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Molecular “Lego” utilizing simple building blocks with a
rationally programmed arrangement of binding sites permits
the construction of complex coordination cages by self-
assembly,[1] among them different types of coordination
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tetrahedra (Figure 1). The oldest and most common [M4L6]
systems combine four metal centers at the corners with six
bridging ligands as edges (Figure 1 a).[2] [M4L4] tetrahedral
cages, whose faces are covered by ligands with threefold

symmetry (Figure 1b) have been reported more rarely.[3]

Nearly all [M6L4] systems are truncated tetrahedra or
adamantanoid cages (Figure 1c) with rather wide openings
at their corners allowing encapsulated guest molecules to be
exchanged.[4] To our knowledge, only one [M6L4] tetrahedron
with an almost completely closed surface has been reported.[5]

In this case, M is a (CdO)2 four-membered ring and an
[Et4N]+ ion is securely trapped within the octaanionic capsule.

The structural characterization of such large cage com-
pounds by X-ray crystallography is often difficult owing to
rapid solvent loss and severe disorder of counterions and
solvent molecules. The introduction of heavy atoms with their
higher scattering power into the ligands should help to
improve the resolution and quality of the X-ray data. With
tris[(5-bromo-2-hydroxybenzylidene)amino]guanidinium
chloride ([H6Br3L]Cl (1)), we herein present a new ligand
suitable for the formation of chiral (although racemic), tightly
closed tetrahedral cages with the formal [M6L4] topology.

Compound 1 is easily obtained by a Schiff base reaction of
5-bromosalicylaldehyde and triaminoguanidinium chloride.[6]

Diffusion of HCl into an acetonitrile solution of 1
leads to orthorhombic pale yellow crystals of
[H6Br3L]Cl·3CH3CN·H2O (1a).[7] In the solid state 1a
adopts conformation 1 (Scheme 1) which is unfavorable for
the coordination of metal centers and which is stabilized
through hydrogen bonding with the Cl� counterions and
solvent molecules (see Supporting Information). In slightly

basic solution, a change to conformation 2 is observed.[6] To
examine whether metalation of 1 has the same effect, we
allowed a mixture of CdCl2 and 1 to react in acetone at 88 8C.
The solid-state structure of the pale
yellow crystals of the resulting complex
[H6Br3L]2[CdCl4]·6(CH3)2CO·H2O (1b) showed no change
in conformation of 1.[8] In 1b there are two [H6Br3L]+ ligands
together with a [CdCl4]

2� counterion in the asymmetric unit.
A similar reaction of CdCl2 and 1 in methanol in the

presence of Et4NCl (as a tetrahedral counterion) and Et3N as
base leads to the formation of bright yellow crystals.[9] This
time, the ligand is fully deprotonated and binds three CdCl
units. All observed bond lengths and angles at the square
pyramidal cadmium centers fall in the expected ranges (see
Supporting Information) with three coordination sites taken
by the ligand [Br3L]5� and one by a Cl� ligand. The fifth site is
occupied by a phenolate oxygen atom of a neighboring
[(CdCl)3Br3L] building block so that a chiral cage with the
formula (Et4N)5(Et3NH)3[{(CdCl)3Br3L}4] (2), is formed as
shown in Figure 2 with each [(CdCl)3Br3L]2� unit color coded

differently. Although the ligand [H6Br3L]+ is fully deproto-
nated and coordinating three Cd2+ centers in 2 the observed
bond lengths and angles remain at the 3s level the same as
those found in 1a and 1b. Only the propeller-like distortion
becomes more distinct, with dihedral angles of 16.9–36.48. Not
unexpectedly, this avoids close Br···Br contacts at the tightly
packed tetrahedron corners with their already short Br···Br
separations of 3.72(2)–4.89(2) � (Figure 3). The cage dimen-
sions can be determined by an imaginary inner sphere that is
defined by the four central carbon atoms (r = 4.31(8) �). The
theoretical edge length (a) is calculated to be 21.1(4) �, the
height (h) to be 17.2(3) � (Scheme 2, Table 1). The observed
edge length can be gauged by the H···Br separation (d) which
has values of 15.46(3)–15.99(3) �, so that only the ends of the
corners remain uncovered. This situation also confirms that
the [(CdCl)3Br3L] units are triangular building blocks, each of
which covers almost completely one face of the tetrahedron
leaving effectively no opening at the cage corners. In the
asymmetric unit of 2, two cages and 16 counterions can be
found, two of the [Et4N]+ ions are located in the cavities of the
two cage anions. The remaining 14 cations (six [Et3NH]+,
eight [Et4N]+) are located outside the cages with the [Et3NH]+

Figure 1. Tetrahedral cage molecules with different topologies.

Scheme 1. Unfavorable and favorable conformation for the coordina-
tion of metal centers to 1.

Figure 2. a) Connectivity of one [(CdCl)3Br3L] unit. b) Crystal structure
of [{(CdCl)3Br3L}4]

8�, hydrogen atoms and counterions are omitted for
clarity.
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ions forming hydrogen bridges to the Cl ligands of the
tetrahedra (N···Cl = 3.13(2) �).

To learn more about the influence of the size and
geometry of the counterion, [Et4N]+ was replaced by larger
[Ph4P]+ ions in a second reaction of CdCl2 and [H6Br3L]Cl
with Et3N performed under identical conditions. Again bright
yellow crystals were obtained which according to the crystal-
structure analysis correspond to a tetrahedral cage with the
formula (PPh4)1.33(Et3NH)6.67[{(CdCl)3Br3L}4] (3)[10] and of the
same size as 2. An [Et3NH]+ ion is located inside the cage.
Encouraged by these results, the experiment was repeated
without the addition of any tetrahedral cations. Again, bright
yellow crystals suitable for crystal-structure analysis were
obtained corresponding to (Et3NH)8[{(CdCl)3Br3L}4]·xH2O

(4).[11] Again, all crystallographically observed bond lengths
and angles fall in the expected ranges and show no additional
distortion compared with 2 or 3. An [Et3NH]+ ion is captured
inside tetrahedron 4, together with a water molecule, which is
hydrogen bonded to the cation (N···O 2.66(9) �). Apparently,
the size of the guest is more important than its symmetry for
efficiently templating the tetrahedron formation.

Cage 4 is quite stable in solution. The 1H NMR spectrum
of 4 in [D6]acetone shows different signals for the [Et3NH]+

ions inside (methyl groups, dH = 0.95 ppm) and outside
(methyl groups, dH = 1.27 ppm) the cage, which indicates
that their exchange is slow on the NMR timescale.

Electrospray ionization Fourier-transform ion-cyclotron-
resonance (ESI-FT-ICR) mass spectrometry provides a soft
method for the ionization of intact tetrahedra 4 and other
metallosupramolecular assemblies.[12] When sprayed from
acetonitrile or acetone, doubly, triply, and quadruply charged
anions are generated by successively stripping off [Et3NH]+

counterions (Figure 4 a). Although the spectra are complex,
they can be analyzed in detail. In addition to the
[M�nEt3NH]n� ions, losses of Et3N and Et3NHCl are
observed (Figure 4b). An exact comparison of the exper-
imental spectrum with that simulated on the basis of natural
isotope abundances reveals that each of these ions is
accompanied by an ion bearing exactly one water molecule
although dry acetonitrile was used as the spray solvent. In
marked contrast, no such ions bearing water molecules are
observed in the mass spectrum of 2 obtained under the same
conditions (Figure 4c). This finding rules out incomplete
desolvation as the reason for the presence of a water molecule
in the spectra of 4 and points to its presence as a guest inside
the cage, thus providing evidence for the intact structure of
the tetrahedron even in the gas phase. Consequently, it can

safely be assumed that the much larger
[Et3NH]+ guest is also still inside the cage in
these ions.

In conclusion, a tightly closed tetrahe-
dral cage successfully self-assembles around
templating cations as long as these cations
have a suitable size. While [Et4N]+ almost
exactly fills the space inside, [Et3NH]+

leaves enough space for an additional
water molecule, which is co-encapsulated
in the cavity of the tetrahedron. The crystal
structures of several tetrahedra are in

excellent agreement with data from solution and the gas
phase which provide evidence for their existence as stable,
discrete entities. It is particularly surprising, that ESI mass
spectrometry is capable of identifying the encapsulated water
molecule, which may also be interpreted as an effect of the
tightly closed surfaces of the tetrahedra, which impose a
considerable barrier for the water expulsion from the interior.
The tetrahedra are chiral, although they form as a racemic
mixture. As cations template their formation, a diastereose-
lective formation of one tetrahedron enantiomer around an
enantiopure guest cation might be possible.

Received: August 26, 2004

Figure 3. Space-filling model of [{(CdCl)3Br3L}4]
8� in 2, view towards

the corner of the cage (counterions not shown).

Scheme 2. Definition of the cage dimensions in 2.

Table 1: Theoretical and observed dimensions [�] of the tetrahedral cages 2–4.

Dimension[a] 2 3 4

r 4.31(8) 4.36(8) 4.36(5)
a 21.1(4) 21.3(4) 21.3(3)
h 17.2(3) 17.5(3) 17.4(2)
Br···Br 3.72(2)–4.89(2) 3.77(2)–4.72(2) 3.85(2)–4.56(2)
d 15.46(3)–15.99(3) 15.60(3)–16.02(3) 15.68(3)–15.96(3)

[a] See Scheme 2.
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