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ABSTRACT
We provide a summary of our results in three-dimensional,
coordination-driven self-assembly based on the directional-bond-
ing methodology, in which the stoichiometric mixing of comple-
mentary building blocks, with appropriate, predefined geometries,
leads to targeted, nanoscopic cages. Using this motif, we have
synthesized high-symmetry ensembles resembling the Platonic
solids, such as dodecahedra, and the Archimedean solids, such as
truncated tetrahedra and cuboctahedra, as well as other cages, like
trigonal bipyramids, adamantanoids, and trigonal prisms. The
synthesis and characterization of these compounds is discussed,
as is some host-guest chemistry.

Introduction
Over the past few billion years, nature has crafted a design
strategy, that of self-assembly, which is simultaneously
elegant in both its simplicity and its complexity. This
apparent paradox can be explained when viewing the
different levels in the hierarchy of biological design. At
the base level are the subunits, or building blocks, which
are relatively simple in their composition and interactions
that serve to bind them one to another. Yet, at the top
levels, when the subunits are combined into their higher
order structures, the results are stunning in their structural
intricacy and sheer size, their functionality and selectivity,
and their cooperation among themselves within living
organisms. Self-assembly in nature is often based on
numerous hydrogen-bonding, van der Waals, and many
other weak inter-/intramolecular interactions working
synergistically, and examples where it plays a key role
abound.1,2 For instance, the polymerization of actin
monomers into filaments, which are most likely vital to
the various functions of the cytoplasm of cells, such as
cell shape and organelle movement, proceeds via self-
assembly.3 Likewise, the viral coats of all viruses are the
product of nature’s self-assembly processes.2 These are

but two instances of self-assembly in a wide array of
examples that permeates throughout known biological
systems.

Nature has also intrigued and inspired man for mil-
lennia with its symmetry and beauty. Many of the ancient
Greek mathematicians, such as Plato and Euclid, inves-
tigated the Platonic solids (Chart 1).4 This set of five convex
polyhedra comprises the tetrahedron (Td symmetry), the
cube and octahedron (Oh symmetry), and the dodecahe-
dron and icosahedron (Ih symmetry).5 Separating these
solids from others is their high symmetry and the fact that
all of them have faces consisting of only a single regular
polygon (i.e., pentagonal faces for the dodecahedron).
Another class of high-symmetry, convex polyhedra is the
Archimedean solids, whose faces consist of two or more
regular polygons (Chart 2). The roots of this set of
polyhedra also trace back to ancient Greece, where they
were studied by Archimedes.4,6

One illustrative and relevant example that incorporates
both elements of nature’s self-assembly processes and its
symmetry occurs in the icosahedral or dodecahedral shape
of the capsids of most viruses.2 With their structures
elucidated by the modern techniques of X-ray diffraction
and electron microscopy, nature has employed these
shapes due to their close approximation of a sphere and
corresponding maximization of volume to surface area for
containing viral genetic information. It has only been in
recent times that the tools sophisticated enough to be able
to mimic, or attempt to mimic, this biologically inspired
strategy of self-assembly have been available. Lacking both
the immense time frame and evolutionary selection
pressures of nature, however, a more direct methodology
had to be formulated.

Clearly, it would be a difficult endeavor to try to use
an exact model of nature’s process, where multiple
nondirectional hydrogen-bonding, van der Waals, and
other weak interactions are responsible for biological self-
assembly. Additionally, stepwise covalent syntheses of
large structures are often laborious and generally end in
a low overall yield of the desired product. Instead, by
utilizing stronger, directional metal-ligand dative bonds,
the effect of a number of weaker interactions can be
encompassed within a single bond, and a much greater
handle on abiological self-assembly can be achieved.7

Coupled with a selective and reasonable choice of precur-
sors, this synthetic strategy allows for the design of a
library of large, symmetrical species that mimic not only
the overall shape and size of many biological entities but
also many of their structural properties and, hopefully in
the future, will allow for the potential development of
molecules that imitate biological function.

The directional-bonding approach7f,j,8 to self-assembly
has two major requirements at its most basic level. The
first calls for rigid, complementary precursors with pre-
defined angles and symmetry for the desired product
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form. The second dictates that the precursors be mixed
in the ratios appropriate for the chosen outcome. Practi-
cally, however, a number of additional experimental
factors influence the process. For instance, the order of
precursor addition, the choice of solvent system, the
concentration, the temperature, and often even the rate
of mixing of the two building blocks have profound
influences on the end result of any given self-assembly
reaction. Nevertheless, under optimized conditions the
yields in these self-assembly processes are generally
quantitative within the detection limits of NMR.

In our previous Account,8 the self-assembly of primarily
2-D systems, such as supramolecular squares and hexa-
gons, was the major focus. Herein, we concentrate exclu-
sively on three-dimensional self-assembly. A variety of
supramolecular entities are discussed, as are their struc-
tural features, characterization, and preparation, and we
demonstrate the viability and general applicability of our
directional-bonding7j methodology for three-dimensional
ensembles.

General Design Strategies: Edge-Directed vs
Face-Directed Self-Assembly
Self-assembly via the directional-bonding approach in-
corporates two distinct, yet related, methods in the
synthesis of supramolecular species. The first is edge-
directed self-assembly. As the name implies, precursors
whose chemical components will lie upon, and thereby
define, the edges of the desired ring or cage are employed.

In this case, the angles present between reactive sites on
the building blocks are retained in the final structure and
closely match the ideal values for the preferred product.
The edge-directed assembly of supramolecular cubes,9

where 8 tritopic, 90° corner units react with 12 ditopic,
linear linkers, serves to illustrate this strategy (Scheme 1a).

The other technique, face-directed self-assembly, is not
quite as conceptually apparent. In this paradigm, some
or all of the faces of the target aggregate are spanned by
the linkers themselves, which hold together the overall
architecture. Again, the self-assembly of cubes can provide
a reasonable visualization.10 As shown in Scheme 1b, a
face-directed cube can be assembled via the reaction of
6 tetratopic, planar, 90° faces with 12 ditopic, 90° subunits.

Chart 1. Platonic Solids

Chart 2. Representative Archimedean Solids: (a) Truncated Tetrahedron, (b) Cuboctahedron, (c) Truncated Cube, and (d) Snub Cube

Scheme 1. (a) Edge-Directed Self-Assembly and (b) Face-Directed
Self-Assembly
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Here, the corners of the cube are missing, while the
surfaces are covered.

Archimedean and Platonic Solids
Synthetic Hydrocarbons. Traditional covalent synthesis
has yielded cage molecules that possess some of the
shapes and/or symmetries of the Platonic solids. Of note
have been the syntheses of tetra(tert-butyl)tetrahedrane,11

cubane,12 and dodecahedrane,13 that represent the tetra-
hedron, cube, and dodecahedron, as well as adaman-
tane,14 whose symmetry is equivalent to the tetrahedron.
These molecules are the outcome of a great deal of
groundbreaking, difficult work in the field of multistep
total synthesis. Other interesting covalent cage com-
pounds include the serendipitously discovered fullerenes.15

Truncated Tetrahedra. The smallest of the 13 Archime-
dean solids is the truncated tetrahedron,5 created by
taking the Platonic tetrahedron and truncating, or cutting
off, its four corners. This leaves a body consisting of four
hexagons and four equilateral triangles (Figure 1).

Chemically, a good approximation of this shape can
be realized by utilizing four tritopic, planar, ∼120° linkers,
which span the four hexagonal faces of the truncated
tetrahedron in a face-directed manner, clipped together
by six ditopic, ∼90° subunits. The vertices of these ∼90°
tectons then serve to outline the triangular surfaces of the
polyhedron (Figure 1).16

Square planar platinum and palladium compounds, cis-
(PEt3)2Pt(OTf)2 (1), cis-(PEt3)2Pd(OTf)2 (2), and cis-(PMe3)2-
Pt(OTf)2 (3), and ferrocene-containing linkers 4 and 5,
meet the requirements of the ditopic building block well
(Chart 3). For the tritopic, planar counterparts, 1,3,5-tris-
(4-pyridylethynyl)benzene (6), 1,3,5-tris(4-cyanophenyl-
ethynyl)benzene (7), and 1,3,5-tris(trans-4-vinylpyridyl)-
benzene (8) are all viable units (Chart 4).

When either 1 or 2 is mixed with 6 in a 3:2 ratio,
truncated tetrahedra 9 and 10, respectively, are the sole
products.16 Similar reactions involving ditopic 4 or 5 with
tritopic 6 or 7 result in truncated tetrahedra 11-14.16 This
latter set of syntheses, which incorporate ferrocene groups
at the ditopic corners, have the potential for adding
functionality to these cages, such as possible redox
chemistry. Moreover, aggregates 15 and 16 can be ob-
tained via the 3:2 mixing of 3 and 6 or 8, respectively
(Scheme 2).17

With the intention of testing the modularity of the
directional-bonding methodology in this particular sys-
tem, a complementary truncated tetrahedron can also be
prepared. In this case, when ditopic, ∼90° donor unit 17,
a bis(pyridyl)porphyrin (Chart 3), is reacted in the ap-
propriate ratio with tritopic, planar, ∼120° platinum

FIGURE 1. Formation of a truncated tetrahedron with inscribed
chemical model.

Chart 3. Ditopic Corners
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acceptor unit 18 (Chart 4), a cage compound (19) analo-
gous to the previous eight is realized (Scheme 2).16

Polyhedra 9-16 and 19 are all characterized by multi-
nuclear NMR, showing products of high symmetry. All but
12 and 14, which contain the weaker cyano-metal dative
bonds and exhibit no MS data at all, and 15 and 16, which

are still under investigation, show electrospray ionization
mass spectrometry (ESI-MS) fragmentation patterns and
molecular ions consistent with the stated product struc-
ture.

Extensible systematic force field (ESFF) calculations18

have been employed in the molecular modeling of trun-

Chart 4. Planar Tritopic Linkers

Scheme 2. Self-Assembly of Truncated Tetrahedra
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cated tetrahedron 12. This model shows a palladium-to-
palladium cross-cavity distance of approximately 2.2 nm,
and an overall diameter of roughly 3.5 nm for 12.16

Furthermore, preliminary single-crystal X-ray structures
of 15 and 16 have been obtained and correspond with
the proposed truncated tetrahedral structures.17

Cuboctahedra. Another interesting Archimedean solid
is the cuboctahedron.5 This structure is made up of six
square faces and eight equilateral triangular faces, and
thereby possesses features of both the Platonic cube and
octahedron (Figure 2).4 Overall it has 12 vertices, 24 edges,
and a dihedral angle between the triangular and the
square surfaces of 125°.6

A good approximation of a cuboctahedron can be
achieved chemically by making use of the face-directed
design strategy. When a 108° ditopic tecton is reacted with
a complementary19 planar, tritopic, 120° building block
in a 12:8 ratio, respectively, a cuboctahedral cage results.
The tritopic linkers span the eight triangular faces and are
clipped together by the ditopic linkers, whose vertices then
serve to outline the six square surfaces (Figure 2).

Acting as a reasonable approximation of the ditopic
component is ∼109.5° donor subunit 20, 4,4′-bispyridy-
lacetal, while ∼120° platinum acceptor unit 21, which is
similar to compound 18 used in the preparation of the
truncated tetrahedra above, meets the requisite criteria
for the tritopic component. When these two building
blocks are mixed in a 3:2 ratio, respectively, cuboctahe-
dron 22 results (Scheme 3).19

Similar to the truncated tetrahedra, a complementary
cuboctahedron, where the donor and acceptor sites are
switched between ditopic and tritopic tectons, can also

be prepared. Taking the role of the ditopic entity is ∼120°
acceptor unit 23, bis(4-[trans-Pt(PPh3)2OTf]phenyl)ketone,
while the tritopic task is assumed by planar, ∼120° linker
6. Despite 23’s angular deviation from the ideal19 108°
angle necessary for the cuboctahedron, the reaction of the
two linkers under conditions similar to those for 22 affords
cuboctahedron 24 (Scheme 3).19

Both 22 and 24 are characterized by multinuclear NMR,
which are indicative of a highly symmetrical species in
each case, elemental analysis, and ESI-MS, giving peaks
that correspond to the presumed structures, less a given
number of triflates, and their fragments. Furthermore, the
pulsed gradient spin-echo (PGSE) NMR technique20

shows a self-diffusion coefficient of (1.92 ( 0.072) × 10-6

cm2 s-1 at 25 °C, providing a hydrodynamic diameter of
5.0 nm for cuboctahedron 24. This value is consistent with
an ESFF18 molecular model of 24, making it one of the
largest self-assembled species (MW ) ∼26 000) to date.19

Additionally, these highly charged, organic-soluble species

Scheme 3. Self-Assembly of Cuboctahedra

FIGURE 2. Cuboctahedron with chemical model frame.
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represent, to the best of our knowledge, the first man-
made, self-assembled entities with O symmetry.

Dodecahedra. The dodecahedron, consisting of 12
regular pentagonal faces, represents the second largest of
the Platonic solids. With its Ih point group, which is
identical to that of the coats of icosahedral-shaped
viruses,2 it has a higher degree of symmetry than the three
smaller Platonic bodies.5 The tetrahedra,21 cubes,9,10 and
octahedra22 have all been realized as the results of an array
of elegant research by various innovators in the field of
self-assembly. For instance, Raymond and co-workers
have produced multiple tetrahedra based on a chelation
paradigm,21 while the research of Thomas has yielded an
edge-directed cube,9a and that of Grieco has been respon-
sible for a face-directed analogue.10 Fujita and co-workers
have reported several examples of self-assembled octa-
hedra.22

In the synthesis of a macromolecular dodecahedral
cage, an edge-directed approach has proven effective.23

This strategy requires the self-assembly of 50 building
blocks, 30 of which consist of ditopic, ∼180° edges and
the other 20 comprise tritopic, ∼108° vertices. Both of
these precursor geometries are readily available in chem-

istry, with the linear units being attainable from para-
substituted phenyl rings and the tritopic units accessible
in the form of tetrahedral carbon atoms incorporating the
proper substituents.

Tris(4-pyridyl)methanol (25) has all of the attributes
necessary to function as the tritopic vertex, as shown by
way of its single-crystal X-ray structure (Figure 3a), while
bis[1,4-(trans-Pt(PEt3)2OTf)]benzene (26, Figure 3b) and
the longer bis[4,4′-(trans-Pt(PPh3)2OTf)]biphenyl (27) fulfill
those of the ditopic edge unit. The reaction of 25 with
either 26 or 27 yields dodecahedra 28 and 29, respectively
(Scheme 4).23

Dodecahedra 28 and 29 are characterized by multi-
nuclear NMR, again showing the overall assemblies as
entities of high symmetry, and ESI-MS data, which give
both parent peaks, with the corresponding loss of triflate
anions, and fragmentation patterns consistent with the
proposed macromolecular aggregates.23

While the definitive proof provided by an X-ray struc-
ture could not be obtained to date, most likely due to the
size and high symmetry of such entities, two additional
methods of product elucidation provide strong evidence
for the structural assignment. The first, as used previously

Scheme 4. Self-Assembly of Dodecahedra

Scheme 5. Self-Assembly of Fujita’s Double-Square Architecture
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with cuboctahedron 24, is the PGSE NMR technique.20

Cage 28 gives a self-diffusion coefficient of (1.80 ( 0.05)
× 10-6 cm2 s-1, while 29 gives that of (1.32 ( 0.06) × 10-6

cm2 s-1, both at 25 °C, leading to hydrodynamic diameters
of 5.2 and 7.5 nm, respectively. These are in accord with
the predicted sizes for dodecahedra of these chemical
compositions. Furthermore, transmission electron mi-
croscopy (TEM) performed on 29 exhibits particles of
roughly the correct shape and size (∼8 nm across) when
deposited on a thin carbon film at high dilution (Figure
4).23

With their molecular masses of ∼41 000 (C1220H2180N60-
P120S60O200F180Pt60) for 28 and ∼62 000 (C2900H2300N60P120S60-
O200F180Pt60) for 29, these two organic-soluble dodecahedra
are among the largest high-symmetry transition-metal-
based, discrete assemblies that have been artificially
constructed to date. Their nanoscopic void spaces, which
are occupied by solvents and/or anions, are potentially
capable of fitting an array of large guests, and the sheer
size of these entities falls within the domain of proteins.

Other Coordination Cages
Trigonal Bipyramids. A trigonal bipyramid consists of two
pyramids stacked on top of one another in such a way as
to create a six-faced solid belonging to the D3h symmetry
point group. The faces of an entity of this sort are all
triangular.

One can conceive of synthesizing an edge-directed
supramolecular trigonal bipyramid by clipping together
two tritopic, tetrahedral donors with three ditopic, ∼90°,
square planar acceptors. Such a reaction, however, re-
sulted instead in the formation of an intriguing, heretofore
unknown double square architecture when put into
practice by Fujita and co-workers (Scheme 5).24

Clearly, the design strategy itself would have to be
manipulated if one were to obtain a trigonal bipyramid
from a reaction of this sort. A large deviation would be
required to take rigid building blocks, such as those
utilized by Fujita and co-workers, and distort them into

the smaller assembly. The double square thus represented
a balance between entropy, where the smallest structure
is favored, and enthalpy, where the structure with the least
strain is prevalent.

Recognizing this fact, however, the design can be
manipulated in such a way as to tip the thermodynamic
factors in favor of a trigonal bipyramid. For instance, if
enough flexibility is incorporated into the tritopic, ∼109°
tecton, as is the case with (adamantyl/ethynyl)-containing
tris(pyridyl) linker 30, the reaction with generic, ditopic,
∼90° platinum(II) subunits, such as 31-33, can feasibly
provide a large enough framework for strain delocaliza-
tion, allowing a trigonal bipyramidal cage to be produced.
Indeed, when such reactions are carried out in a 2:3 ratio,
trigonal bipyramids 34, 35, and 36 result, respectively
(Scheme 6).25 Lacking an X-ray structure, the identity of
these trigonal bipyramids can be differentiated from that
of double squares by multinuclear NMR spectroscopy.
Due to reduced symmetry, double squares have two
distinct sets of signals in their 1H NMR, for their pyridyl
protons,24 and their 31P NMR spectra, in a ratio of 2:1.
Trigonal bipyramidal entities of the sort presented here
should have only a single set of pyridyl signals in the
proton spectrum and a singlet with 195Pt satellites in the
phosphorus spectrum as a result of the symmetry equiva-
lence of their equatorial positions; 34-36 do. Additionally,
ESI-MS data for 35 and 36 correspond to the trigonal
bipyramid structure, as do those for 34, after two of its
triflate anions are exchanged for cobalticarboranes.25

Adamantanoids. Discovered in the 1930s,14 adaman-
tane is one of the most stable hydrocarbons. This high
degree of stability is due to its arrangement of four
cyclohexane rings fused with each in the favorable chair
conformation. As a consequence of this stability, it can
be produced catalytically from a wide variety of precursor
organic substances, as shown by Schleyer and co-
workers.14c The adamantanoid unit is also the simplest
element of the diamond lattice.

Adamantane exhibits a shape similar to a tetrahedron
that has had its edges kinked into 109.5° angles at their
points of bisection. While these distortions cause the sides
and angles to deviate from those of a tetrahedron,
adamantane retains its overall symmetry, that of point
group Td. Unlike the previous entities reported thus far,

FIGURE 3. (a) ORTEP plot of tris(4-pyridyl)methanol (25). (b) ORTEP
plot of bis[1,4-(trans-Pt(PEt3)2OTf)]benzene (26).

FIGURE 4. TEM micrograph of the larger dodecahedron 29.
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which have their roots in solid geometry, the adaman-
tanoid is a purely chemistry-derived species.

Self-assembled adamantanoids were first introduced by
Saalfrank and co-workers, utilizing a different, chelation-
based paradigm.26 Nanoscopic adamantanoids can be
designed according to the directional-bonding approach
by adopting an edge-directed strategy. Since the shape
itself consists of four fused, chair-conformed cyclohexane-
like rings, a quick examination of the structure reveals that
all of the pertinent angles should be 109.5°, which matches
the ideal tetrahedral geometry of sp3-hybridized carbon
atoms (Figure 5). This allows for a number of possible
building blocks from the chemical world.

Employing chiral, tritopic, ∼109.5° donor subunit 37,
a derivative of tris(4-pyridyl)methanol (25), in reaction
with ditopic, ∼109.5° acceptor subunit 38, both of which
meet the requirements for the adamantanoid superstruc-
ture, leads to the desired cage 39 (Scheme 7).27 To
investigate the stringency of the design strategy, an ∼120°
analogue of 38, building block 40, can also be utilized in
a similar, 6:4 reaction with tecton 37. As was the case with
cuboctahedron 24, where a similar idea was explored,
adamantanoid 41 indeed results (Scheme 7).27

Cages 39 and 41 are characterized by multinuclear
NMR, which indicates a highly symmetrical species, and
ESI-MS and elemental analysis data that correspond to
the proposed structures. An MM2 force field28 model of
39 exhibits an inner void which is ∼3 nm across (Figure
6).27

Additionally, since tritopic building block 37 contains
a stereogenic center ([φ]D ) -122), both 39 and 41 are
themselves optically active ([φ]D ) -261 and -1168,
respectively).27 This reduces the overall symmetry of the
two chiral aggregates to D2 from the achiral expectation
of Td.

Trigonal Prisms. Belonging to the D3h point group,
trigonal prisms represent a class of polyhedra that are of
equivalent symmetry to the trigonal bipyramids presented
earlier and of lower symmetry than the Archimedean and
Platonic solids already examined. To chemically ap-
proximate a trigonal prism,29 a face-directed design strat-
egy holds great appeal. In this approach, three ditopic
organometallic clips, which each possess two nearly
parallel bonding sites separated by a linear chemical
framework, can be reacted with two ideally 120°, tritopic,
planar subunits.30,31 In such systems, the tritopic units

Scheme 6. Self-Assembly of Trigonal Bipyramids

Scheme 7. Self-Assembly of Adamantanoids
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span the triangular faces of the prism, as they are clipped
together by the ditopic units. The vertices of the clips then
serve to outline the rectangular faces.

Reaction of planar, tritopic tecton 6 or its tris(ethylene)
analogue 8 with ditopic, acceptor building block 42, which
has already proven itself as an effective clip in similar two-

dimensional rectangular species,32 provides the desired
trigonal prismatic cages 43 and 44, respectively (Scheme
8).30

As in the successful formation of cuboctahedron 24 and
adamantanoid 41, the leniency of the design methodology
can be put to the test. In so doing, tritopic, nonplanar,
∼109° linkers, tris(4-pyridyl)methanol (25), adamantyl/
ethynyl-containing tris(pyridyl) subunit 30, and extended
building block 45 (Chart 5), yield related, somewhat
distorted trigonal prisms 46, 47, and 48, respectively, with
clip 42 (Scheme 9).31

After precipitation and anion-exchange with KPF6, the
multinuclear NMR spectra for polyhedra 43, 44, 46-48
all exhibit signals consistent with highly symmetrical
entities, while the elemental analysis data for each cor-
respond well to the theoretical values. This occurs even
in the case of 46, which underwent incomplete exchange,
leaving a nitrate anion bound in its cage. ESI-MS data
strongly support the presumed structures of all five
trigonal prisms and, indeed, show the presence of the
nitrate guest in 46.30,31

Single-crystal X-ray crystallography firmly establishes
the structure of cages 46 and 48. The structure of 46 gives
a trigonal prism that is ∼1 nm × 2 nm and establishes
that the nitrate is included in the cationic host (Figure
7a), while that of 48 provides a much larger, ∼1 nm × 4
nm assembly (Figure 7b).31

Scheme 8. Self-Assembly of Nondistorted Trigonal Prisms

FIGURE 5. Adamantanoid shape with inscribed tetrahedron.

FIGURE 6. MM2 model of adamantanoid 39.

Chart 5. Tritopic Tetrahedral Linker 45
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Host-Guest Chemistry
Although still in the developmental stages, a number of
instances of host-guest chemistry for three-dimensional
coordination cages have been reported in the literature
over the past few years. Among these is our example of
nitrate encapsulation, both in the solid state and in
solution, by the cationic trigonal prismatic host 46.31

Utilizing water-soluble octahedra, which can also be
viewed as truncated tetrahedra, Fujita and co-workers
have produced much research into the potential uses of
three-dimensional self-assembled aggregates.22 Such com-
pounds have been employed in the entrapment of sizable
neutral molecules, including o-carborane and adaman-
tane.22a For both o-carborane and adamantane, a host-
to-guest ratio of 1:4 was realized, showing no signs of
intermediate ratios, even when the guest, in the case of
o-carborane, was introduced at a lower than ideal per-
centage. The hydrophobic cavity of the cage was believed
to be in large part responsible for the inclusion phenom-
ena, and characterization was carried out via NMR studies.

Such species have also been employed in forming
stable cis-azobenzene and cis-stilbene derivative dimers
within their cavities.22b Molecular modeling and NMR
evidence showed that these enclathrated molecules adopted
the dimerized form in a selective, “ship-in-a-bottle”
fashion instead of forming prior to encapsulation. The
guest-guest baseball-like shape was supported by NOE
experiments, while the specifics of the host-guest com-
plexes were established by NMR.

A similar experiment was conducted in which this
“ship-in-a-bottle” motif was exploited in the isolation of
typically transitory cyclotrimers of various silanols.22f

These species, which are important intermediates in sol-
gel condensation reactions, could be prepared within the
hydrophobic cavities of the cage from their constituent
aryltrimethoxysilane precursors. While the precursors were
small enough to move freely through the portals of the
assembly, their condensation product was not, and it
became trapped upon being formed within the supramo-
lecular aggregate’s void space. The host-guest species
were characterized by NMR and ESI-MS.

Additionally, a molecular “lock” based on these com-
pounds has been prepared which can be thermally

switched.22c The synthesis of a platinum(II) octahedron
occurred readily upon heating an originally oligomeric
mixture of the precursor building blocks in D2O at 100 °C
and in the presence of a template, sodium adamantan-
ecarboxylate. The Pt-N bond, which was labile at the
elevated temperature, became inert when the mixture was

Scheme 9. Self-Assembly of Distorted Trigonal Prisms

FIGURE 7. (a) Smaller trigonal prism 46 (based on XRD data; CPK
model). (b) Larger trigonal prism 48 (based on XRD data; CPK model).
Hydrogen atoms and ethyl groups are omitted from both models for
clarity.
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cooled, resulting in a locking of the cage complex. This
locked structure was found to be highly pH-resilient,
allowing for the development of a pH-dependent host-
guest system in which N,N-dimethylaniline could be
removed from the cavity under acidic conditions and put
back under basic conditions.

Further examples7f of host-guest chemistry have been
detailed in supramolecular assemblies based on the
“symmetry interaction” paradigm of Saalfrank and
Raymond. These instances are evidenced by Saalfrank’s
mixed-valence iron-based adamantanoid,26b which proved
an effective host for ammonium cations, and by Ray-
mond’s similar, tetrahedral iron and gallium clusters,21c,d

the former of which encapsulated an Et4N+ cation and was
characterized by X-ray crystallography, and the latter of
which was used in NMR-based guest-exchange studies
with Et4N+, Me4N+, and Pr4N+. These studies showed that
the Pr4N+ could quickly and completely displace Me4N+

from the cavity, while Et4N+ could do the same to the
Pr4N+ guest. Equilibrium constants for the Pr4N+ and the
Et4N+ relative to K+ were calculated, and an approximately
200-fold difference in favor of the Et4N+ cations as
encapsulated species was found. The disparity was even
greater when the Me4N+ ions were the guests.

Conclusion and Outlook
By employing transition-metal-mediated, coordination-
driven self-assembly in the synthesis of nanoscopic
Archimedean solids, such as truncated tetrahedra and
cuboctahedra, Platonic solids, like the dodecahedron, and
numerous other cages, such as trigonal bipyramids, ada-
mantanoids, and trigonal prisms, we have succeeded in
expanding the directional-bonding methodology into the
realm of three-dimensional architectures. These nano-
scopic complexes, whose sizes can even extend into the
range of small proteins, have large internal cavities that
offer an array of future possibilities, such as catalysis and
the inclusion of large molecules, biomolecules, particles,
etc. Additionally, with the dimensional and functional
variety accessible from this modular approach, a multi-
tude of other, more long-term goals can be envisioned,
including in the areas of nanomachinery and perhaps
even the actual imitation of biological function.

This Account is dedicated to Professor Robert W. Parry on the
occasion of his 85th birthday. We thank our co-workers and
collaborators, as given in the references, for their dedication and
diligent efforts for making it all work. We are also grateful to Yury
Kryschenko for his assistance with the graphics and to the NSF
(CHE-9818472) and the NIH (5R01GM57052) for financial support.
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Trautwein, A. X. Mixed-Valence, Tetranuclear Iron Chelate Com-
plexes as Endoreceptors: Charge Compensation Through Inclu-
sion of Cations. Angew. Chem., Int. Ed. Engl. 1994, 33, 1621-
1623. (c) Saalfrank, R. W.; Hörner, B.; Stalke, D.; Salbeck, J. The
First Neutral Adamantanoid Iron(III) Chelate Complex: Spontane-
ous Formation, Structure, and Electrochemistry. Angew. Chem.,
Int. Ed. Engl. 1993, 32, 1179-1182. (d) Saalfrank, R. W.; Stark, A.;
Bremer, M.; Hummel, H.-U. Formation of Tetranuclear Chelate-
(4-) Ions of Divalent Metals (Mn, Co, Ni) with Idealized T
Symmetry by Spontaneous Self-assembly. Angew. Chem., Int.
Ed. Engl. 1990, 29, 311-314.

(27) Schweiger, M.; Seidel, S. R.; Schmitz, M.; Stang, P. J. Rational
Design of Chiral Nanoscale Adamantanoids. Org. Lett. 2000, 2,
1255-1257.

(28) Chem3D Pro 3.5.2; CambridgeSoft Corp., Cambridge, MA, 1996.
(29) (a) Fujita, M.; Nagao, S.; Ogura, K. Guest-Induced Organization

of a Three-Dimensional Palladium(II) Cagelike Complex. A Pro-
totype for “Induced-Fit” Molecular Recognition. J. Am. Chem.
Soc. 1995, 117, 1649-1650. (b) Hiraoka, S.; Fujita, M. Guest-
Selected Formation of Pd(II)-Linked Cages from a Prototypical
Dynamic Library. J. Am. Chem. Soc. 1999, 121, 10239-10240. (c)
Hiraoka, S.; Kubota, Y.; Fujita, M. Self- and hetero-recognition in
the guest-controlled assembly of Pd(II)-linked cages from two
different ligands. Chem. Commun. 2000, 1509-1510. (d) Ikeda,
A.; Udzu, H.; Zhong, Z.; Shinkai, S.; Sakamoto, S.; Yamaguchi, K.
A Self-Assembled Homooxacalix[3]arene-based Dimeric Capsule
Constructed by a PdII-Pyridine Interaction Which Shows a Novel
Chiral Twisting Motion in Response to Guest Inclusion. J. Am.
Chem. Soc. 2001, 123, 3872-3877. (e) Ikeda, A.; Yoshimura, M.;
Udzu, H.; Fukuhara, C.; Shinkai, S. Inclusion of [60]Fullerene in a
Homooxacalix[3]arene-Based Dimeric Capsule Cross-Linked by
a PdII-Pyridine Interaction. J. Am. Chem. Soc. 1999, 121, 4296-
4297. (f) Liu, H.-K.; Sun, W.-Y.; Ma, D.-J.; Yu, K.-B.; Tang, W.-X.
The first X-ray structurally characterized M3L2 cage-like complex
with tetrahedral metal centres and its encapsulation of a neutral
guest molecule. Chem. Commun. 2000, 591-592.

(30) Kuehl, C. J.; Yamamoto, T.; Seidel, S. R.; Stang, P. J. Self-
Assembly of Molecular Prisms via an Organometallic “Clip”. Org.
Lett. 2002, 4, 913-915.

(31) Kuehl, C. J.; Kryschenko, Y. K.; Radhakrishnan, U.; Seidel, S. R.;
Huang, S. D.; Stang, P. J. Self-assembly of nanoscopic coordina-
tion cages of D3h symmetry. Proc. Natl. Acad. Sci. U.S.A. 2002,
99, 4932-4936.

(32) (a) Kuehl, C. J.; Huang, S. D.; Stang, P. J. Self-Assembly with
Postmodification: Kinetically Stabilized Metalla-Supramolecular
Rectangles. J. Am. Chem. Soc. 2001, 123, 9634-9641. (b) Kuehl,
C. J.; Mayne, C. L.; Arif, A. M.; Stang, P. J. Coordination-Driven
Assembly of Molecular Rectangles via an Organometallic “Clip”.
Org. Lett. 2000, 2, 3727-3729.

AR010142D

High-Symmetry Coordination Cages via Self-Assembly Seidel and Stang

VOL. 35, NO. 11, 2002 / ACCOUNTS OF CHEMICAL RESEARCH 983


