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Some years ago we established the developing area of
metalloid Al clusters with the cluster ion [ALRy]™ (1, R=
N(SiMe;),)."* The topology of the seven Al atoms in the
form of two vertex-sharing tetrahedral {Al,} moieties is
unique for metal atom clusters and has raised the still
unanswered question: Can the central “naked” Al atom with
its six directly bound neighbors be regarded as a section of the
face-centered cubic (fcc) structure of solid aluminum, that is,
the basic form of metalloid clusters, or is it better understood
as an AI’" ion stabilized by two aromatic {Al;R;}*~ moieties in
a sandwich-type arrangement as in the aluminocenium cation
[AICp*,]*, prepared by us for the first time (Cp* = CsMes) 2P
In the meantime, we could demonstrate for further substi-
tuted [ALR¢]™ clusters (R=N(SiMe,R’), R'=hexyl, Bu,
iPr)® that these [Al;} clusters are evidently energetically
favored in their monoanion form. In an attempt to answer the
question concerning the bond situation, we varied the syn-
thesis with the aim of isolating neutral [Al;R¢] species and
obtained the cluster radical [AL,R¢] (2, R =N(SiMe,Ph),).
The experimentally determined changes in structure between
1 and 2 and additional DFT calculations allow a first approach
towards understanding the complicated bonding situation for
clusters with such a prototypical {Al;} framework.
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When a metastable solution of AICI in toluene/diethyl
ether (1:3), obtained by the simultaneous condensation of the
high-temperature species AICI with the solvent mixture,®” is
added to an equimolar amount of solid Li(NSiMe,Ph), at
—78°C,! a dark brown pentane extract is obtained after
repeated filtration and warming of the solution to 60 °C. From
this fraction crystals of [Al,{N(SiMe,Ph),}] (2), which appear
dark crimson in transmitted light, grew over several days. The
molecular structure of 2 as determined by X-ray structure
analysis is depicted in Figure 1.0

Figure 1. Molecular crystal structure of 2. Because the topology of the
framework of 2 and 1 is the same, relevant bond lengths are listed for
2 as well as for 1 (in brackets). The Al1-Al2 bond length (the distance
between the central and each of the six symmetry-equivalent Al atoms)
is 2.73 (2.73) A. The Al-Al bond lengths in the {Al;} rings (AI2—AI2') is
2.61 (2.53) A. All AI-N bond lengths are 1.81 (1.84) A. The environ-
ment of each N atom is planar (sum of angles =360°). The N—Si bond
lengths are 1.75 (1.73) A.

Analogous to 1, 2 has a Ds; structure of the {Al}
framework with one “naked” central atom (i.e., only coordi-
nated by the other six Al atoms), although a significant
elongation of the Al—Al bonds in the {Al;} rings relative to 1is
observed (2.61 compared with 2.53 A), whereas the Al—-Al
bond lengths to the central Al atom are nearly identical in 1
and 2 (Table 1).

Figure 2 shows the large distances between the clusters in
the crystal: The 8 4 6 coordination of each cluster molecule
leads to the distances between the centers of the clusters listed
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Table 1: Selected structural parameters for the crystalline cluster species 1 and 2 and calculated
structural data for the model compounds 1a and 2a, as well as for 3, 3%, and 37!

the cluster. The expected aniso-
tropy stemming from the arrange-

d(AN—-AI2) d(AI2—AI2)) d(AIN) AE (rel.) HOMO-LUMO ment of the clusters in the crystal
1, exptl 273 553 184 could be cgnflrmed by rotating the
1, caled 2.777 2.550 1.878 1.68 sample (Figure 3). To account for
2, exptl 2.73 2.61 1.81 the absence of observable hyperfine
1a, [Al;(NHy)e™ 2.758 2.545 1.837 0 1.64 structure in the EPR spectrum of
2a, [Al;(NH,)4] 2.714 2.607 1.809 +170 0.42 the crystalline sample,'” quantum-
37, [AlH 2.6%4 2.547 1.636 0 1.65 chemical calculations!""! were car-
3'+[A|7H6] 2.638 2.630 1.616 +300 0.50 ried out. Simulated spectra of clus-
3%, [ALHg" 2.597 2.767 1.604 +660 0.64

[a] The numbering of the atoms corresponds to that in Figure 1. Distances in A; relative energies in

k) mol™'; HOMO-LUMO gaps in eV.

Figure 2. Coordination sphere of cluster 2 in the crystal. The alignment
along the ¢ axis (green, c=13.997 A) is emphasized; a (yellow) =

b (blue) =25.715 A. The central cluster (blue) is surrounded by a cube
(red) with 12 identical distances of 17.535 A. In the enclosing
octahedron (gray) the 12 edges are: 6x25.715 and 6x23.847 A. The
direct coordination sphere of the central cluster (blue) is:

8 (cube) + 6 (octahedron): 8 (2x13.997 A (green lines) +6x15.562 A
(thin gray lines)) +6x17.535 A (not shown).

in the caption of Figure 2, which vary between 14 and 26 A )
The preferred direction in the crystal is the c axis, as the
threefold axes of the cluster molecules are arranged in this
direction.

The EPR spectrum (Figure 3) of crystals of 2 with a
g value of about 2 confirms the radical electron structure of

T T T T T T T T 1
3000 3200 3400 3600 3800
B/G

Figure 3. EPR spectrum of crystalline 2. Rotation of the EPR tube in
three positions (0°, 50°, and 90°) leads to the following splitting: 0°:
131 G; 50°: 167 G; 90°: 140 G.
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ter molecules of the model com-
pound 2a (see below) in various
arrangements have a similar line
shape without hyperfine structure
(see the Supporting Information).
Whereas the steep flanks of the EPR resonances indicate
Gaussian line shape and therefore good separation of the
single clusters in the collective, other results hint at inter-
actions between the clusters of 2, which lead to stabilization in
the crystal (see below).

To explain the variation of the bonding situation between
cluster species 1 and 2 and to answer the question raised in the
introduction regarding the interpretation of bonding in these
compounds, we performed DFT calculations!"! on the very
simple model compound [Al;H] and the corresponding
cationic and anionic species [Al;Hg]* (3*) and [AL,H¢]™ (37).
A population analysis for these systems provides explicit
contributions for each MO. The essential results of the
calculations are shown in Figure 4 and Table 1. The six Al-Al

-
s,

3 3

Figure 4. Calculated structural data (A) and results of the population
analysis (SEN, Q) for the [Al(AIH)] frameworks in 3%, 3, and 37; data
for 3 and 3~ in parentheses. d(Al1—-Al2) =2.597 (2.638; 2.694); d(Al2—
Al2')=2.767 (2.630; 2.547); d(Al—H) =1.604 (1.616; 1.636); SEN:
AITAIZ=1.18 (1.14; 1.16): A2AI2’ =1.0 (1.4; 1.67); {Al;} ring=0.07
(0.25; 0.38), Q: All=—0.45 (—0.48; —0.22); Al2=0.35 (0.06; —0.07);
H=—0.11 (0.02; —0.06).

bonds from the central Al atom to the Al atoms of the {Al;}
rings are elongated from 3* to 3 with a maximum value for 3~
whereas the six Al-Al bond lengths in the {Al;} rings show the
opposite trend with the shortest bond lengths for 3. In the
neutral species 3 all twelve Al—Al bond lengths are identical.
The p, and the s orbitals of the central Al atom, which are
mainly responsible for the variation of distances in the {Al;}
framework through their interaction with the symmetry-
equivalent combinations of p orbitals in the {Al;} rings (a,,
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and a,,), influence the bonds to the central atom and in the
{Als} rings differently for 3*, 3, and 3. This effect is mirrored
in the shared electron numbers (SEN)!"! determined by
population analyses, which match the bond strengths
expected from the distances (Figure 4).%

The energetic relationship of 3*, 3, and 3™ is clarified in
Table 1: For example, the addition of one electron to 3 results
in a gain of 300 kI mol~'. The shortening of bond lengths and
the increase of the SEN in the {Al;} rings of 3™ indicate that
the additional electron is primarily localized in the {Al;} rings.

The model compounds [Al(AINH,)s]” (1a) and [Al-
(AINH,),] (2a) were studied by DFT calculations to deter-
mine whether the energetic and geometrical relations
between 3%, 3, and 3~ can also be applied to 1 and 2. The
trend of the distance variations is in accordance with the
experimentally determined values for 1 and 2 (Table 1). The
calculations also show that the anion 1a is about 170 kJ mol
more stable than 2a. The great stability of 1a relative to 2a
also shows in the very different HOMO-LUMO gap values:
1.64 eV compared with 0.42 eV. Almost the same values were
determined for 3 and 3 (1.65 eV and 0.50 eV). The very good
agreement in trends of stabilities and distance variations in
the {Al;} frameworks of 3/3” with 1a/2a (Table 1) justifies the
use of 3 and 3~ as model systems for the clarification of the
bonding situation in 1 and 2.0

Besides the energetic™ and structural situation of 1 and 2,
calculation of the NMR shifts (self-consistent field level with
DFT-optimized geometry) of the Al atoms proves helpful in
the interpretation of the bonding situation. The following *’Al
NMR shifts (ppm) for 1a and 2a result: 1a: 6(All)=798;
O(AlI2) =236; 2a: 6(All) =269; 6(Al2) =222. Changes in the
method of calculation lead to only small variations in these
shifts. The most prominent result is the low-field shift (0 =
4798 ppm) of the central Al atom in the anion 1a,'”! which
we related to the Knight shift of Al nuclei in Al metal in
earlier studies.™" A high-field shift also would have been
plausible for 1a because of the discussed ring-current effect of
the {ALLR;}*" rings as found in the sandwich compound
[AICp*,]*: 6 = —114 ppm (see below).F!

The sum of the results presented for the isolated clusters 1
and 2 shows that the question raised in the title is formulated
too simply. Therefore, it cannot be answered definitely, as the
bond situations in 1 and 2 are of a very different and partly
contradicting nature with respect to conventional classifica-
tion attempts: According to the results determined for
[ALLH¢] (3), the cluster 2—and not 1, as presumed in the
introduction—should be regarded as the prototype of an {Al}
cluster with 12 identical Al—Al bond lengths and thus the
simplest metalloid cluster. The description of 2 as a ligand-
protected central Al atom (“tamed” Al atom), in analogy to
Al atoms in solid noble gas matrices,"”” is obviously not
adequate: The interactions with the {Al;R;} rings in 2 through
the a,, and a,, MOs already have to be interpreted as Al—Al
bonds (see above); that is, these interactions span the whole
{Al;} framework (Figure 5).

Since bonding interactions within the {Al;} rings are
significantly weaker than those involving the central Al atom,
2 should not be regarded as a sandwich compound. In
contrast, this term seems at first to be justified for the
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Figure 5. a) Spin density and b) SOMO (a,,) of [AI(AINH,)¢] (2a); Al
pink, N yellow, H white.

monoanion 1, as the Al—AIl bonds in the {Al;} rings are
considerably stronger and the bonding situation is compara-
ble to that in the [Al;R;]Na, compounds®! described recently
by Power and co-workers. Despite the shortening of the bonds
and the higher SEN, these “JAL,R;}*~ fragments” should in
our opinion not be described as aromatic systems!! because of
the lack of a ring-current-induced high-field shift for the
central atom as is the case in “real” sandwich compounds
(e.g., [AICp*,]*P)). Instead, calculations for 1 result in a
surprising low-field shift (6 = + 798 ppm), which is unique for
such molecular species: the central Al atom in 1 is affected by
a Knight shift as found for Al nuclei in solid metal, which are
deshielded by a delocalized electron gas.’” Therefore, 1
should actually be regarded as a possible molecular model for
the metallic bond. Thus, both cluster species 1 and 2 have to
be described as “metalloid” systems: 1 because of its “Al
NMR shift?! (metalloid in an electronic sense) and 2 because
of its topology (nearly equal bond lengths in the {Al}
framework).

It is especially surprising that 2 as a neutral [Al;R¢] system
could actually be observed and structurally characterized. An
explanation for this may be found in the collective behavior of
1 and 2 in the crystal: As 1 is additionally stabilized in
crystalline form by about 284 kJ (empirically determined
according to the unit-cell volume increment method de-
scribed by Jenkins etal.®!), an [AL;R;7] cluster should
actually be preferred to a comparable neutral cluster without
lattice stabilization by 284 4+ 170 =454 k1.

This metastability of 2 can be experimentally verified: 2
cannot be dissolved in organic solvents without decomposi-
tion and precipitation of Al. So, a special challenge for solid-
state physical studies will be the explanation of the apparent
stabilization of 2 in crystalline form. An answer to this—in
our opinion—fundamental question may be reached by
applying detailed band-structure calculations to 1 and 2.
The results presented herein could initialize further exper-
imental and theoretical studies on the question of to what
extent magnetic and electrical interactions can lead to a
drastic gain in stability for such separated individual clusters
in a lattice.’” Such fundamental, though hitherto not under-
stood, effects® are also indicated by our recent results on the
electrical conductivity and superconductivity of a crystalline
metalloid [GagR,,] cluster compound.®-!
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Experimental Section
Synthesis of 2: Gaseous AICI formed at around 1200 K by flowing
HCl over liquid aluminum under high-vacuum conditions was
condensed at 77 K together with a toluene/diethyl ether mixture
(3:1) to give a metastable AICl solution. This solution (20 mL;
7.1 mmol) was added to LiN(SiPhMe,), in toluene (2.36 g, 8.1 mmol)
at —78°C and the mixture was slowly warmed to ambient temperature
to give a dark brown solution and a colorless precipitate. The solution
was repeatedly separated from the precipitate and warmed to 60°C
(for 2 days at a time). The solvent was completely removed in vacuum
after each filtration. The oily residue was extracted with pentane to
give a dark brown solution, from which crystals of 2 were isolated at
ambient temperature. Crystals of 2 could also be obtained from the
pentane extraction residue by using a toluene/pentane mixture (5:1).
The total yield for 2 could therefore be raised to about 15%;
therefore, the major portion of Al-containing species and thus larger
metalloid clusters remains in the dark solution.

Measurements of the electron paramagnetic resonance (EPR) at
a frequency of 9.45 GHz were performed on an ensemble of
approximately three conjoined, unoriented single crystals (total
volume of about 1 mm?®) with a Bruker ESP300E spectrometer
equipped with an Oxford ESR900 cryostat.
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