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Abstract: The charge density distribution of the trimethylalu-
minum dimer was determined by high-angle X-ray diffraction
of a single crystal and quantum-chemical methods and
analyzed using the quantum theory of atoms in molecules.
The data can be interpreted as Al,Me, being predominantly
ionically bonded, with clear indications of topological asym-
metry for the bridging Al—C bonds owing to delocalized
multicenter bonding. This interpretation is supported by the
calculated magnetic response currents. The data shed new light
on the bonding situation in this basic organometallic molecule,
which was previously described by contradicting interpreta-
tions of bonding.

-rrimethylaluminum is of widespread technological interest.
It is used as a methylation agent and as a Lewis acid, finds
applications as a co-catalyst and source for the olefin-
polymerization co-catalyst methylalumoxane, and is impor-
tant in many catalytic and technological processes.!! Its
existence was first reported in 1866.% Structure elucidation in
these early days provided conflicting results. A crystal
structure determined in 1953 ascertained the methyl-bridged
nature of ALMeg” as one of the first examples of a metal
alkyl species containing both terminal and bridging methyl
groups, a now more firmly established class of compounds.!

Whereas the trimethyl compounds of the aluminum
congeners boront! and gallium! are aggregated much more
weakly in the solid state and are monomers in the gas phase,
dimeric Al,Me, appears to be the sole form of occurrence in
condensed phases. However, trimethylaluminum is in an
equilibrium between the monomeric and dimeric species in
the gas phase, and its gas-phase structure was established by
electron diffraction.”

Crystal X-ray diffraction results led to a variety of
bonding models for the Al(w,-CH;)Al bridging methyl
groups. Initial work favored hydrogen atoms in the bridging
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units,®) whereas later reinvestigations of the same diffraction
data suggested bridging behavior of the hydrogen atoms and
a substantial distortion of the bridging methyl group from
local C;, symmetry (1; Scheme 1).”! This repeatedly formu-
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Scheme 1. Possible structures and bonding schemes of the dimer of
trimethylaluminum, Al,Me,.

lated idea of Al-~-HC bridging!"*'"! found heavy objection,!?!
and further experiments!"® favored a structure with penta-
coordinate carbon atoms (2, 3) and no bonding contribution
of the C—H units. This hypothesis was confirmed by a ’Al
NQR study.!!

Powder neutron diffraction experiments on deuterated
AL(CD;)4 at 4.5 K established the hydrogen positions in the
sense of structure 3.1 Quantum-chemical calculations pre-
dicted molecular structure 2 (eclipsed bridging CH; groups, C,
symmetry) to be the lowest-energy conformer.'®’ However,
alternative structure 3 is only 0.3 kcalmol ' higher in energy
(staggered bridging CH; groups, C,, symmetry). The barriers
to rotation are very small so that at temperatures slightly
higher than that of the neutron diffraction study, these
hydrogen positions become dynamic,'” as has been con-
firmed by NMR spectroscopy. These findings explain some of
the earlier controversial debate.

Beside the various attempts in pinning down the structure,
the interpretation of bonding remained controversial. Aside
from the early considerations of C—H involvement, which can
now with certainty be seen as invalid, multicenter bonding has
been subject to debate. Haaland et al. reported an Al--Al
distance of 2.619(5) A for AlLMe, and 2.617(6) A for
AlLMe,H, for the free molecules in the gas phase.’ As
these distances are only shorter than those in metallic
aluminum by approximately 0.24 A and only marginally
surpass the sum of two covalent Al radii (2.50 A),'"¥! these
values seemed to support the view of direct bonding between
the aluminum atoms in Al,Me, and Al,Me,H,."! In contrast,
the Al--Al distances determined for the gaseous halide
dimers ALCl (3.102(36) A), Al,Br; (3.288(78) A), and AlI,
(3.335(180) A) are much longer and more than 0.25 A longer
than the Al--Al distance in the metal.”"!
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Contemporary textbooks of organometallic chemistry still
speculate about hybridization of the aluminum atoms on the
basis of structural data.?!! The common interpretation is that
sp>-hybridized Al and C(bridge) atoms form two 2-electron-3-
center (2e3c) bonds (Scheme 2a). However, the large C-Al-C
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Scheme 2. Two possible pictures of the orbital interaction describing
multicenter bonding in the dimer of trimethylaluminum, Al,Meg.

angle to the terminal methyl groups of 123° seems also to
provide evidence for an sp’-hybridized aluminum atom, which
would require 2-electron-4-center (2e4c) bonding involving
the two p orbitals at the aluminum atoms as well as two
bridging methyl groups on one side and an Al-Al bond
formed by an overlap of sp® hybrids on the other (Sche-
me 2b). Although a rather simplistic and extreme represen-
tation, this picture remains present in the thinking of
generations of chemists and is still used in teaching.

The charge-density distribution is expected to shed more
light onto the bonding situation. However, it is known that the
charge-density topologies of small ring systems can be
complicated owing to the effects of two or more competing
bonding components if one dominates the others.”” The close
proximity of more than two atoms in small rings makes the
overlapping of such bonding components more likely.

Charge density is an observable quantity and experimen-
tally available by high-angle X-ray diffraction. A crystal of
Al,Me, was grown for this purpose, and the diffraction
experiment was carried out at 93 K up to diffraction angles of
20 =101°. The electron-density distribution was obtained
using the Hansen—Coppens multipole formalism,! as imple-
mented in the XD2006 program for multipole refinement.*"

At 93 K, the earlier described methyl-group dynamics
(solid-state NMR) are observable in the high-resolution
experiment (Figure 1). It manifests itself in a 1:1 splitting of
the hydrogen positions observed for one of the bridging and
one of the terminal methyl groups, confirming the dynamics
of the methyl group rotation that is populated here.” The
mentioned powder neutron diffraction data at 4.5 K do not
show these dynamics; at this temperature, the compound
therefore seems to adopt its ground-state conformation.

The structural parameters of the new high-resolution X-
ray diffraction experiment in comparison with the neutron
powder diffraction data are listed in Table 1. Significant
differences in the distances and angles are observed, which
are beyond what one would expect to be due to a temperature
difference of 90 K. However, the physical principles behind
these measurements are different, and thus some deviation is
to be expected.”
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Figure 1. Structure of Al,Me, as determined by X-ray diffraction at
93 K.

Table 1: Structural parameters of Al,Me, as determined by X-ray
diffraction at 93 K (XRD) after multipole refinement and those deter-
mined by neutron powder diffraction at 4.5 K (NPD) for comparison.FI'!

Distance [A] Angle [°]
XRD NPD XRD NPD
—bridging—

A=C(1)  2.1205(2) 2.145(7) AL-C(1)-Al  75.49(1)  78.0(3)
A=C(1y  2.1252(2) 2.146(8) C(1)-Al-C(1)" 104.52(1) 102.0(3)
—terminal—

A=C(2) 1.9526(2) 1.945(6) C(2)-A-C(3) 123.55(1) 125.8(3)
Al-C(3) 1.9586(2) 1.926(5) C(1)-Al-C(3) 107.26(1) 109.3(3)
Al---Al 2.5988(1) 2.70(1)  C(1)-Al-C(2) 106.79(1) 103.3(3)
C(1)-AlC(2) 107.26(1) 108.8(4)
C(1)-Al-C(3)  106.00(1) 105.3(3)

[a] Symmetry code: ',—x, 'y, 1—2.

Compared to the earlier structure determination by X-ray
diffraction in 1970,'%) most parameters of this present work
are the same within experimental error. Only parameters
involving the C(3) carbon atom are slightly different: The
Al-C(3) distance is slightly longer (1.9586(2) A vs.
1.949(2) A), and the C(1)-Al-C(3) angle is smaller
(106.00(1)° vs. 107.3(1)°).

The experimental electron-density distribution was ana-
lyzed along the lines of the quantum theory of atoms in
molecules (QTAIM)?” by the XD program.?” The QTAIM
parameters at bond critical points (bcps) are listed in Table 2.
The typical, curved appearance of the atomic-interaction lines
(AILs) in 2e3c bonds is superimposed onto the electron
density in Figure 2. In this respect, it compares well with the
graphs of diborane®®! and other boranes.””

However, there is a bond path between the two carba-
nionic ring members, topologically dividing the ALC, ring
into two joined three-membered AlC, rings accompanied by
two nearby AICC ring critical points (rcps). This topological
feature is reproduced by a quantum-chemically generated
electron-density distribution (MP2/aug-cc-pVTZ).**! This
charge-density feature finds its counterpart in the topology
of magnetically induced currents (see Figure 4 and explan-
ation below). It is worth noting that the difference in the
absolute electron density between the C—C bep (exp. 0.177(2),
caled. 0250 eA%) and the two rcps (exp. 0.1765, calcd.
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Table 2: QTAIM parameters for Al,Me, for the asymmetric unit based on
XRD data (exp) as well as quantum-chemical calculations (calcd).”!

Bond p(rbcp) vzp('bcp) €

exp caled  exp caled  exp calcd
Al(1)-C(1)  0.323(3) 0362 5.119(3) 4719 033 028
Al(1)-C(1)  0.276(3) 0.362 5303(3) 4719 038 028
A()=C(2)  0.541(2) 0579 7.684(3) 7.500 0.06  0.00
Al(1)-C(3)  0.531(2) 0579 7.997(2) 7.500 005  0.00
cM=-C(1y  0.177(2) 0250 0.230(1) 0373 687  3.12
Bond (contd)  d(A-B) d(A-bcp) d(B-bcp)

exp caled exp caled exp caled
Al(1)-C(1) 2.1254 2.146  0.848 0.834 1.2769 1.312
Al()-C(1y’ 21351 2146 0854  0.834 1.2806 1312
Al(1)-C(2) 1.9528 1.952  0.795 0.778 1.1576 1.175
Al(1)-C(3) 1.9589 1.952 0.794 0.778 1.1647 1.175
C(1)-C(1y 3.3614 3.366  1.6807 1.683 1.6807 1.683
Bond (contd) 4, Ay A3

exp caled  exp caled  exp caled
Al()-C(1)  —178  —159 —134  —125 824 757
AI(-C(1)’  —160  —159 —116  —125 807 757
Al(1)-C(2) —325  —279 —3.07 —274 140  13.0
Al()-C(3) =325  —279 —134  —274 143 130
cm-c(ly ~ —0.64  -079 —008  -0.19 096 135

[a] Electron density at the bond critical point (bcp) p(re) in €A,
Laplacian at the bep /%0(r,) in €A™, distance along the atomic
interaction line between nuclei A and B (d(A-B)), distances between the
bep and the nuclei along the atomic interaction lines (d(A-bcp) and
d(B-bcp); all distances in A), Hessian eigenvalues (4;, 4,, and 4;) in
eA~*, and ellipticity at the bcp (g).

Figure 2. Experimentally determined (left) and calculated (right) elec-
tron-density distributions in the Al/AI'/C(1)/C(1)’ plane with super-
imposed atomic interaction lines and critical points.

0.245 ¢ A7%) is very small, that is, the region in the middle of
the Al,C, ring is quite shallow in electron density. This almost
merging of the ring and bond critical points is close to what is
called a bond catastrophe and expresses a topologically
unstable situation.®”! The fact that a bond path is observed
between the two carbon atoms is reminiscent of the situation
in electron-poor framework compounds, such as the inter-
metallic compound ZnSb.F! In the present case of Al,Mes,
this feature is likely to be the result of an overlap between the
two carbanion basins of relatively high electron density, while
the highly electron-deficient aluminum atoms contribute only
a small amount of electron density to the central region of the
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ring. It is, however, their highly positive charge that attracts
the carbanionic sites and positions them close enough to
result in the described C—C bond path.

In comparison with the terminal AlI—C bonds, the bridging
Al—Cbonds in Al,Me, are approximately 0.17 A longer. They
are also of significantly lower electron density at the bcps
(0.28-0.36 ¢ A~%) than the terminal bonds (0.53-0.58 e A~). A
similar situation has been observed for Y(AlEt,); concerning
the Y,Al bridging and terminal Al-C bonds.*? These low
values and the moderately positive Laplacian values at the
beps /°p(ry,) (Figure 3) are indicative of closed-shell-type

Figure 3. Laplacian plots of the experimentally determined (left) and
calculated (right) electron-density distributions in the Al/Al'/C(1)/C(1)’
plane. Dotted lines denote positive, solid lines negative values.

interactions between the Al and C atoms, that is, a strongly
ionic nature of these bonds. However, both kinetic (G(ry,) =
0.407 Hartree A~*) and potential-energy densities V(o) =
—0.483 Hartree A~) at the beps and the resulting slightly
negative local energy density H(r,)=—0.076 Hartree A3
suggest some partially covalent character for the Al-C, bonds
(MP2).5%3]

An interesting detail of the bonding situation is the very
different bond ellipticity of the bridging and terminal Al—C
bonds. Whereas the terminal bonds behave as expected and
show ellipticity values of 0.05 and 0.06, that is, close to zero as
expected for a o-type bond, the bridging bond paths have
ellipticity values of 0.33 and 0.38. This asymmetry along the
bond paths is due to the involvement of more than two
nuclear attractors in bonding and is thus indicative of polar
multicenter bonding.

Ring and cage topologies often annihilate bond paths,
yielding ring- or cage-critical points. Moreover, extremely
elongated bonds are not necessarily connected with an
accumulation of electron density at the center of the
bond.B* Therefore, we were interested in alternative proper-
ties to characterize the nature of the bonding in Al,Me, that
do not suffer from such deficits. A homopolar covalent Al-Al
bond in the center of the molecule is expected to cause
a significant diamagnetic response in a homogeneous mag-
netic field perpendicular to this bond. This is a consequence of
the magnetic invocation of a virtual transition between an
occupied o and a corresponding unoccupied o* orbital.*
Such a diamagnetic response is stronger for smaller energy
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gaps. Ethane, for example, sustains a magnetically induced
ring current of approximately 8 nAT ' around its center of
symmetry.

For an elongated Al—Al bond, the energy gap is expected
to be smaller than that of a C—C single bond, hence the
expected currents should be larger for Al,Me; with a sub-
stantial Al—Al bond than for ethane. Related bonding
situations have been examined in low-valent silicon clusters
with elongated central Si—Si 2e2c bonds.*”! In these cases,
diatropic total molecular ring currents of 10-12 nAT™" have
been observed. For ALMe,, we have now calculated®
a diatropic total molecular current of 1.5nAT . On the
basis of this magnetic criterion, we again rule out the
hypothesis of a central Al-Al bond in Al,Me,. Inspection of
a streamline plot of the induced current density field
(Figure 4) shows two diatropic vortices, close to the bridging

X: SP of multi-center-bond vortex

O: SP of CH-bond-vorte>
+: nucleus

Figure 4. Streamline plot of the magnetically induced current densi-
ties®® in Al,Meg in the AlI/AI'/C(1)/C(1)’ plane. The external homoge-
nous magnetic field is pointing out of the plane; hence domains with
local para/diamagnetic response show a counterclockwise/clockwise
curl (para/diatropic).

carbon atoms, which neither originate from C—H bonds nor
are atom-centered. Hence, we conclude these two vortices
(stagnation points®! (SP) in Figure 4) to be current signatures
of 2e3c bonds (Al-C—Al). This is in agreement with the above
AIM analysis and finds its direct resemblance in the local
charge-density concentration visible in the Laplacian plots of
the experimental and calculated electron densities (Figure 3)
in this region of the molecule. The two current vortices along
the Al--Al line (Figure 4) are paralleled by the occurrence of
two rcps and a bond path in the QTAIM picture between the
two bridging carbon atoms for the calculated density
(Figure 3). This finding hints again (as previously sug-
gested)* at the so far unexplored, but very likely close
analytical relation between the topology of the electron

Angew. Chem. Int. Ed. 2015, 54, 13816 -13820
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density and the topology of the magnetically induced ring
currents.

The idea of using structural parameters, for example, the
wide angle C,.,-Al-C,,, to deduce a hybridization state could
have been already objected on the basis of VSEPR*!
considerations; they now find an upgraded foundation in
the electron density and current picture. The two bridging
Al—C bonds with their much lower electron densities than the
terminal ones require less space in the coordination sphere of
the aluminum atom (Figure 1). It follows that compared to an
ideal tetrahedral coordination sphere, there will be a smaller
C-Al-C angle for the bridging bonds (104.52(1)°) and a larger
C-Al-C angle for the terminal bonds (123.55(1)°).

Our present electron-density investigation has led to
a clear picture of the nature of bonding in Al,Me; as
a molecule with multicenter bonds of very ionic nature. This
bonding model is in agreement with the calculated magnetic
response current density field. This shows current vortices
close to the bridging CH; groups assignable to two 2e3c bonds
and two current vortices along the Al---Al line that are related
to the occurrence of a bond path in the QTAIM picture
between the two bridging carbon atoms. Care should be taken
not to over-interpret this C—C bond path in the sense of an
ethane molecule with two electron-deficient AlMe, units
participating in the electron density of a weak C—C bond. The
existence of this feature is likely due to the dominance of the
high contribution of the carbanionic units to electron density
in the ring in the presence of electron-poor aluminum atoms.
The integrated total molecular current (susceptibility) of
1.5 nAT ' is much smaller than expected for a molecule with
a central electron-delocalized Al—Al bond but agrees well
with what is expected for an ionic aggregate.
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