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INTRODUCTION

A molecular host that completely surrounds its guest

provides a means to stabilize reactive and transient chem-

ical intermediates, to transfer biologically active mole-

cules to target cells, and to construct molecular-scale

devices.[1 – 3] To design such a host, such a shell requires

positioning of organic and/or inorganic chemical subunits

in space such that the topological relationship of its

subunits approximates a hollow spherical shell S capable

of packaging single or multiple guests (Fig. 1).[1] A

simple design strategy for the construction of such a host

involves utilizing principles of solid geometry, wherein

the chemical subunits positioned along the surface of S

conform to either a Platonic or an Archimedean solid.[1 – 3]

SPHERICAL HOSTS

A spherical virus (e.g., rhinovirus) is a familiar example

of a spontaneous process of self-assembly that gives rise

to a spherical shell with a closed cavity able to host atoms

and molecules as guests.[1] Such a spherical structure is

desirable, because it employs an economy of information,

providing access to a shell with chemical subunits in

identical chemical environments where surface area is at

a minimum and strain energy is distributed evenly along

the surface. Whereas nature utilizes identical chemical

subunits in the form of proteins, which assemble by way

of noncovalent forces (e.g., hydrogen bonds), to construct

a spherical virus, chemists have a wide variety of organic

and inorganic building blocks at their disposal that may be

used to design atomic- and nanometer-scale shells held

together by noncovalent or covalent bonds. In a similar

way to a spherical virus, such a shell may be designed

to exhibit a targeted property (e.g., catalysis). The tar-

geted property may be less available, or completely in-

accessible, by nature.

SPHEROID DESIGN

To construct a molecular host with a spherical structure,

the framework must be designed so that the guest is

centralized within a hollow spherical shell S.[1] From a

chemical standpoint, such a framework, however, is

impossible to design, because atoms and molecules are

discrete entities, whereas the surface of S is uniform.

Thus, to construct a spherical molecular host, one must

consider the number of identical chemical subunits n for

spheroid design and their placement along the surface of

the shell.

SUBUNITS FOR SPHEROID DESIGN

The simplest host that may be constructed using chemical

subunits that approximate a sphere is a shell based on n=4

subunits with a structure that conforms to a tetrahedron.[4]

Such a shell consists of four identical subunits in the form

of equilateral triangles, where edge-sharing by the tri-

angular faces provides the curvature along the surface of

the shell. The polygonal subunits of the tetrahedron are

related by combinations of twofold and threefold rotation

axes such that the framework is of cubic symmetry (i.e.,

32 symmetry).

PLATONIC SOLIDS

The tetrahedron belongs to a closed family of five convex

uniform polyhedra known as the Platonic solids (Fig. 2),

named after the ancient Greek philosopher Plato (circa

427–347 BC),[5] who speculated that the five solids were

the shapes of the fundamental components of the universe.

Each member of this family possesses cubic symmetry

(i.e., 32, 432, or 532 symmetry) and is made of the same

regular polygons (e.g., equilateral triangle, square) ar-

ranged in space so that its vertices and edges, and three

coordinate directions, are equivalent. That there is a finite

number of such polyhedra is a consequence of the fact that

a limited number of ways exist in which identical regular

polygons may be adjoined to construct a convex corner.

Equilateral triangles may be adjoined in three ways, while

squares and pentagons may be adjoined in only a single

manner. These principles give rise to five isometric

polyhedra that are achiral, with polygons that are related

by combinations of n-fold rotation axes. The Platonic solids

include the tetrahedron, which belongs to the point group Td

and possesses 32 symmetry; the cube and octahedron,
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which belong to the point group Oh and possess 432

symmetry; and the dodecahedron and icosahedron, which

belong to the point group Ih and possess 532 symmetry.

ARCHIMEDEAN SOLIDS

In addition to the Platonic solids, a family of 13 convex

uniform polyhedra known as the Archimedean solids

(Fig. 3) exist, first described by the Greek philosopher

Archimedes (287–211 or 212 BC).[6] The original work

was lost and was reported second-handedly by Pappus of

Alexandria (290–350), a Greek geometer. Each member of

this family of solids is made up of at least two different

regular polygons and may be derived from at least one

Platonic solid through either truncation or twisting of

faces. In the case of the latter, two chiral members, the snub

cube and the snub dodecahedron, are realized. Like the

Platonic solids, the Archimedean solids possess identical

vertices and exhibit 32, 432, or 532 symmetry. The

Archimedean solids exhibit a larger variety of polygons

than the Platonic solids. These include the equilateral

triangle, square, pentagon, hexagon, octagon, and decagon.

MODELS FOR THE DESIGN OF
SPHERICAL MOLECULAR HOSTS

With a synthetic scheme for designing spherical shells

based on principles of solid geometry realized, chemists

exploited such geometric principles for the synthesis of

spherical hosts that encapsulate atoms and molecules as

guests.[1 – 3] In serving as models for the construction of

spherical hosts, the Platonic and Archimedean solids

provide a means with which to determine where chemical

subunits should be placed along the surface of S and the

bonding arrangements they should adopt. To demonstrate

these principles, examples of spherical molecular hosts

derived from the laboratory and nature will be described.

Platonic Solids

As stated, the Platonic solids constitute a family of five

convex uniform polyheda made up of the same regular

polygons and possessing 32, 432, or 532 symmetry.

Tetrahedral hosts

The macrotricyclic spherand designed by Lehn was the

first tetrahedral host (Fig. 4a).[7] The bridgehead nitrogen

atoms and ethyleneoxy units supply the threefold and

twofold rotation axes, respectively. This molecule, and its

tetraprotonated form, was shown to bind an ammonium

and chloride ion, respectively.

Saalfrank was the first to introduce metal-based

tetrahedral cages by using metal ions as corner units and

bridging malonate ligands as edges (Fig. 4b).[8] Owing to a

bend in each ligand, these cages are adamantane-like. In

terms of host–guest behavior, an iron-based system was

shown to complex a single ammonium ion.

Octahedral hosts

A cyclophane-based system reported by Murakami was

shown to conform to a structure of a cube (Fig. 4c).[9] The

sides of the host consist of tetraaza-[3.3.3.3]paracyclo-

phane units, and its octaprotonated cation was shown to

bind anionic guests. A polyoxovanadate, (VO6)(RPO3)8]+

(R=tBu,OSiMe3), reported by Zubieta[10] and Thorn,[11]

was also shown to adopt an octahedral framework

(Fig. 4d). The vanadium atoms of the shell are located at

the vertices of an octahedron, while the phosphorus atoms

are located at the corners of a cube. A cube with a

structure based on deoxyribonucleic acid (DNA) was

described by Seeman (Fig. 4e).[12] The directionality and

ability of the double helix to form branched junctions

were exploited for the edges and vertices, respectively.

Icosahedral hosts

Spherical viruses, found in nature, are examples of

molecular hosts related to an icosahedron (Fig. 4f).[1]

Possessing identical copies of proteins that assemble by

Fig. 1 Hollow spherical shell S.

Fig. 2 The five Platonic solids.
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Fig. 3 The 13 Archimedean solids. Truncated tetrahedron (1), cuboctahedron (2), truncated cube (3), truncated octahedron (4),

rhombicuboctahedron (5), snub cube (6), icosidodecahedron (7), rhombitruncated cuboctahedron (8), truncated dodecahedron (9),

truncated icosahedron (10), rhombicosidodecahedron (11), snub dodecahedron (12), and rhombitruncated icosidodecahedron (13).

Fig. 4 Spherical hosts based on the Platonic solids: (a) spherand (tetrahedron); (b) metal-organic cage (tetrahedron); (c) cyclophane-

based cube (cube); (d) the [(VO6)(RPO3)8]+ ion (R=tBu, OSiMe3) (octahedron and cube); (e) DNA-based cube (printed with permission

by Professor Nadrian Seeman) (cube); and (f) the rhinovirus (icosahedron). (View this art in color at www.dekker.com.)
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way of noncovalent forces (e.g., hydrogen bonds), these

hosts range from 15–90 nm in diameter and encapsulate

strands of ribonucleic acid.

Archimedean Solids

As stated, the Archimedean solids constitute a family of

13 convex uniform polyhedra made up of two or more

regular polygons and, like the Platonic solids, possess 32,

432, or 532 symmetry.

Truncated tetrahedron

Fujita,[13] Stang,[14] and Steel[15] described metal-organic

cages that are topologically analogous to a truncated

tetrahedron (Fig. 5a). These systems consist of metal ions

and aromatic-based bridging ligands that constitute the

twofold and threefold rotation axes, respectively. In terms

of host–guest behavior, x-ray crystallographic studies

revealed the assembly reported by Fujita to form a

complex with four adamantyl carboxylate ions, while that

reported by Steel to encapsulate a molecule of dimethyl-

sulfoxide. According to mass spectrometric data, the cage

described by Stang associates with four triflate ions.

Cuboctahedron

Gonzàlez-Duarte described the ability of eight cadium

ions and 16 thiolate ligands to assemble to form a highly

charged cage, [ClCd8{SCH(CH2CH2)2N(H)Me}16]15+,

the sulfur atoms of which sit at the vertices of a

cuboctahedron.[16] The host contains a central chloride

ion and an inner tetrahedral array of cadmium ions. A

large metal-organic shell that conforms to a cuboctahe-

dron and is based upon Cu(II) ions that assemble with a

triazo ligand was described by Robson.[17] The shell

possesses a cavity with a volume of approximately 816 Å3

and is speculated to accommodate five to six molecules

of dimethylformamide.

Truncated octahedron

Seeman constructed a DNA-based shell analogous to a

truncated octahedron.[18] The edges of this molecule, each

of which contains two turns of the double helix, contain

1440 nucleotides. The molecular weight of the structure,

which is an overall 14-catenane, is 790,000 Daltons. The

design strategy relied on a solid support approach, where

a net of squares is ligated to give the polyhedron.

Rhombicuboctahedron

Müller showed that 24 oxygen atoms of the polyoxomet-

alate [As4Mo6V7O39]2� may be attributed to the structure

of a rhombicuboctahedron.[19] A strong ‘‘tetrahedral

distortion’’ of each ion is required to correspond each

host to the polyhedron. This shell was shown to complex a

sulfate ion in the solid state.

Snub cube

MacGillivray and Atwood demonstrated the ability of six

resorcin[4]arenes and eight water molecules to assemble

in apolar media to form a spherical molecular assembly

that conforms to a snub cube (Fig. 5b).[20] Each res-

orcin[4]arene lies on a fourfold rotation axis and each

H2O molecule on a threefold axis. The vertices of the

square faces of the polyhedron correspond to the corners of

the resorcin[4]arenes and the centroids of the eight tri-

angles that adjoin three squares correspond to the water

molecules. The assembly, which exhibits an external

diameter of 2.4 nm, possesses an internal volume of

about 1400 Å3 and is held together by 60 O–H� � �O
hydrogen bonds.

Fig. 5 Spherical hosts based on the Archimedean solids: (a) metal-organic cage (truncated tetrahedron), (b) calix[4]resorcinarene

spheroid (snub cube), and (c) buckminsterfullerene (truncated icosahedron). (View this art in color at www.dekker.com.)
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Truncated icosahedron

Buckminsterfullerene, an allotrope of carbon, is topolog-

ically equivalent to a truncated icosahedron, an Archi-

medean solid based on 12 pentagons and 20 hexagons

(Fig. 5c).[21] Each carbon atom of the framework cor-

responds to a vertex of the polyhedron. As a result, C60 is

held together by 90 covalent bonds, the number of edges

of the solid.

CONCLUSION

Although chemists demonstrated an ability to utilize

principles of solid geometry to design spherical hosts that

encapsulate atoms and molecules, it is clear that much

work remains to be accomplished. Indeed, although there

exists a limited number of ways (i.e., Platonic and

Archimedean solids) in which polygons may be arranged

to enclose space, that chemists are able to mimic such

structures chemically means that, in principle, an

unlimited number of shells, with sizes that range from

the angstrom—to the nanometer-scale level, and beyond

(i.e., >10 Å), may be constructed. Moreover, a recent

report by Swiegers illustrated that a classification system

that accounts for different assembly processes available

for a given polyhedron is feasible, meaning that a variety

of routes to Platonic and Archimedean structures remain

unexplored.[22] Notably, whereas nature utilizes template-

directed synthesis to form the polypeptide chains that

assemble to form a spherical virus, chemists utilized a

fundamentally different approach to synthesis that relies

on diffusion-controlled synthesis to construct the subunits

of spherical hosts.[23] Moreover, an ability of chemists to

mimic such template-controlled processes could provide

access to spherical hosts with properties not accessible

using a more classical approach synthesis. The imagina-

tion of the chemist, concomitant with an understanding of

principles of biology and geometry, will lead to further

advances in this area.
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