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Four equal substituents placed at the vertices of a regular tetrahedron
result in a highly symmetric, but chiral, structure if these substituents are 
tripodal, facedelineated ligands: The resulting icosahedral geometry retains
the full rotational symmetry of the tetrahedron.

For more information see the following pages.
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The preparation of metal complexes with a chiral structure
has been one of the great challenges in synthetic coordination
chemistry within the last 100 years. As early as 1911 Alfred
Werner made use of the optical activity of chiral CoIII

complexes to establish the octahedral geometry of this metal
cation.[1] Since this pioneering work, interest in such materials
has grown because a variety of important properties, such as
enantioselective catalytic activity, specific binding of chiral
guests, and optical behavior, depend on chirality.[2, 3] A
uniform and undistorted coordination sphere of a metal
complex is on its own not chiral, and specific strategies must
be used to obtain chiral structures. These include the use of
chiral ligands, heteroleptic complexes, or substitution of
monodentate ligands L by multidentate analogues.[3] One
may elucidate the individual isomers of a metal complex by
visualizing with a particular color the corners, edges, or faces
of the coordination polyhedron which are occupied by a
ligand. A monodentate ligand would represent a colored
corner,[4] a bidentate ligand L-L a colored edge,[5] while a C3-
symmetric, tridentate, tripodal ligand L±L±L would repre-
sent a colored triangular face. In an edge- or a face-delineated
polyhedron containing bi- or tridentate ligands, isomers exist
for each configuration in which the colored edges or faces do
not meet at any of the vertices. This is rather trivial for
coordination numbers up to eight, where only a limited

number of solutions exists. The well known octahedral D3-
symmetric tris-chelates [M(L-L)3] represent one of the few
chiral examples. It would be of particular interest to know
whether this concept would allow for the generation of
isometric chiral structures. Such species would be unique
because they are optically active but would not adopt any
preferred orientation in space, for example, in an external
magnetic or electric field. Only three possible point groups, T,
O, and I, account for chiral isometric structures, and
corresponding polyhedra would have a minimum of 12, 24,
and 60 vertices, respectively.[6] The latter two are outside the
range accessible to mononuclear complexes; however, metal
complexes with a coordination number of 12 and icosahedral
geometry are known.[7, 8] Since the chiral point group T is a
subgroup of Ih, this strategy should allow for the generation of
chiral T-symmetric complexes. We performed an exhaustive
search for such solutions,[9] and could demonstrate that a total
of five isomers,[10] with Th, D3d, D3, D2 , and C2 symmetry, are
possible for an icosahedral [M(L-L)6] structure. Two of them,
namely the Th and the D3 isomers have been observed in
complexes with bidentate ligands having a sufficiently small
bite angle (for example, with NO3

ÿ).[7, 8] A chiral isometric
structure can thus not be achieved by using bidentate ligands.
Such a structure is, however, possible by coloring four
triangular faces of an icosahedron. If the restriction is applied
that the colored faces cannot have common vertices, only one
single solution exists (Figure 1); this structure is chiral and
retains the full rotational symmetry of the tetrahedron.

A synthetic route to such a complex has been established in
our laboratory by testing a series of substituted cyclohexane-
1,3,5-triols as possible ligands for Ba2� ions. Since additional
binding of H2O has been observed in the complex formed with
the unsubstituted ligand 1,3,5-triamino-1,3,5-trideoxy-cis-
inositol (taci), namely [Ba(taci)2(H2O)3]2�,[11] we used more
lipophilic derivatives, such as the tris(benzylamino)- and
tris[benzylmethyl)amino] compounds, tbci and tbmci, respec-
tively, for coordination in a non-aqueous medium (Figure 1 d).
The hexaalkylated derivative tbmci proved to be too bulky,
and the mass spectrum established that only the 1:2 complex
[Ba(tbmci)2]2� formed. For the intermediate tbci, the mass
spectrum established the formation of the 1:4 complex
[Ba(tbci)4]2�. The NMR data (1H and 13C) indicated that all
four ligand moieties were equivalent, and that the local
C3 symmetry within each ligand was preserved. If a reason-
able potential is considered with attractive forces between the
cation and the oxygen donors, and repulsion between the
individual ligand moieties, the center of gravity of the four
ligands should be located on the vertices of a regular
tetrahedron (Figure 1 a). Rotation around the threefold axes
would generate a variety of different polyhedra such as the
truncated tetrahedron, the cuboctahedron, the anticubocta-
hedron, and the icosahedron (Figure 1 b), with the icosahedral
structure being of lowest energy.[7] A crystal-structure analysis
of [Ba(tbci)4]2� did indeed exhibit an almost regular icosahe-
dron for the BaO12 sphere (Figure 2).[12]

[Ba(tbci)4]Br2 ´ 2.5 MeOH crystallizes as a racemate with
the two enantiomers related through a center of inversion.
The twelve peripheral benzyl moieties encapsulate the central
BaO12 icosahedron completely, thus generating a lipophilic
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Figure 1. Coordination numbers of 10 and 12: Four tripodal tridentate
ligands are arranged around a metal center with their centers of gravity
placed on the vertices of a regular tetrahedron (a). Depending on the
angles f1 ± f4 different coordination polyhedra are obtained. Note that
only one two-color solution is possible for each polyhedron and only the
icosahedral structure is chiral (b; MP�mirror plane). The highlighted
equilateral triangle at the top collapses to a single point (H2O ligand) giving
the chiral C3-symmetric coordination polyhedron observed for the Sr
complex (c). The scheme used for the ligands is shown in (d).

molecular surface for the entire cation. The benzyl groups
have an asymmetric orientation and the BaO12 icosahedron
exhibited some minor distortions from full tetrahedral
symmetry. However, as shown by the NMR data, the four
ligand moieties as well as all the BaÿO bonds are equivalent in
solution, and the deviation from true T symmetry is clearly
the result of crystal packing effects in this particular structure.

Three different types of triangles can be specified in the T-
symmetric coordination sphere: a) four equilateral triangles
defined by the donor set of each ligand, b) twelve irregular
triangles with one side derived from the two donors of one
ligand and the additional vertex from another ligand, c) four
additional equilateral triangles with all three vertices belong-
ing to different ligand entities. Triangles of type a and c lie
opposite to each other and are surrounded entirely by
triangles of type b. The four threefold axes run through the
mid-points of a type a and type c triangle, while the three

Figure 2. Structure of [Ba(tbci)4]2� in the crystal. a) The BaO12 coordina-
tion sphere. b) Ball and stick model of the entire cation showing the
disordered phenyl groups. (BaÿO bond lengths: 276(1) ± 291(1) pm, mean
value: 284� 5; O ´´´ O distances between adjacent oxygen donor atoms:
285(2) ± 340(2) pm, average: 300� 12 pm).

twofold axes run through the mid-points of the common edges
of two adjacent type b triangles.

The high coordination number (12) of [Ba(tbci)4]2� is
clearly a consequence of the large ionic radius of the Ba2� ion.
The use of Sr2� and Mg2� result in the formation of
[Sr(tbci)3(H2O)]2� and [Mg(tbci)2]2� with coordination num-
bers of 10 and 6, respectively.[13] The coordination sphere of
the Sr complex is closely related to that of the Ba complex: It
is obtained if one of the equilateral triangles of the MO12

icosahedron collapses to a single point. This point in the Sr
complex is occupied by the water ligand. The resulting
idealized SrO10 polyhedron has chiral C3 symmetry (Fig-
ure 1 c). It consists of 10 triangles with an arachno structure
and three quadrilateral faces (rhombi) having the water
oxygen atom as a common vertex. To the best of our
knowledge, such a C3 geometry with a coordination number
of 10 is unprecedented. The Mg complex has a simple trigonal
antiprismatic (octahedral) coordination.

Molecules with chiral T symmetry are scarce, and only a
few examples of metal complexes have been reported. In
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Free-base porphyrins react with haloboranes to yield
diborylporphyrins in which the porphyrin ligands show
marked rectangular distortions.[1] The reaction of 1 a-H2 with
F3B OEt2 in the presence of trace water leads to green 1 a-

general they have an oligonuclear structure.[14] A mononu-
clear complex with T symmetry and achiral ligands was
hitherto unknown. The structure of [Ba(tbci)4]2� is further
unique in that it represents one of the very few examples of a
12-coordinate complex with exclusive formation of six-
membered chelate rings. The facile formation of this complex
in non-aqueous media may indicate that lipophilic derivatives
of symmetrically substituted cis-cyclohexane-1,3,5-triols could
serve as building blocks for such complexes if sufficiently
large metal centers are used.

Experimental Section

tbci[15] was prepared by the reaction of taci[11] and an excess of
benzaldehyde in MeOH, followed by NaBH4 reduction. tbmci was
obtained from tbci by an Eschweiler ± Clarke-type methylation with
formaldehyde and formic acid. Both ligands were characterized by 1H
and 13C NMR spectroscopy as well as positive-ion fast-atom bombardment
(FAB�) MS, and gave correct C,H,N analyses (see Supporting Informa-
tion).

[Ba(tbci)4]Br2 ´ 2CH3OH: A solution of BaBr2 ´ 2H2O (41 mg) in MeOH
(5 mL) was added to a suspension of tbci (220 mg) in MeOH (5 mL). A
clear solution was formed from which a crop of colorless crystals deposited
within several minutes. Yield: 61 % of the air-dried product. Elemental
analysis calcd (%) for C110H140BaBr2N12O14 (2151.57): C 61.41, H 6.56, N
7.81; found: C 61.48, H 6.66, N 7.65; 1H NMR (CDCl3): d� 2.15 (3 H), 3.70
(6H), 3.80 (3H), 7.23 ± 7.36 (15 H); 13C NMR: d� 50.7, 58.4, 66.7, 125.9,
127.1, 128.5, 140.0; MS (FAB�, 3-nitrobenzylalcohol) m/z (%): 2007.8 (55)
[Ba(tbci)4Br]� , 2005.8 (45) [Ba(tbci)3(tbciÿH2)Br]� , 1926.3 (7)
[Ba(tbci)4ÿH�]� .
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