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One of the most active areas of research in metallo-
supramolecular chemistry at present is the assembly of
polyhedral cage complexes from labile metal centers and
multidentate bridging ligands.[1] Apart from the intrinsic
appeal of the structures, they are of interest both for
understanding the mechanisms of the assembly process which
lead to their formation and for the host ± guest chemistry
associated with their large central cavities.[1]

Tetradentate ligands with two bidentate chelating termini
are commonly used in this area. When these coordinate to
octahedral metal centers in the absence of any other ligands,
the resulting complex must have a metal:ligand ratio of 2:3, as
found in dinuclear triple helicates with three bridging
ligands.[2] The next member of this series is the M4L6

tetrahedron, in which a bridging ligand spans each edge of a
tetrahedral array of metal ions. This type of structure has been
extensively studied recently,[3±6] and there is a well-developed
host ± guest chemistry based on the binding of counterions or
solvent molecules in the tetrahedral cavities. The only three-
dimensional cage of which we are aware with a higher
nuclearity but with the same M2L3 ratio is the cube
[Ni8(tab)12]16� (tab� 1,2,3,4-tetraaminobutane);[7] in 1997 we
described a (two-dimensional) circular M8L12 helicate with an
anion encapsulated in the central cavity.[8]

Our recent work in this area is based on ligands such as L1 ±
L3 which contain two bidentate pyrazolylpyridine units linked
to an aromatic core through two methylene spacers.[3, 9] With
cobalt(��) ions these ligands form [Co4L6]8� cages which bind

N

N
N

N

N
N

NN

NN

N N

X

L1  X = 1,2-C6H4

L2  X = 2,3-naphthalenediyl
L3  X = 3,3'-biphenyl

L4

Feringa, Inorg. Chem. 1999, 38, 1929 ± 1936; b) M. Lubben, A.
Meetsma, E. C. Wilkinson, B. L. Feringa, L. Que, Jr., Angew. Chem.
1995, 107, 1610 ± 1612; Angew. Chem. Int. Ed. Engl. 1995, 34, 1512 ±
1514.

[12] Crystal data for [Fe(PaPy3)(NO)][ClO4]2 ¥ CH3CN (2 ¥ CH3CN): red
plates, 0.48� 0.40� 0.02 mm3, orthorhombic, space group Pbca, a�
7.740(3), b� 21.990(9), c� 30.634(11) ä, V� 5214(3) ä3, Z� 8,
�calcd� 1.713 Mgm�3, 2�max� 60�, �(MoK�)� 0.855 mm�1, � scans,
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anions in the central cavity. With the shorter ligands L1 and L2

the central anion (perchlorate or tetrafluoroborate) is com-
pletely encapsulated and tightly bound in the central cavity,
and in fact acts as a template for the assembly of the cage
around it.[3] With the larger bridging ligand L3, in contrast, the
anions in the cavity exchange freely with those outside
through large cavities in the center of each face.[9] In seeking
to prepare a related tetrahedral cage with a cavity of
intermediate size, for the purposes of investigating the size
selectivity of anion binding, we prepared ligand L4 in which
the spacer is a 1,8-naphthyl unit. Unexpectedly, this reacts
with cobalt(��) and zinc(��) ions to generate dodecanuclear cage
complexes [M12(�-L4)18]X24 (where X� perchlorate or tetra-
fluoroborate) in which each of the 18 bridging ligands spans
an edge of a truncated-tetrahedral M12 array.

The ligand L4 was prepared[10] by reaction of 1,8-bis(bro-
momethyl)naphthalene with 3-(2-pyridyl)pyrazole by using
the procedure we have described before for related li-
gands.[3, 9] Reaction of L4 with Co(O2CCH3)2 ¥ 4H2O in MeOH
in a 3:2 ratio afforded an orange solution from which a
precipitate was obtained on addition of aqueous NaBF4.
Crystallization by diffusion of ethyl acetate vapor into a
solution of the complex in DMF/MeCN afforded X-ray
quality crystals of a material whose elemental analysis, as
expected, was consistent with the empirical formula
[Co2(L4)3][BF4]4.

The crystal structure is shown in Figures 1-3.[11] The core of
the structure is a truncated tetrahedral array of 12 metal ions;
this polyhedron is generated by truncating each of the four
vertices of a tetrahedron to reveal a triangular face. Each of
the four faces of the initial tetrahedron therefore becomes a
hexagon, and the polyhedron accordingly contains four
triangular and four hexagonal faces (Figure 1). This is a very

Figure 1. Section of the crystal structure of [Co12(L4)18][BF4]24 showing the
dodecanuclear cage of CoII ions and the four encapsulated anions.

rare structural type in metal cage complexes: discrete [Sn12]12�

ionic clusters of this structure occur in the Zintl compounds
CaNa10Sn12 and SrNa10Sn12,[12] and a dodacnuclear ™capsule∫
with this arrangement of metal ions was formed by hydrogen-
bonding association of four approximately planar triangular,
trinuclear complex units.[13]

The Co ¥¥ ¥ Co separations along each of the 18 edges lie in
the range 9.22 ± 9.36 ä. Every cobalt(��) ion is coordinated by a

meridional arrangement of three pyridyl and three pyrazolyl
donors from the three bidentate chelating units. All Co�N
bonds are in the range 2.1 ± 2.2 ä. All twelve cobalt(��) centers
within each complex molecule have the same chirality; the
crystal as a whole is, however, racemic. The space-filling view
(Figure 2) emphasises how the ligands are entwined around
each other, with extensive aromatic �-stacking interactions
between overlapping naphthyl units of the ligands; columnar
stacks of eight naphthyl units occur around the periphery of
the complex. In the solid state the complex has only one
threefold axis, but the idealized symmetry is T, similar to those
of the M4L6 tetrahedral cages in which all four metal ions are
homochiral.[3, 14]

Figure 2. Space-filling view of the complex cation of [Co12(L4)18][BF4]24.

The central cavity of the cage contains four tetrafluorobo-
rate anions (of which one is disordered, with six F atom
positions evident with a site occupancy of two-thirds in each;
Figure 1). The boron atoms of these four anions describe an
approximate tetrahedron with B ¥¥¥ B separations of about
5.3 ä. The proximity of these anions results in F ¥¥ ¥ F contacts
between adjacent anions of 3.25 ä (based on the three
ordered anions only). In addition, the two-dimensional
cavities at the center of the triangular and hexagonal faces
all contain a tetrafluoroborate anion (Figure 3). This situation
results in nonbonded F ¥¥¥ C separations of 3.0 ± 3.3 ä, possibly
involving weak C�H ¥¥¥ F hydrogen-bonding interactions.[15]

Counterions are often found occupying the two-dimensional
cavities at the center of circular helicate complexes[7, 16] and
the three-dimensional cavities at the center of cage com-
plexes;[1, 3±6, 17] with anions bound in both two-dimensional (on
the surface) and three-dimensional (at the center) cavities,
[Co12(�-L4)18][BF4]24 displays both types of behavior. Whether
these anions are acting as templates without which the
[Co12(�-L4)18]24� cage could not form is not yet known.

Electrospray mass spectra (at a variety of cone voltages) of
a solution of redissolved crystals of the complex in DMF
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Figure 3. Sections of the crystal structure of [Co12(L4)18][BF4]24 showing
a) the view looking onto a triangular face, and b) the view looking onto a
hexagonal face. One ligand has been shaded differently in each figure for
clarity. In each case there is a [BF4]� ion in the cavity at the center of the
face.

showed only peaks at low m/z values, most of which were not
readily assignable. Decomposition of the complex in solution
under these conditions was clear from some signals (for
example [HL4]� at m/z 443, and [Co(L4)]2� at m/z 250).
MALDI-TOF and Fourier transform ion cyclotron resonance
(FT-ICR) spectra gave similar results and also failed to show
any peaks consistent with retention of the cage structure.
1H NMR spectroscopy provided further evidence that the
cage structure dissociates in solution. The intact cage has two
different types of edge (12 around the triangular faces, and the
remaining 6 on the hexagonal faces), with each edge having
twofold symmetry. We would therefore expect to see two
independent ligand halves, that is, 22 proton environments for
the intact cage. The spectrum recorded at �20 �C in
[D6]DMSO/CD3CN shows at least 36 paramagnetically shift-
ed proton environments in the range �� 10 ± 110 ppm, which
is characteristic of the ligands coordinated to cobalt(��) ions,[18]

as well a signals in the �� 6 ± 10 ppm region characteristic of
free ligand. The spectrum becomes even more complicated at
higher temperatures. Fragmentation of the cage clearly occurs
in this strongly coordinating solvent; the cage is not soluble in
less well-coordinating solvents.

Finally, we note that we have observed essentially identical
structures with zinc(��) in place of cobalt(��) ions, and also with
a perchlorate as counterion in place of tetrafluorborate.
Details of these structural determinations, and studies on
whether alternative (nontetrahedral) guest anions give similar
cages, will be reported in due course.
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