertices and the six ligands act as
the edges of a tetrahedron. Depending on the chiralities
at the metal centers, the cluster can have either idealized
Cs (AAAA/AAAA), S; (AAAA), or T (AAAA/AAAA)
symmetry.

We have demonstrated the utility of our model in two
approaches to the rational design of such clusters. Both
approaches employ an ideally planar C,-symmetric bis-
(bidentate) ligand with a rigid backbone, but the orienta-
tion of the C, 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 be coplanar with
the plane defined by the ligand (Figure 9). Since the
chelate vectors must lie within the chelate planes at each
of the four metal vertices, the angle between the chelate
vectors within a given ligand must be 70.6°. A 60° angle is
formed for ligand H,9 (Figure 10); thus, the targeted
structure can be achieved with only slight out-of-plane
twisting by each of the chelating groups.

The crystal structure of Ga,9s revealed that the tetra-
hedral cluster has S; symmetry (two A and two A metal
centers) in the solid state (Figure 11). The ligand backbone
is coplanar with the S, axis, and there is a substantial
cavity, which is partially open to the outside, in the cluster.
Four crystallographically identical DMF molecules par-
tially fill the cavity.
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FIGURE 9. One approach to the synthesis of MyLs 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 70.6° from each other.
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FIGURE 10. Ligands designed to form ML tetrahedral clusters. In
each case, the ligand has C, symmetry. How that symmetry
conforms to the cluster geometry determines the properties of the
cluster.

4DMF c Gay9g

FIGURE 11. Viewed down the crystallographic S, axis, the structure
of Ga49s shows four DMF solvent molecules pointing into the cluster
cavity.1s

In the second design strategy, the 2-fold axis of the
tetrahedron is designed to be perpendicular to the ligand
plane. The ideally planar ligand should have antiparallel
coordinate vectors. To understand this design, it helps to
view the tetrahedral cluster as a truncated polyhedron
(Figure 12). If the six ligands are to act as the six 2-fold
symmetric faces of the polyhedron, then the angle be-
tween the chelate planes is no longer important. The angle
between the extended 2-fold plane and the C; axis of the
cluster is important, however, as this corresponds to the
approach angle. This approach angle is 35.3° and corre-
sponds to a perfect octahedral metal complex with a 60°
twist angle. Clusters based on this design should be
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FIGURE 12. An M.Ls cluster can be envisioned in which the six
ligands act as the six 2-fold symmetric faces of the truncated
polyhedron.

Et4yN* c [Feyq106]12

FIGURE 13. H,10 forms an Myl tetrahedral cluster with Ga(lll)
and Fe(lll). The crystal structure of the [Fe410¢]*%~ cluster with the
encapsulated Et;N* is shown.

homochiral with idealized T symmetry (i.e., all A or all A
metal centers).

Ligands H410%° and H,41111 (Figure 10) were designed
to form MyLs tetrahedral clusters based on this strategy.
Solution- and solid-state observations showed that one
of the Et;,N* counterions is encapsulated within the
[M4106]*2~ (M = Ga(lll), Fe(lll)) cluster interior. In the
crystal structure of Ks(EtsN);[Fes10¢] (Figure 13), 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 Et;,N*. The distance between the
iron atoms in the T symmetry cluster is 12.8 A.

In an attempt to make a similar cluster with a larger
cavity, ligand H,11 (Figure 10), based on a 2,7-diaminoan-
thracene backbone, was prepared. This ligand also forms
an MyL; tetrahedral cluster, but only in the presence of
an alkylammonium guest! In the crystal structure of K;-
(Me4N)g[Tisllg] (Figure 14), one molecule of MesN™ is
located in the cavity of the T symmetry cluster. The
distance between the titanium atoms averages 16.1 A.
However, in the absence of an alkylammonium guest
molecule, H411 forms an M,L; triple helicate with Ti(IV)
(Figure 14).11 Although the metal centers within a given
complex have the same chirality, the overall structure is
significantly distorted from idealized D; geometry. It is
apparent that the greater bridge length and flexibility of
the anthracene ligand allow for the formation of the M;L;
structure, but just barely.
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FIGURE 14. Ligand H411 forms an M,L3 helicate in the absence of
Me,N* guest but an MyLg tetrahedron in the presence of MeyN™.
The crystal structures of [Ti;113]*~ (left) and Me;NT C [Tisl 168~
(right) are shown.1*
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FIGURE 15. An ML, tetrahedral cluster with the metals on the
vertices and ligands on the faces of the tetrahedron is formed from
ligand Hgl2.

MaLs Complexes

An approach to the synthesis of ML, tetrahedral clusters
has also been developed. In an MyL, tetrahedral cluster,
the metal ions occupy the four vertices, and the ligands
occupy each of the four faces of the tetrahedron (Figure
15), implying that both the ligand and the metal ion must
have 3-fold symmetry. As in the previously described M,L;
helicates and Myl tetrahedra, three bidentate ligands
coordinating a pseudo-octahedral metal ion can generate
a 3-fold axis at the metal. Rather than using a C,-
symmetric ligand, a Cs-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 Hg12 satisfies this requirement (Figure
15).12 If the ligand is ideally planar, as in the case of Hs12,
then the approach angle for this type of cluster is 19.4°
(Figure 16, left). This ideal angle is less than 4° from the
approach angle of 23° (corresponding twist angle = 40°)
observed for tris(catecholate) complexes of Ti(1V), Ga(lll),
and Fe(lll); therefore, this design seems optimized for
metal ions with significant distortions toward trigonal
prismatic geometry.

The AI(I1), Fe(111), Ga(lll), Ti(1V), and Sn(IV) complexes
of Hegl2 were prepared, and X-ray quality crystals were
obtained of the (EtzNH)g[Tis12,] complex (Figure 16,
right).1?2 The cluster is a racemic mixture of homochiral
tetrahedra (either all A or all A configuration within a
given cluster). There is no evidence that the small cavity
of the tetrahedron contains a guest.

Caulder and Raymond
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[Tig124]8

FIGURE 16. If the ligand is ideally planar, as in the case of Hg12,
then the angle that the 3-fold face of the tetrahedron makes with
the C; axis is 19.4° and corresponds to the approach angle. The
crystal structure of [Ti;124]%~ is shown (right).%?

C;

FIGURE 17. A cluster with D; (or Cs) symmetry can be designed
using an asymmetric ligand H;13.2% Interaction of the catechol
moiety with an octahedral metal ion can generate the necessary
C; axis, while interaction of the phosphine moiety with a square
planar metal ion can generate the C, axis (or mirror plane).
Simultaneous satisfaction of these two symmetry requirements can
lead to a cluster with D5 (or C;p) Symmetry.

Two-Metal Clusters

We have recently demonstrated the rational design of an
M,;M’';Ls mixed-metal cluster in which, rather than using
a symmetric ligand to generate a symmetry element, two
different metals generate the two symmetry elements
(Figure 17).22 In principle, the ligand H,13 forms part of
an asymmetric unit of the cluster and must have two
different symmetry interaction sites. As described earlier,
a chiral triple helicate has idealized Dz symmetry, while
an achiral triple mesocate has Cs, symmetry. Therefore,
to synthesize a mixed-metal helicate (or mesocate) of
stoichiometry M,;M';Ls, one must consider a 3-fold inter-
action site and an orthogonal 2-fold (or mirror plane)
interaction site (Figure 17).

Catechol ligands are relatively hard donors and gener-
ate a C; axis when forming a tris-chelate with hard,
trivalent, or tetravalent metals (e.g., Al(111), Ga(lll), Fe(lll),
Sn(1V), Ti(1V)). Phosphine ligands, on the other hand, are
soft donors and can generate a 2-fold axis or mirror plane
when coordinated to a square planar metal (e.g., Pd(ll)
or Pt(Il)) in a trans fashion. A ligand containing both of
these functionalities arranged in the proper geometry can
assemble an M,M';L¢ cluster, because it is the smallest
discrete species that would simultaneously fulfill the two
orthogonal symmetry requirements.
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3(Cse2THF) C [Tin13g(PdBro)gl*-

FIGURE 18. Viewed down the crystallographic 3-fold axis, this
space-filling model shows the buried cesium cations and their
coordinated THF molecules (lightly shaded).t®

The crystal structure of Cs,[Ti»13¢(PdBr,)s] shows that
the complex has Cz, symmetry; the cluster is a mesocate
with one of the titanium atoms having A and the other
having A configuration. Interestingly, three of the Cs*
counterions are located in clefts of the cluster (Figure 18).
Each is coordinated by four of the catecholate oxygens
and two molecules 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
cesium atoms, but they do shield the cesium atoms from
other potentially coordinating solvent molecules, helping
to explain the low coordination number (6) of the Cs*
cations.

Dynamics of Supramolecular Clusters

The geometric requirements for synthesizing clusters of
various stoichiometries and symmetries are beginning to
be understood. It is less clear, however, how these clusters
assemble in solution from the ligand and metal compo-
nents and, once assembled, how the clusters function. For
example, how is geometric information transmitted be-
tween 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 molecules, what are the
factors controlling the recognition process, and how do
guests enter and exit the cluster cavity?

M,L; Triple Helicate Stereoisomerism Dynamics. When
using rigid ligands to synthesize triple helicates, the
chirality of the first metal center should induce the same
chirality at the second metal center, so that only AA- and
AA-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(lll) complexes of
ligands H,5—H,7 and similar mononuclear Ga(lll) com-
plexes based on simple bidentate catecholamide
ligands.®7:14 The methyl groups on the isopropyl substit-
uents of H,5 are rendered diastereotopic around the chiral
metal center.
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The activation parameters for this process are not
solvent dependent, consistent with an intramolecular
mechanism. The free energy inversion barrier (AA <= AA)
for Ks[Gay53] in DMSO-ds (79.8 kI mol—1) or D,0O solutions
(78.7 ki mol~%, pD = 12.1) is only 1.2 times higher
compared to that for the corresponding mononuclear
complex. The kinetic data show weak coupling of both
metal centers that is about 22.6 kil mol~1. Thus, it is
concluded that inversion of the A,A- and A,A-[Gay53]¢~
helicates involves the heterochiral A,A-[Ga,53]®~ anion as
an intermediate, which is produced by a single twist event
along the reaction pathway.

At lower pD, a second mechanism becomes dominant
in D,O. In contrast to the mononuclear complex, the
dinuclear Ks[Ga,53] helicate shows a second-order proton
dependence below pD = 7. 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 mechanical coupling of the metal
centers, only a single proton dependence would be
expected because the heterochiral intermediate would
have the same energy as the homochiral anions and,
consequently, a long lifetime.

rac-(AA/AA)-M;L; Helicate to AA-M,L3; Mesocate In-
terconversion Dynamics. As noted earlier, in the solid
state H,8 forms a helicate with Al(I11) but a mesocate with
Ga(lll) (Figure 8).° The methyl substitutents in the H,8
backbone serve as markers for following the solution
structure of the metal complexes by *H 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 *H NMR spectrum of Ga,8;
in DMSO-ds 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. Variable-temperature *H 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 conse-
quence of different numbers of solvent molecules associ-
ated with the two forms of the complex.® Crystal structures
of a helicate (H,OCAI,8;) and mesocate (Ga,8;) complex
of H,8 support this conclusion: the helicate exterior
appears more hydrophobic than the mesocate and con-
sequently would have fewer polar water molecules as-
sociated with it in solution compared to the mesocate.

Stereoisomerism in MuLe Tetrahedral Clusters. As
described, the MyL; tetrahedral cluster based on ligand
H,9 crystallizes as the S, isomer (AAAA chiralities at the
four metal vertices).1> Low-temperature *H NMR experi-
ments reveal, however, that Ga,9¢ is a mixture of T
(AAAA/AAAAN), Cs (AAAA/AAAA), and S; (AAAA) iso-
mers in solution (CDCI;).%6 With decreasing temperature,
the broad resonance of one of the ligand protons, which



Supermolecules by Design Caulder and Raymond

is pointing into the cavity, splits into five distinct peaks,
representing the three isomers. Although the isomers are
not present in exact statistical distribution, the distribution
shows that the stability of the three isomers is very similar,
and, therefore, the mechanical coupling between the
metal centers is negligible.

Ligand exchange in hydroxamate iron(ll1l) complexes
has been previously studied,'” but isomerization of a
simple tris-hydroxamate iron(111) or gallium(l1l) 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 must pass
through a trigonal prismatic transition state. Since four
coordination centers are tethered in the tetrahedron, the
Bailar twist is the only mechanically possible rearrange-
ment. To do this, the ligands in contact with the active
metal must pass through a conformation in which the
ligand’s two chelate vectors cannot coexist in the chelate
planes of each metal center. In effect, because the ligand
maintains an angle of only 60° in its planar form, it forces
a very distorted trigonal prismatic intermediate.

To isomerize from AAAA to AAAA, the cluster has to
go through all intermediate stereoisomers. NMR observa-
tions and MM2 calculations suggest that all of these
isomers are very close in energy. We can also assume (and
results confirm) that isomerization of AAAA to AAAA will
have the same energy barrier as its isomerization to
AAAAN, since both processes require inversion of config-
uration at only one metal center. Further, the inversion
from AAAA to AAAA must have the same energy barrier
as inversion of AAAA to AAAA, since these are mirror
image processes. Coalescence of the 'H NMR resonances
is observed at 300 K, corresponding to an activation barrier
of 58 kJ mol~1 for the inversion processes at each metal
vertex.

Self-Recognition in M,L; Triple Helicates. A different
issue of designed order was addressed in a family of
helicate complexes of varying, but fixed, metal—metal
distances. It was intended that the information stored in
rigid bis(catecholamide) ligands (H,1—H,3, Figure 6) be
used to overcome the intrinsic disorder of mixtures to
produce a highly ordered system of complexes in solu-
tion.® 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 (M,L,L'1)6~ complex. When mixtures of any
two or all three of the ligands shown in Figure 6 are
equilibrated at room temperature with Ga(acac); in basic
methanol, both *H NMR spectroscopy and electrospray
mass spectrometry indicate that only the individual
complexes form (Figure 19). Remarkably, no oligomeric
or mixed-ligand species are observed in solution.

Selective Encapsulation of Alkylammonium Guests by
a Tetrahedral Cluster Host. The tetrahedral cluster
[Ga;106]*2~ shows remarkable discrimination between
alkylammonium guests.1° There are orders of magnitude
differences between the association equilibrium constants,
Keq, for MeyN*, EtuNT, and Pr,N*, and these differences

3|+ 3| +3]| +8QQ —>»

FIGURE 19. Schematic representation of self-recognition in gallium-
(1) triple helicates. The different sized rods represent the different
length ligands. Spheres represent the gallium ions.

FIGURE 20. Schematic representation of stepwise guest exchange
from the cavity of the tetrahedral cluster [Ga;104].>~ The small black
spheres represent Me;N, the large white spheres Pr,N*, and the
intermediate shaded spheres Et;N™.

allow for the quantitative stepwise exchange of one guest
for another (Figure 20). If Pr,N* is added to a solution of
Ks(MesN)e[Gas10¢], the PryN* quickly (<1 min) and quan-
titatively is incorporated into the cluster cavity, displacing
MeyN*. In turn, if Et4N* is added to this same solution,
the Et;N* displaces the Pr;N* rapidly (<1 min) and
quantitatively! In the presence of either Me;N*, Et;N*, or
Pr,N*, the tetrahedral cluster selectively encapsulates
Et;,N*. No mixtures are observed by *H NMR.

The thermodynamic parameters for the inclusion reac-
tion in water have been determined by measuring the
temperature dependence of the association equilibrium
constants (Keq).'® In the absence of any other guests, the
cavity of the [Gas106]*2~ host will most likely be filled with
solvent molecules. The van’t Hoff plots for the encapsula-
tion of Me,Pr,N*, Pr,N*, and N,N,N',N',-tetramethyl-1,3-
propanediammonium by the host [Ga;10¢]*2~ anion show
that encapsulation of the cationic guests into this dodeca-
anion is an endothermic process. The enthalpies and
entropies are both positive; the encapsulation is an
entropy-driven process. How is it that the encapsulation
of cations by a host with a —12 charge can be endother-
mic? The answer lies in the very large and dominant
solvation enthalpies of the ions. The free energy of
hydration predicted by the Born equation is —162z2r—1
kcal mol~1, where z are units of charge and r is the
diameter of the ion in angstroms. The corresponding
entropy of hydration is —2.8z2r~1 kcal mol~* at 298 K,
predicting a AH of hydration of —165z%r—1 at 298 K.
Because AH of hydration is z2 dependent, solvation of the
—12 anion is the largest term. This term and the cation
solvation energy override the enthalpy gained on partial
charge neutralization. This model also makes a clear
prediction that higher charge cations will not be encap-
sulated and that highly solvated, singly charged cations
(e.g., K*) should be poor guests.

Guest-Induced M,L; Helicate-to-MyLg Tetrahedron
Conversion. We have shown that two different clusters,
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a triple helicate and a tetrahedron, can be prepared using
identical ligand (H411) and metal components (Figure
14).11 Simply the addition of an appropriate guest is
enough to shift the equilibrium from the entropically
preferred helicate to the tetrahedron! The gallium(lll)
analogues were prepared because of the greater lability
of Ga(lll) compared to Ti(IV). The addition of 20 equiv of
MesNCI to a Kg[Gap11s] solution in D,O revealed that
complete transformation of the helicate into the tetrahe-
dral cluster occurred after 5 days.

Summary

In this Account, we have illustrated the utility and
generality of an approach to the designed synthesis of
supramolecular clusters based on metal—ligand interac-
tions. An analysis of the high symmetry seen in the natural
protein clusters, such as ferritin, is based on the incom-
mensurate 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 has been illustrated. Rigid ligand
geometries, while chosen to accommodate the targeted
cluster geometry, preclude the formation of alternative
structures. This process is greatly facilitated by molecular
modeling in the early stages of design.

The initial investigation of the dynamic behavior of
these synthetic supramolecular clusters lets us begin to
understand the mechanical coupling between chiral metal
centers in M,L; and MyLg clusters, the kinetics and host—
guest chemistry of multimetal complexes, the self-
recognition properties in predesigned rigid systems, and
the dramatic role that guest molecules can play in the
formation of clusters of n(M,L,) (n =1, 2, 3, ...) stoichi-
ometries.

The host—guest chemistry of these clusters offers the
first promise of achieving synthetically what is accom-
plished by natural supramolecular clusters. The natural
clusters protect valuable guest molecules by providing a
nanometer-scale environment that is significantly different
from the surrounding solution. We have seen the first
indications that the properties of the guest molecules can
be altered in our synthetic host clusters. The further
development of the reaction chemistry of the encapsulated
guests is an exciting prospect.
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