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Al22Br20 ´ 12 THF: The First Polyhedral
Aluminum SubhalideÐA Step on the Path to a
New Modification of Aluminum?**
Christoph Klemp, Ralf Köppe, Edgar Weckert, and
Hansgeorg Schnöckel*

For a long time polyhedral compounds were only known for
the element boron in Group 13 (the triels (E)). Large
polyhedral clusters such as B20H26

[1] are accessible by pyrolysis
of smaller boron compounds. However, so far no neutral
species with a closo framework[2] has been found for the
binary boranes. In contrast, for the boron halides several
examples for this type of framework with its regular
deltahedron exist, although according to the Wade�s rules[18]

one would expect a precloso structure. For instance, B4Cl4,
B8Cl8, and recently B9X9 (X�Cl, Br, I)[3, 4] have been
structurally determined. However, for B12Cl12 only the
preparation by disproportionation of B2Cl4 is known,[5] and
the icosahedral B12F12

2ÿ [6] exists as a dianion. Thus, no neutral
icosahedral species has been structurally determined so far.
Since B12 icosahedra are present in all boron modifications as
structural elements, the neutral icosahedral boron clusters, in
particular, should be important intermediates in the transition
from the molecule to the solid state.

For the heavy triels Al, Ga, In, and Tl polyhedral
compounds have only been known for a short time. In the
last ten years the use of stabilizing ligands has enabled the
synthesis of polyhedral EI compounds, whose first structurally
characterized examples were [AlCp*]4

[7] (Cp*�C5Me5),
[GaC(SiMe3)3]4,[8] [InCp*]6,[9] and [TlC(SiMe3)3]4

[10] . In the
meantime a large number of such polyhedral compounds has
been characterized;[11] however, hithero there were no poly-
hedra with halogen substituents analogous to the boron
halides. Although tetrameric halides of monovalent alumi-
num can be prepared by cocondensation of the high-temper-
ature particle AlX (X�Br, I) with NEt3 or PEt3 as the donor
and toluene as the solvent (e.g. [AlBr ´ NEt3]4

[12]), as a result
of the high-donor strength of triethylamine and triethylphos-
phane, respectively, a planar Al four-membered ring with
isolated 2eÿ2c bonds is formed instead of an Al4 tetrahedron.
Consequently, the application of weaker donors for the
cocondensation should primarily favor the formation of
polyhedral electron-deficient compounds. However, under
such conditions the disproportionation of the metastable

aluminum monohalide solution to give AlX3 and elemental
aluminum is also favored.

Herein, we report on the cocondensation of AlBr with
toluene and THF as donor. This weaker donor with low steric
requirements apparently allows the formation of Al multi-
center bonds while still preventing the disproportionation to
elemental aluminum to a great extent so that isolable
intermediates are to be expected. Extremely sensitive pale
yellow crystals of the composition Al22Br20 ´ 12 THF (1) were
isolated from the solution heated to room temperature. They
are mechanically labile and decompose on removal of the
solvent or in anhydrous perfluoropolyether (at room temper-
ature within a minute) to give a white amorphous solid. The
result of the X-ray structural analysis[13] (Figure 1) shows that

Figure 1. Molecular structure of 1 (C and H atoms are omitted for clarity).
Dark blue: Al atoms of icosahedral core; light blue: Al atoms of AlBr2

ligands; orange: Br atoms; red: O atoms of THF molecules. Selected
distances [�] (average �maximal deviation determined from analogous
bonds; results of the DFT calculations in parentheses): Al1ÿAl2 2.650�
0.023 (2.615), Al2ÿAl3 2.762� 0.005 (282.4), Al3ÿAl4 2.692� 0.016
(2.684), Al4ÿAl5 2.526� 0.019 (2.541), Al5ÿO1 1.892� 0.038 (1.937),
Al5ÿBr1 2.299� 0.039; for comparison: selected AlÿAl distances in other
Al compounds (see text): [AliBu]12

2ÿ : 2.670 ± 2.696, [AlCp*]4: 2.769,
[AlBr2 ´ OMePh]2: 2.530, metal: 2.860.

this structure is better described by the formula Al12[AlBr2 ´
THF]10 ´ 2 THF. The central structural element is a compressed
Al12 icosahedron. This is the second example of a molecular
icosahedral unit for the heavy elements of Group 13; several
years ago Uhl et al.[14] prepared an [AliBu]12

2ÿ ion. To our
knowledge 1 is the only neutral molecular icosahedral cluster
compound outside boron chemistry. The AlÿAl distances lie
in the expected range for subvalent compounds (see legend
for Figure 1).

AlBr2 units are bonded to ten of the twelve Al atoms of the
icosahedron. As shown in Figure 2 the 20 bromine atoms are
arranged above the triangular faces of the icosahedron in such
a way that they adopt the geometry of a distorted pentagonal
dodecahedron;[15] a THF molecule (omitted for clarity in
Figure 2) protrudes from the center of each of these faces.
Therefore, two para-positioned Al atoms of the icosahedron
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Figure 2. Pentagonal dodecahedron of the Br atoms around the Al
icosahedron. The BrÿBr distances lie in the range of the sum of the van
der Waals radii of 3.80 �. Color code see Figure 1.

are not bound to AlBr2 units but are each only coordinated by
a THF molecule. Thus, in analogy to the 1,12-carboranes an
icosahedral framework is formed which is compressed in 1-12
direction. A compound topologically comparable with 1 was
reported by Hawthorne:[16] deca(dichloromethyl)-para-car-
borane,[17] which, owing to the good steric shielding of the
icosahedral framework by its substituents, was described as a
¹camouflaged carboraneª. As shown in the space-filling
model in Figure 3 the subvalent Al atoms in 1 are also
completely surrounded by a closed shell of Br atoms and the
methylene groups of the THF molecules.

Figure 3. Space-filling model of 1 based on the den van der Waals radii.
The Al22 cluster is completely surrounded by dodecahedrally arranged Br
atoms and icosahedrally arranged THF molecules. In the crystal the
molecules adopt an almost hexagonal primitive arrangement. Disordered
solvent (toluene) is found in the spaces. Color code see Figure 1.

The bonding in 1 can be interpreted according to Wade�s
rules.[18] Owing to the coordinated THF molecules the two
para-positioned Al atoms of the icosahedron can each provide
the polyhedral framework with three electrons, whereas the

remaining ten icosahedron Al atoms can only each provide
two electrons because of their bond to the AlBr2 groups. This
results in 26 framework electrons (�2n� 2 with n� 12) for
the bonding in the Al12 polyhedron; that is in accordance with
the experiment the electron balance indicates the formation
of a molecule of the closo-type (icosahedron). Thus, the
discussion on three-dimensional aromaticity, for example, for
closo-polyhedra of boron, should probably be extended to
aluminum.[19, 20]

Under formal considerations on the oxidation states in the
Al22 group the atoms of the icosahedral unit have the
oxidation state 0, whereas the remaining ten atoms have the
oxidation state �2, that is in total this results in the mean
oxidation state of 0.91. Thus, this aluminum subhalide can be
considered as the product of an internal disproportionation of
24 AlBr units with formal elimination of [AlBr2]2.[21]

For a better understanding of 1 density functional theory
(DFT) calculations were carried out on the analogous but
simpler model system Al22Cl20 ´ 12 H2O (1 a).[22] The calculated
AlÿAl distances are shown in parentheses in the caption of
Figure 1 and are in good agreement with the measured values.
Furthermore, Figure 4 shows a comparison of the calculated

Figure 4. Energy diagram for the position of Al22Cl20 ´ 12H2O (1a) relative
to the starting material AlCl and the thermodynamic end products Al and
AlCl3.

energetic position of this model system (1 a�Al2Cl4) with the
energetic positions of the corresponding starting materials
(24 AlCl� 12 H2O) as well as with the thermodynamically
most stable final products (16Al(f)� 8 AlCl3 ´ H2O� 4 H2O):
During the formation of 1 a almost the complete dispropor-
tionation energy is liberated.[23] However, in the light of the
polyhedral structure of 1, it is questionable whether 1 a and 1
can be interpreted as intermediates of the disproportionation
to AlX3 and aluminum metal.

An important motivational factor for the research on
clusters are findings about the change in material properties
during the transition from the molecule to the solid state. The
Al77R20

2ÿ cluster (R�N(SiMe3)2)[24] is the largest metal
cluster so far, whose structure has been determined by
X-ray diffraction. It consists of a central Al atom, which is
surrounded by a series of shells, first by 12 Al atoms, arranged
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in the form of a distorted icosahedron, then by 44 Al atoms,
and finally by a further 20 AlIR units. Since the icosahedral
Al12 shell is distorted almost to the extent that it is a
cuboctahedron, the twelve-coordinate central atom is already
situated in an environment that is very remisicent to that in
cubic closest packed a-aluminum.

In contrast, compound 1 as the second largest aluminum
cluster and as the largest neutral aluminum cluster shows a
fundamental structural difference in the Al framework, because
in this case the central Al atom is missing. Owing to the
reactive Br substituents in the cluster shell further reactions
resulting in the growth of the aluminum framework should be
possible under comparably mild conditions. Finally, a further
disproportionation and/or dehalogenation could lead to the
formation of a solid-state structure. As long as no Al atom is
present in the center of these icosahedral frameworks the
linkage of the icosahedra would be more likely to result in a
solid which is structurally more similar to boron and probably
nonmetallic. Thus, the Al22 unit already is a structurally
analogous section from the structure of the b-rhombohedral
modification of boron and is unique with regard to the ten
M0ÿMII bonds. Even in boron chemistry so far there has not
been an intermediate such as a hypothetical B12B10R20

molecule as the link between molecular B12 icosahedra and
the linked icosahedra in solid boron. It therefore appears
plausible to interpret the formation of 1 as a first step in the
direction of a new modification of aluminum.

Experimental Section

AlBr (40 mmol) was cocondensed with toluene (100 mL) and THF (15 mL)
according to the method desribed in reference [11a]. A portion (20 mL) of
the dark red solution (ca. 0.37m) was concentrated to about half the volume
in the cold and thus freed to a large extent from the donor THF. After
several days at room temperature a slightly amorphous precipitate of
aluminum occurred. From the further concentrated filtrate, 1 began to
crystallize after several days in the form of pale yellow, hexagonal plates,
which were mechanically and chemically highly labile. In contrast, in
solution 1 is stable to above 110 8C. The total yield after several re-
precipitations was about 10%.
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Convergence of Catalytic Antibody and
Terpene Cyclase Mechanisms:
Polyene Cyclization Directed by
Carbocation ± p Interactions**
Chiana M. Paschall, Jens Hasserodt, Terri Jones,
Richard A. Lerner, Kim D. Janda, and
David W. Christianson*

Carbocation cyclization cascades catalyzed by terpenoid
cyclases rank among the most important and the most
complex carbon ± carbon bond forming reactions in chemistry
and biology.[1, 2] For example, consider the pathway of

cholesterol biosynthesis in which the open-chain polyene
squalene oxide is cyclized to yield the tetracyclic product
lanosterol in a single chemical reaction catalyzed by lanoster-
ol synthase (Scheme 1 A).[2] More than one third of the carbon
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Scheme 1. A) Cyclization catalyzed by lanosterol synthase. Lanosterol
rings are labeled according to the standard steroid nomenclature. B) Poly-
ene cyclization catalyzed by antibody HA5-19A4 yields a trans-decalin
skeleton analogous to the lanosterol A and B rings. LGM� leaving group
mimic plus carrier protein linker. For further information see the text.

atoms in the triterpene substrate undergo changes in bonding
and/or hybridization during the cyclization cascade to yield a
product containing seven precisely formed stereocenters.
Remarkably, only 1 out of a possible 128 product stereo-
isomers is generated, so one key role of the cyclase is to
mediate the structural and stereochemical precision of the
cyclization reaction. Such precision is the hallmark of most
terpenoid cyclases, which are responsible for the biosynthesis
of myriad natural products in all forms of life.

Recent X-ray crystal structure determinations of terpenoid
cyclases suggest an independent evolution of two classes of
cyclases, yet members of each class exhibit convergent
structural features important for catalysis.[3] The active site
cavities of each are nested deep within a-helical super-
structures, where numerous hydrophobic residues help to
sequester the linear polyene substrate from solvent and form
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