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Initiated by ongoing experimental work in the field of sub-
valent aluminium compounds and by recent results on iso-
electronic Mg2R2 (s1 states) species, detailed theoretical work
was necessary to explain the unusual bonding situation in
some Al2R4 isomers (R = PtBu2), of a dimeric Al4R�8 (R� =
OtBu) as well as of subhalides Al2F4, Al2Cl4, Mg2Cl2 and
some of their oligomers. These results are presented in this
contribution. Especially the different isomers of the four-
membered heterocyclic RAlR2AlR molecule needed careful
theoretical investigation, since on the way from monomeric
AlR2 radicals to the most stable RAlR2AlR isomer with a but-
terfly shape, intermediates with different Al–Al interactions –
exhibiting diradical as well as diradicaloid character – have
to be considered. The presented results on the unusual bond-

I. Introduction

Compounds containing metal–metal bonds of main
group elements have gained increased interest in recent
times. Most remarkable are the results for the first mole-
cules that contain a 2-electron-2-centre Mg–Mg or Zn–Zn
bond,[1,2] which have been published as highlight articles.[3,4]

Although theoretically AlII is isoelectronic with MgI present
in crystalline Mg2R�2 species,[2] the corresponding Al2R4 [R
= CH(SiMe3)2][5] and Al2X4·2L (X = Cl, Br; L = ether or
amine)[6,7] molecules that were presented about 20 years ago
seem to be less interesting. However, as far as we know,
neither MgI nor AlII or GaII monomeric radical species like
·MgR, ·MgX or ·AlR2, ·AlX2 have been identified as crystal-
line materials.

In order to understand the formation of Mg–Mg as well
as of Al–Al bonds during the synthesis of Mg2R2 and
Al2R4 species, it seems necessary to invoke intermediates in
which the ligands are allowed to show different bonding
motifs between terminal and bridging positions. On the ba-
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ing in these AlP2Al four-membered heterocyclic systems are
an important contribution to a better understanding of the
bonding situations in many inorganic molecules containing,
for example, B2P2, C2P2, Ge2N2, Sn2N2 and Si4 entities, which
recently have drawn considerable interest. In analogy to the
AlII compounds some isoelectronic MgI species have been
investigated. Regarding the obtained results, special atten-
tion is drawn to MgCl oligomers, since we found unexpec-
tedly high oligomerisation energies in our calculations. This
high stabilisation is based on direct Mg–Mg bonding as well
as on Mg–Cl–Mg bridging bonds. These mixed bonding mo-
tifs may also be present in the so far unknown solid MgCl.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

sis of first results from ongoing experiments with two un-
usually bonded Al2R4 molecules,[8] we present here detailed
theoretical investigations of various Al2R4 isomers and
their disproportionation. Motivated by our experimental re-
sults, we shall first investigate the aluminium systems. We
shall then address the isoelectronic magnesium systems,
which have recently been subject to several theoretical stud-
ies and discussions, especially concerning the structure and
bonding of Mg2Cp2 and further metal-rich Cp species.[9,10]

We shall show here that even the binary species MgCl is
worth to be investigated. In order to elucidate the structure
and bonding of this so far nonexisting solid compound, we
have investigated the structure of the MgCl oligomers, their
thermodynamic behaviour with respect to disproportiona-
tion to solid magnesium metal and MgCl2 and in relation
to the formation of the hypothetical solid MgCl.

II. Results and Discussion

II.A. Al2(PtBu2)4 Isomers

II.A.1. The Butterfly Motif

In contrast to the first examples of Al–organic com-
pounds with Al–Al bonds, we have found a butterfly struc-
ture in ongoing experiments in our laboratory with phos-
phorus-based ligands. The ground-state structural param-
eters of this butterfly isomer of Al2(PtBu2)4 (1) (C2 sym-
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metry, 1A state) calculated at the level of density functional
theory (DFT) with the functionals BP86, TPSS and B3LYP
are compared to the X-ray structure in Table 1.[8] The over-
all structure is shown in Figure 1 (see Figure 2 for the num-
bering of atoms).

Table 1. Calculated structural parameters for Al2(PtBu2)4 isomer 1
and TS 1‡. Selected bond lengths [pm], bond angles [°] and corre-
sponding experimental values in the crystal; for atom numbers, see
Figure 2. Geometries are optimised by using the functionals BP86,
TPSS and B3LYP with a def2-TZVP basis for Al, P and a def2-
SV(P) basis for C, H. An imaginary frequency of 11i cm–1 was
calculated with BP86 for TS 1‡, corresponding to the “butterfly
movement” of the molecule.

1 1‡

Exptl. BP86 TPSS B3LYP BP86 TPSS B3LYP

Al1–Al2 258.7 261.8 259.6 258.6 305.1 303.6 302.6
Al1–P1 237.0 240.6 239.7 240.2 238.6 238.1 238.4
Al1–P2 236.2 239.8 239.5 240.2 234.8 234.3 233.7
Al2–P2 242.2 245.2 245.0 246.1 235.2 234.7 234.2
Al1–P2–Al2 65.4 65.3 64.7 64.2 80.9 80.7 80.6
P2–Al1–P3 94.5 95.1 94.8 95.5 99.1 99.3 99.4
P1–Al1–Al2 160.9 160.2 159.6 160.7 166.7 166.7 167.7

Figure 1. Structure of butterfly Al2(PtBu2)4 isomer 1 (C2 symmetry,
1A state). Al and P atoms are indicated.

The bonding motif is an Al(Pb)2Al butterfly (Pb: bridging
phosphorus) with a direct Al–Al σ bond (bow-shaped high-
est occupied molecular orbital, HOMO) of 258.6 pm to
261.8 pm depending on the functional. There are two PtBu2

groups bridging the two aluminium atoms and two ter-
minally attached PtBu2 groups. The geometry optimisation
of 1 turned out to be very demanding, and it thus became
clear that the potential energy surface of the molecule is
complicated, with a number of close-lying local minima.
Besides calculated conformer 1, which fits the experimental
X-ray structure and which we feel is the global minimum,
we have identified several other butterfly conformers within
a range of 27 kJmol–1. Two of these conformers are de-
picted in Figure 3. In all structures, the terminal P(tBu)2

groups are bent with respect to the Al–Al axis. In con-
former 1a (C2 symmetry), which lies 5–7 kJmol–1 above the
global minimum (depending on the functional), the longer
of the two Al–Pb bonds with the same aluminium atom
(i.e., the Al1–P2 bond) coincides with the hemisphere of the

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 4879–48904880

Figure 2. Structures of the Al2(PtBu2)4 isomers: butterfly structure
1 (C2 symmetry, 1A), TS 1‡ (Ci symmetry) between the two equiva-
lent butterfly structures, triplet structure 2 (Ci symmetry, 3Au), H-
saturated isomer 3 (Ci symmetry, 1Ag), linear isomer 4 (C2 sym-
metry, 1A) and radical fragment 5 (C2 symmetry, 2A). For clarity,
only the tertiary carbon atoms of the tBu groups are shown.

butterfly where the sterically demanding tBu groups of the
terminal P(tBu)2 group are located. The shorter Al–Pb

bonds are on the side of the molecule where the lone pairs
of the terminal P(tBu)2 groups reside. In the X-ray and cal-
culated global minimum structure 1, the bonding situation
is exactly the opposite (see Figure 3). Here, the longer Al–
Pb bond is found on the side of the lone electron pair.

Figure 3. The global minimum structure, 1, and two energetically
low-lying conformers, 1a and 1b, of the Al2(PtBu2)4 butterfly iso-
mer. Bond lengths [pm] at the B3LYP/def2-TZVP† level of theory.
The shorter bonds within the four-membered ring are indicated by
a star. Energy differences are in kJmol–1. For clarity, only the terti-
ary carbon atoms of the tBu groups are shown.

We have also calculated conformer 1b, in which both ter-
minal P(tBu)2 groups are bent to the same side and the
lone pairs of the Pt (terminal phosphorus) point in the same
direction (Cs symmetry). In this case, the two short Al–Pb
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bonds are on the same side of the butterfly, and the long
Al–Pb bonds coincide with the hemisphere in which all tBu
groups are located. Energetically, this conformer lies 24–
27 kJmol–1 above the global minimum structure, 1.

We conclude from these observations that the molecule
with its overall spherical shape is more or less space-filled
and that any rotation of groups reducing steric hindrance
on one side will increase it on the other. This leads to a
situation of various energetically close-lying conformers.

In addition, the optimised geometry of structure 1‡,
which is the transition state (TS) between two equivalent
forms of butterfly 1, is reported in Table 1 and displayed in
Figure 2. The one and only imaginary frequency of 11i cm–1

at the BP86/def2-TZVP† level of theory corresponds to a
flipping between the two equivalent butterfly structures,
which are separated by a barrier of 24.0 kJmol–1 (B3LYP/
def2-TZVP). This flipping can be described as the up-and-
down movement of the butterfly’s wings. Along this move-
ment, the Al–Al σ bond of the butterfly opens and becomes
a π orbital in the TS. Then, a new Al–Al σ bond is formed
on the opposite side of the Al(Pb)2Al plane, leading to the
inverted butterfly.

II.A.2. The Four-Membered-Ring Motif

We have synthesised a second isomer of Al2(PtBu2)4,
which is a four-membered-ring structure with an Al–Al dis-
tance of 350.8 pm in the crystal (Table 2). This much longer
Al–Al distance relative to the value of 258.7 pm in butterfly
1 suggests the absence of a direct Al–Al bond. In Table 2,
we compare the experimental structural data with a calcu-
lated geometry of a diradical four-membered-ring structure,
2 [Ci symmetry, 3Au state, with a p-shaped singly occupied
molecular orbital (SOMO) at each aluminium atom], and
with the calculated geometry of hypothetical compound 3,
where the two SOMOs are saturated with two hydrogen
atoms (Ci symmetry, 1Ag state). The overall structures and
numbering of atoms are given in Figure 2.

Table 2. Calculated structural parameters for triplet Al2(PtBu2)4 (2)
and H-saturated singlet compound 3 are compared to experimental
values for the four-membered-ring structure. Selected bond lengths
[pm] and bond angles [°] are given; for atom numbers, see Figure 2.
Geometries are optimised by using the functionals BP86, TPSS and
B3LYP with a def2-TZVP basis for Al, P and a def2-SV(P) basis
for C, H.

Exptl. 2 3
BP86 TPSS B3LYPBP86 TPSS B3LYP

Al1–Al2 350.8 346.2 344.9 348.7 357.7 357.6 358.6
Al1–P1 239.9 239.1 238.3 239.5 243.1 242.3 242.8
Al1–P2 247.8 245.0 244.6 246.2 251.9 251.5 252.6
Al2–P2 245.8 243.9 243.6 245.0 250.1 249.8 250.7
Al1–P2–Al2 90.5 90.2 89.9 90.4 90.9 91.0 90.9
P2–Al1–P3 89.4 89.9 90.1 89.5 89.1 89.0 89.1
P1–Al1–Al2 151.7 154.1 154.4 152.5 152.9 152.8 152.1

Saturating diradical 2 with hydrogen atoms to form
closed-shell molecule 3 leads to structural changes. The Al–
Al distance in the ring is elongated by 10–12 pm. The ter-
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minal Al–Pt distance increases by about 3 pm, while the
bridging Al–Pb distances increase by 6–7 pm. The long Al–
Al distance is a very soft bonding parameter due to the
flexible ring structure in the comparison of two possible
structures with the experimental X-ray structure; we shall
focus on the Al–P bonds. For one of the possible com-
pounds, 2, calculations by all functionals give Al–P bond
lengths that are 0–3 pm shorter than those in the crystal
structure of the yet unknown four-membered-ring com-
pound. For hypothetical compound 3, however, all calcu-
lated Al–P bond lengths are 3–5 pm longer than those in
the crystal structure. All three functionals used in the pres-
ent work overestimated the Al–P bond lengths of butterfly
structure 1 by 3–4 pm in comparison with experimental val-
ues. Both possible species, 2 and 3, agree with the experi-
mental X-ray structure to within �3 pm, and we cannot
rule out either of the two.

One would expect that DFT calculations of both 2 and
3 would overestimate the Al–P bond lengths in comparison
with experiment, because this happened for butterfly struc-
ture 1. If this were indeed the case, hypothetical compound
3, in which the SOMOs are saturated with H atoms, would
be a good candidate for the compound that was synthe-
sised. However, the computed UV/Vis spectrum of 3 does
not lend support to the colour of the synthesised species
(vide infra), and there may be other reasons for the seem-
ingly too short Al–P bond lengths in the DFT calculations
of 2. For example, interactions between molecules of 2 in
the crystal could have led to elongations of the Al–P bonds,
such that the X-ray data for the crystal show longer dis-
tances than those for an isolated diradical 2. In our calcula-
tions, the related diradicals Al2R4 with R = PH2 or PMe2

even form closed-shell dimers, and the Al–P bonds are elon-
gated in these dimers (see section B) – also saturation with
H atoms leads to Al–P bond elongations. A similar case of
not yet understood strong interactions of radical species in
the crystalline state has recently been described for the
Al7R6 [R = N(SiMe2Ph)2] cluster. In this case, the stabilisa-
tion in the crystal is so high that it could not be dissolved
in common solvents. In contrast, the nonmagnetic Al7R6

–

anion, 454 kJmol–1 lower in energy than the radical, forms
an ionic lattice and can, for example, be dissolved in
thf.[11,12]

II.A.3. Further Hypothetical Conformers and Building
Units

Besides the butterfly structure of Al2(PtBu2)4, we have
calculated hypothetical linear conformer 4 (C2 symmetry,
1A state), which is similar to the above-mentioned molecule,
Al2R4 [R = CH(SiMe3)2],[5] with four terminal PtBu2

groups and an Al–Al σ bond length of 265.1–265.7 pm de-
pending on the DFT functional (see Figure 2 and Table 3).
This Al–Al bond is about 4–7 pm longer than that in but-
terfly structure 1, showing that the bridging phosphorus in
the butterfly causes a more rigid bonding situation. The
aluminium atoms are moved closer to their “natural” bond
length of about 259.9 pm, which they show, for example,
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in the sterically unhindered linear Al2(PH2)4 molecule. The
bridging in the butterfly form of Al2(PH2)4 only shortens
the Al–Al distance by 2–3 pm.

Table 3. Calculated structural parameters for linear Al2(PtBu2)4 (4)
and radical fragment 5. Selected bond lengths [pm] and bond
angles [°] are given; for atom numbers, see Figure 2. Geometries
are optimised by using the functionals BP86, TPSS and B3LYP
with a def2-TZVP basis for Al, P and a def2-SV(P) basis for C, H.

4 5

BP86 TPSS B3LYP BP86 TPSS B3LYP

Al1–Al2 265.8 265.1 265.7 – – –
Al1–P1 236.4 235.6 236.5 238.9 238.1 239.1
Al1–P2 242.3 241.5 241.9 238.9 238.1 239.1
P1–Al1–P2 115.4 115.7 116.0 115.0 115.0 115.0

Considering relative electronic energies, linear conformer
4 lies 21.6 kJmol–1 (B3LYP/def2-TZVP) above the global
minimum. All conformers of Al2(PtBu2)4 described so far
can be regarded as formally built from radical fragment
AlP2tBu4 (5) (C2 symmetry, 2A state; for structural details
see Table 3). In Figure 4, De values for the formations from
this radical are shown as obtained computationally at the
BP86, TPSS and B3LYP levels (with the def2-TZVP† basis
for equilibrium geometries and the def2-TZVP basis for en-
ergies). At the B3LYP/def2-TZVP level of theory, the stabi-
lisation energy is 158.0 kJmol–1 for butterfly conformer 1
but only 83.5 kJmol–1 for triplet conformer 2. Thus, 2 lies
74.5 kJmol–1 above the global minimum as compared to
21.6 kJmol–1 for singlet linear conformer 4. Since we postu-
late a diethyl ether stabilised radical AlP2tBu4 fragment
during the formation of 2, we have calculated this stabilisa-
tion, which is indicated in Figure 4. At the B3LYP/def2-
TZVP level of theory, this stabilisation is 13.5 kJmol–1.

Figure 4. Relative electronic energies of the Al2(PtBu2)4 isomers, the AlP2tBu4 fragment and TS 1‡ are given. The diethyl ether stabilised
radical of 5 is also shown. Values are BP86/def2-TZVP//BP86/def2-TZVP†, (TPSS/def2-TZVP//TPSS/def2-TZVP†) and [B3LYP/def2-
TZVP//B3LYP/def2-TZVP†].
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II.A.4. Optical Properties
The absorption bands of compounds 1–5 in the spectral

range down to the near-UV (≈200 nm) were investigated by
the calculation of vertical excitation energies in the frame-
work of time-dependent density functional theory (TD-
DFT). The theoretical UV/Vis spectra of 1, 2 and 3 are
shown in Figure 5, Figure 6 and Figure 7, respectively. Note
that in the computed spectra, absorptions beyond the high-
est energy band are absent, because the number of calcu-
lated excitations was limited. In contrast, the absence of
absorption bands in the low-energy region is due to the fact
that the molecules do not absorb in this spectral range. The
theoretical results can be compared with the experimental
UV/Vis spectrum of compound 1 and the reported colours
of the crystals, which were weak yellow for the butterfly
and green for the four-membered-ring conformer. As ex-
pected, the closed-shell butterfly structure, 1, shows no ab-
sorption in the visible range above 420 nm. There is only
one absorption at 418 nm close to the UV range that can
explain the weak yellow colour of the crystals. The experi-
mental UV/Vis spectrum has an absorption band with a
maximum around 300 nm and a broad shoulder going up
to about 460 nm. The calculated absorption spectrum, in
comparison, is shifted by about 50 nm and has its absorp-
tion maximum at 250 nm, but it can explain the measured
absorption band with a shoulder well.

Triplet four-membered-ring compound 2 shows various
absorption bands within the visible range. Stronger absorp-
tions are at 460 nm, 478 nm and at about 710 nm. In con-
trast to this, H-saturated four-membered-ring compound 3,
which has a singlet electronic ground state, does not absorb
in the visible range. The absorption spectrum of 3 is similar
to that of butterfly 1. In view of the calculated UV/Vis spec-
trum, we would expect crystals of compound 3 to be
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Figure 5. Calculated UV/Vis spectrum of compound 1 at the BP86/
def2-TZVP† level of theory. The experimental spectrum is shown
as a dashed line.

Figure 6. Calculated UV/Vis spectrum of compound 2 at the BP86/
def2-TZVP† level of theory.

Figure 7. Calculated UV/Vis spectrum of compound 3 at the BP86/
def2-TZVP† level of theory.
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colourless, not green. Hence, the TD-DFT results support
the presence of a triplet state in the experimentally observed
four-membered-ring compound as discussed in subsection
II.A.2.

II.A.5. CASSCF and MRCI Computations

To investigate the stability of the triplet state of com-
pound 2, we first performed the following numerical experi-
ment within the single-reference DFT framework. Starting
from the B3LYP/def2-TZVP triplet unrestricted Kohn–
Sham (UKS) solution (3Au state) of 2, the two SOMOs
were localised to give localised molecular orbitals (LMOs)
and then the spin was flipped in one of the equivalent
LMOs. A symmetry-broken UKS solution (MS = 0) was
obtained in this manner in the equilibrium geometry of 2.
This symmetry-broken state was 11.5 kJmol–1 lower in en-
ergy than the triplet state, and when optimising its geometry
starting from the triplet geometry, it converged to the (sing-
let) global minimum of the butterfly structure.

Furthermore, we performed complete-active-space self-
consistent-field calculations with two electrons in two orbit-
als [CASSCF(2,2)] and subsequent internally contracted
multireference configuration-interaction calculations
(MRCI) for the singlet and triplet states of a model com-
pound, Al2(PMe2)4 (in the equilibrium geometry of com-
pound 2). The results are summarised in Table 4; for more
technical details, see section IV. In the MRCI calculations,
it turned out that it is sufficient to account for virtual exci-
tations from the CASSCF(2,2) reference space. The singlet–
triplet gap does not change much when 58 electrons are
correlated in the MRCI (core = 50) treatment. Both
CASSCF and MRCI calculations show that the singlet state
of the model compound is energetically more stable than
the triplet state by 4–6 kJmol–1.

Table 4. CASSCF(2,2) and internally contracted MRCI energies for
model compound Al2(PMe2)4.

State Geometry Wavefunction Energy (Eh) Singlet–triplet gap
[kJmol–1]

Singlet (1Ag) 2 (Ci) CASSCF(2,2) –2163.899557
Triplet (3Au) 2 (Ci) CASSCF(2,2) –2163.898016 4.0
Singlet (1Ag) 2 (Ci) MRCI (core = 78) –2163.901432
Triplet (3Au) 2 (Ci) MRCI (core = 78) –2163.899039 6.3
Singlet (1Ag) 2 (Ci) MRCI (core = 50) –2164.889500
Triplet (3Au) 2 (Ci) MRCI (core = 50) –2164.887098 6.3

The results of this subsection let us expect that monomer
2, as a triplet diradical, has a short lifetime in solution.
There may be two possible mechanisms for stabilisation.
Firstly, a spin-flip may occur near the crossing point of the
singlet and triplet potential energy surfaces (PESs) – for
which the barrier is unknown – after which the molecule
would end up in the butterfly form, 1. Secondly, the triplet
diradical could form dimers or oligomers and in this man-
ner be stabilised in the crystal. Although the sterically de-
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manding PtBu2 ligands seem to prevent full dimerisation of
2, as observed for [Al2(OtBu)4]2 in the next subsection, a
certain stabilisation may have occurred in the crystal. At
this point, we can rule out neither 2 nor 3 as candidates
that may explain the X-ray structure of the four-membered
ring.

II.B. [Al2(OtBu)4]2

A multicentre aluminium complex with four metal
centres has been synthesised by us in still ongoing experi-
ments[8] with the sterically less demanding substituent OtBu
instead of PtBu2. We optimised the structure of [Al2-
(OtBu)4]2 (6) at the BP86/def2-TZVP† and B3LYP/def2-
TZVP† levels of theory. The structure is displayed in Fig-
ure 8, and selected bond lengths and angles are given in
Table 5. Compound 6 displays D2 symmetry, a 1A ground
state and a structure in which the four metal centres lie
almost in a plane (with a dihedral angle of 2.3°). Two pairs
of Al atoms are bridged by two OtBu groups each, which
leads to two connected butterfly units. The Al1–Al2 dis-
tance within a butterfly unit is 275.5 pm (B3LYP/def2-
TZVP†), which is significantly longer than the Al1–Al3 dis-
tance of 261.3 pm that connects the two butterfly units.
Thus, the bonding situation can best be described by the
formation of new bonds between the Al atoms of different
monomers, thereby weakening the intramolecular Al–Al
bonds. This is underlined by an analysis of the frontier or-
bitals (HOMO and HOMO–1), which have their main con-
tributions between the Al1 and Al3 atoms (and between
Al2 and Al4) but no significant electron density between
the Al1 and Al2 atoms (or between Al3 and Al4; Figure 8).

Figure 8. Structures of dimer [Al2(OtBu)4]2 (6) and monomer 7.
Localised frontier orbitals (equivalent HOMO and HOMO–1) are
plotted (B3LYP/def2-TZVP†). For clarity, only the tertiary carbon
atoms of the tBu groups are shown (in silver).
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Table 5. Comparison of calculated (BP86/def2-TZVP† and B3LYP/
def2-TZVP†) and experimental structural parameters for dimer
[Al2(OtBu)4]2 (6). Calculated structural parameters for monomer 7
are also shown. Selected bond lengths [pm] and bond angles [°] are
given. For numbering of atoms, see Figure 8.

BP86 B3LYP Exptl.

6 6

Al1–Al2 277.5 275.5 273.8
Al1–Al3 262.1 261.3 261.7
Al1–O1 173.2 171.6 170.4–170.8
Al1–O2 190.6 189.7 186.4–188.5
Al2–O2 190.1 189.2 186.5–188.0
Al1–O2–Al2 93.6 93.3 93.3–94.5
O2–Al1–O3 80.8 80.8 80.4–80.5

7

Al1–Al2 255.7 254.9 –
Al1–O1 171.1 169.5 –
Al1–Al2–O3 114.3 115.3 –
Al1–Al2–O4 127.8 126.5 –
O1–Al1–O2 118.0 118.2 –

These findings agree with the fact that linear conformer
7 (C2h symmetry, 1Ag state) is a minimum on the PES of
Al2(OtBu)4, whereas the butterfly form itself is not a stable
structure. In the global minimum of 7, all of the four oxy-
gen atoms lie in the same plane (eclipsed orientation). The
dimerisation of Al2(OtBu)4 causes a substantial elongation
of the Al–Al bonds by about 6.4 pm and still by 2.1 pm
(Al–O) for the terminally bound OtBu groups for steric
reasons. This latter result explains why stable dimers
(Al2R4)2 are found only for R = PH2 and R = Me2, while
the two aluminium centres cannot come close enough with
R = PtBu2 to form a stable dimerisation product.

Nonetheless, the electronic interaction between two
Al2R4 moieties containing small ligands (R = PH2, PMe2)
may also be present in the crystalline state of 2 (R = PtBu2)
in some form but to a much smaller extent. Since the inter-
action (oligomerisation) between species such as 2 will re-
sult in bond elongations (in comparison with the mono-
meric form) due to the increased coordination number, the
shorter Al–P bond lengths calculated by DFT for monomer
2 in the gas phase (in comparison with the X-ray structure
of the crystal) may be a consequence of such an interaction
in the crystal.

II.C. Al2F4, Al2Cl4 and Dimerisation Products – Model
Compounds for Different Bonding Motifs in Al2R4 Species
Containing Bridging Ligands

II.C.1. Al2F4 Conformers and Dimer (Al2F4)2

Although Al2Br4 and Al2I4 have been known as donor-
stabilised species[6,7] for more than a decade, donor-free
Al2X4 molecules have never been discussed, which is not
surprising when experimental difficulties are considered.[7]

Only AlCl2 has been described under matrix and special
synthesis conditions,[13] but these results have been dis-
cussed critically.[6] Nevertheless, in an attempt to under-
stand the bonding in the above-mentioned Al2R4 species
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and their oligomerisation products, we have chosen alumin-
ium halogenides Al2X4 as model compounds to investigate
different isomers with ligand-bridged and directly σ-bonded
aluminium centres. The halogens X = F and X = Cl were
chosen to be able to tune the range of possible Al–Al dis-
tances and thus increase the variety of possible structures.
The dimerisation to (Al2X4)2 was also investigated. For the
structures and bonding details of the monomeric isomers
and dimers of Al2X4, refer to Figure 9 and Figure 10 as
well as to Table 6 and Table 7. Standard reaction enthalpies,
∆Hr

0 (298 K), for the dimerisation reactions of the different
Al2X4 (X = F, Cl) conformers to form (Al2X4)2 are shown
in Table 8. Moreover, to put these computed enthalpies of
reaction into perspective, we have calculated the analogous
enthalpies for the reactions

2 AlF3 + 2 AlF � (Al2F4)2

and

2 AlCl3 + 2 AlCl � (Al2Cl4)2,

for which the standard enthalpies of formation of the reac-
tants are known experimentally.[14] For the formation of
(Al2F4)2, the reaction enthalpies are –388.2, –369.6 and
–495.4 kJmol–1 at the BP86/def2-TZVPP, B3LYP/def2-
TZVPP and MP2/aug-cc-pwCVTZ//B3LYP/def2-TZVPP
levels, respectively. For (Al2Cl4)2, the corresponding values
are –307.2, –256.8 and –383.9, respectively.

Figure 9. Geometries of dimer (Al2F4)2 (8) and the isomeric mono-
mers of Al2F4, 9a–d. The given bond lengths [pm] and relative ener-
gies [kJmol–1] are calculated at the B3LYP/def2-TZVPP level of
theory.
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Figure 10. Geometries of dimer (Al2Cl4)2 (10) and the isomeric
monomers of Al2Cl4, 11a–d. The given bond lengths [pm] and rela-
tive energies [kJmol–1] are calculated at the B3LYP/def2-TZVPP
level of theory.

Table 6. Calculated (BP86/def2-TZVPP and B3LYP/def2-TZVPP)
structural parameters for compounds (Al2F4)2 (8) and (Al2Cl4)2

(10). Selected bond lengths [pm] and bond angles [°] are given. X
denotes F or Cl. For numbering of atoms, see Figures 9 and 10.

8 10

BP86 B3LYP BP86 B3LYP

Al1–Al2 276.2 276.3 309.5 313.0
Al1–Al3 255.5 255.3 256.9 256.4
Al1–X1 165.7 164.5 210.9 210.3
Al1–X2 186.2 184.8 234.0 233.9
Al1–X2–Al2 95.7 96.7 82.8 84.0
X2–Al1–X3 79.5 78.9 88.0 87.3
X1–Al1–Al2 136.3 137.3 129.1 129.8

Analogous to compound [Al2(OtBu)4]2 (6), the same
structure was found for (Al2F4)2 (8) (D2h symmetry, 1Ag

state), where the nonbonding Al–Al distances within the
butterfly elements are 276.3 pm (B3LYP/def2-TZVPP), and
the Al–Al σ bond lengths are 255.3 pm. In contrast to 6,
all metal centres lie within a plane in 8, which causes an
additional σh plane. The most stable monomer is conformer
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Table 7. Comparison of calculated (BP86/def2-TZVPP and B3LYP/
def2-TZVPP) structural parameters for the monomeric isomers of
Al2F4 (9a–d) and Al2Cl4 (11a–d). Selected bond lengths [pm] and
bond angles [°] are given. X denotes F or Cl. For numbering of
atoms, see Figures 9 and 10.

Al2F4 Al2Cl4
BP86 B3LYP BP86 B3LYP

9a 11a

Al1–Al2 289.9 289.4 341.9 344.4
Al1–X1 165.4 164.3 210.9 210.1
Al1–X3 179.1 177.5 225.5 224.9
Al2–X3 197.7 196.9 251.0 252.8
Al1–X3–Al2 100.5 101.1 91.5 92.1
X1–Al1–X2 121.1 120.9 119.5 119.1
X3–Al1–X4 84.2 83.8 94.4 94.5
X3–Al2–X4 74.8 74.0 82.5 81.5

9b 11b

Al1–Al2 254.7 254.0 255.5 255.0
Al1–X1 166.0 164.8 210.8 210.2
X1–Al1–Al2 120.6 120.8 121.0 121.1
X1–Al1–X2 118.9 118.3 118.1 117.9

9c 11c

Al1–Al2 277.0 280.6 273.2 277.3
Al1–X1 166.5 165.2 212.0 211.3
Al2–X4 166.0 164.8 211.1 210.3
X1–Al1–X2 118.4 118.3 117.6 117.5
X1–Al1–Al2 97.5 97.8 99.5 99.2

9d

Al1–Al2 233.1 231.4 –
Al1–X1 165.5 164.2 –
Al1–X2 189.9 188.2 –
Al1–X2–Al2 75.7 75.9 –
X1–Al1–Al2 166.9 166.7 –

11d

Al1–Al2 – 300.8 305.0
Al1–X1 – 209.2 208.8
Al1–X2 – 220.0 219.4
Al2–X2 – 273.9 277.7
Al1–X2–Al2 – 74.1 74.7
X1–Al1–X2 – 118.8 118.6

Table 8. Calculated reaction enthalpies, ∆Hr
0 (298 K), for the di-

merisation reaction of isomeric monomers 9a–d and 11a–d [2Al2F4

� (Al2F4)2 and 2Al2Cl4 � (Al2Cl4)2, respectively] at the BP86/
def2-TZVPP, B3LYP/def2-TZVPP and MP2/aug-cc-pwCVTZ
levels of theory. Enthalpies are in kJmol–1.

2Al2F4 � (Al2F4)2 2Al2Cl4 � (Al2Cl4)2

9a 9b 9c 9d 11a 11b 11c 11d

BP86 –123.1 –239.9 –311.6 –415.4 –141.0 –159.3 –236.4 –148.5
B3LYP –99.9 –237.7 –306.1 –450.5 –112.6 –128.4 –209.1 –134.1
MP2 –241.0 –386.8 –458.1 –725.8 –174.4 –227.4 –296.5 –183.7

9a (C2v symmetry, 1A1 state), in which two fluorine atoms
are terminally bound to the same aluminium atom. The
other two fluorine atoms asymmetrically bridge the two
metal centres. This leads to a very long nonbonding metal–
metal distance of 289.4 pm relative to 276.3 pm (B3LYP/
def2-TZVPP) in the more rigid dimer. Formally, conformer
9a may be interpreted as composed of an [AlIIIF4]– anion
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and an [AlI]+ cation. The calculated charges in a natural
population analysis (NPA) of +2.16e on Al1, +0.87e on Al2
and –0.74e on F1 and F2, and –0.78e on F2 and F3 support
this interpretation with a covalent contribution of about
30% (see also Table 9).

Table 9. Atomic charges based on the natural population analysis
(NPA) for the different conformers of Al2F4 and Al2Cl4, obtained
at the B3LYP/def2-TZVPP level. Charges are in units of e.

Al2F4 Al2Cl4
9a 9b 9c 9d 11a 11b 11c 11d

Al1 +2.160 +1.500 +1.971 +1.490 +1.426 +1.045 +1.153 +1.386
Al2 +0.869 +1.500 +1.080 +1.490 +0.756 +1.045 +1.021 +0.741
X1 –0.738 –0.750 –0.751 –0.744 –0.522 –0.522 –0.521 –0.501
X2 –0.738 –0.750 –0.751 –0.746 –0.522 –0.522 –0.521 –0.542
X3 –0.777 –0.750 –0.751 –0.746 –0.569 –0.522 –0.521 –0.542
X4 –0.777 –0.750 –0.799 –0.744 –0.569 –0.522 –0.611 –0.542

Linear conformer 9b (D2d symmetry, 1A1 state) is about
73 kJmol–1 higher in energy than 9a (MP2/aug-
cc-pwCVTZ). It has a σ bond of 254 pm between the two
aluminium centres, and the four terminally bound fluorine
atoms are oriented in a staggered conformation. The charge
on both aluminium centres is +1.50e. About 36 kJmol–1

(MP2/aug-cc-pwCVTZ) above 9b lies the conformer 9c (C3v

symmetry, 1A1 state). Formally, this conformer consists of
AlIIIF3 and AlIF units with a largely ionogenic Al–Al bond.
The calculated NPA charges of +1.97e on Al1, –0.75e on
F1, F2 and F3, +1.08e on Al2, and –0.80e on F4 in con-
junction with the long Al–Al bond length of 280.6 pm sup-
port this formulation. Butterfly conformer 9d, (C2v sym-
metry, 1A1 state) with a dimerisation enthalpy of
–450.5 kJmol–1 (B3LYP/def2-TZVPP), is very unstable and
only a minimum on the B3LYP potential energy surface.
The Al–Al σ bond length of 231.4 pm is extremely short
compared to those found in the other structures, which
range from 254.0 pm in 9b to 255.3 pm in 8. At the BP86
level, this structure is a saddle point (i.e., it displays one
imaginary frequency). The restricted Hartree–Fock solution
for this conformer reveals a triplet instability and explains
the large deviation of the MP2 dimerisation enthalpy from
the DFT results.

II.C.2. Al2Cl4 Conformers and Dimer (Al2Cl4)2

The conformers of Al2Cl4 and dimer (Al2Cl4)2 with the
larger and more polarisable chloride structurally reveal a
similar behaviour to that of their counterparts with fluo-
ride, but there are a few differences to be noted. Firstly, all
Al2Cl4 conformers lie energetically much closer together, all
within about 60 kJmol–1. The butterfly structure that was
found for Al2F4 at the B3LYP/def2-TZVPP level is not
stable with the chloride ligand, since the very short Al–Al
distance is not feasible with chloride. On the other hand,
besides structure 11a (C2v symmetry, 1A1 state), there exists
another conformer with the [AlIIICl4]– [AlI]+ motif, 11d,
with C3v symmetry (1A1 state) and only about 5 kJmol–1

higher in energy. This C3v symmetry corresponds to the ex-
perimental structures of, for example, GaGaCl4[15,16] and
KAlCl4 in the gas phase.[17]
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While the calculated atomic charges (Table 9) for con-
formers 11a and 11d are comparable, the bridged Al–Al
distance of 305.0 pm in 11d is almost 40 pm shorter than
that in 11a. The direct Al–Al σ bonds that are found in
compounds 10 and 11b are only slightly affected by the li-
gand. We find a marginal elongation of about 1 pm in the
structures with the chloride ligand, and as expected, the
NPA shows an increased covalent contribution for the chlo-
ride ligands.

II.D Mg2Cl2 and Dimerisation Products

II.D.1. Structures

Starting from (Al2Cl4)2 described in the previous section
and removing the terminal chloride ligands, one ends up
with the stable ionic compound (Al2Cl2)2

4+ (14) (D2h sym-
metry, 1Ag state), whose structure is shown in Figure 11.
Compound 14 is isoelectronic with the neutral molecule
(Mg2Cl2)2, where the magnesium centres have the rare oxi-
dation state of MgI. Although Mg2Cl2 has been character-
ised theoretically[9] and, very recently, experimentally,[18]

nothing is known about oligomeric species. Therefore, we
have optimised the structure of (Mg2Cl2)2 (12) (D2h sym-
metry, 1Ag state) in comparison with the two monomeric
conformers, 13a and 13b, which are shown in Figure 11.

Figure 11. Geometries of (Mg2Cl2)2 (12) and the isomeric mono-
mers of Mg2Cl2, 13a,b. Isoelectronic ion (Al2Cl2)2

4+ (14) is also
given. Metal–metal distances [pm] in the different compounds are
calculated at the B3LYP/def2-TZVPP level of theory.

Similar to (Al2X4)2 and [Al2(OtBu)4]2, compound 12
consists of two connected butterfly units with a nonbonding
Mg–Mg distance of 303.8 pm within each butterfly. Two
Mg–Mg σ bonds of 281.8 pm connect the two butterflies.
This Mg–Mg σ bond is 2 pm longer than that in linear
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monomer 13a (D�h symmetry, 1Σg
+ state). All structural pa-

rameters can be found in Table 10. In rhombic conformer
13b (D2h symmetry, 1Ag state), the two metal centres are
bridged by two chloride ligands, which gives rise to a non-
bonding Mg–Mg distance of 340.3 pm. Compound 13b is
only a minimum with respect to nuclear degrees of freedom.
The restricted DFT (BP86, B3LYP) as well as the restricted
Hartree–Fock solutions show a triplet instability.

Table 10. Structural parameters of (Mg2Cl2)2 (12) and the mono-
meric isomers Mg2Cl2 (13a,b) as well as the isoelectronic ion
Al4Cl4+ (14) are given. In addition, structural parameters of the
two isomers 15a,b of the higher condensation product (Mg2Cl2)4

are shown. Selected bond lengths [pm] and bond angles [°] at BP86/
def2-TZVPP and B3LYP/def2-TZVPP levels of theory. For num-
bering of atoms, see Figures 11 and 12.

BP86 B3LYP BP86 B3LYP

13a 13b

Mg1–Mg2 281.1 279.7 337.1 340.3
Mg1–Cl1 221.5 220.8 247.8 240.3
Mg1–Cl1–Mg2 0.0 0.0 85.7 90.1
Cl1–Mg1–Cl2 0.0 0.0 94.3 89.9

12 14

Mg1–Mg2 300.5 303.8 299.1 300.2
Mg1–Mgt3 282.7 281.8 274.7 272.8
Mg1–Cl1 245.6 245.2 229.0 228.2
Mg1–Cl1–Mg2 75.4 76.6 81.6 82.3
Cl1–Mg1–Cl2 87.7 87.3 89.7 89.2

15a 15b

Mg1–Mg2 342.7 355.3 350.4 359.7
Mg1–Mg3 284.9 283.0 282.3 281.7
Mg1–Mg6 334.2 352.1 495.6 508.7
Mg1–Cl1 242.0 242.0 242.3 242.1
Mg1–Cl1–Mg2 90.1 94.4 92.6 96.0
Mg1–Cl2–Mg6 87.3 93.4 –

Larger clusters of (Mg2Cl2)x are of interest with respect
to the limit of solid MgCl. We have therefore investigated
the structures and reaction enthalpies of the cluster with
x = 4. The structures are shown in Figure 12, and bond
parameters are given in Table 10. The global minimum is
conformer 15a (D2d symmetry, 1A1 state) with two Mg4Cl2
hexagons rotated by 90° with respect to each other and con-
nected by bridging chloride ligands. Only 11.8 kJmol–1

(MP2/aug-cc-pwCVTZ) higher in energy lies the highly

Figure 12. Geometries of the two (Mg2Cl2)4 isomers, 15a,b. The
highly symmetric isomer, 15b, is only 11.8 kJmol–1 less stable than
15a (MP2/aug-cc-pwCVTZ).
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symmetric conformer 15b (D4h symmetry, 1A1g state). Here,
the Mg4Cl2 hexagons are coplanar. While the Mg–Mg σ
bond length of 281.7 pm in the highly symmetric compound
(Mg2Cl2)4 (15b) is the same as that in the smaller com-
pound, (Mg2Cl2)2 (12), this bond is 1.3 pm longer in global
minimum conformer 15a. Thus, in 15a, the Mg–Mg σ bond
is 3.3 pm longer than that in linear Mg2Cl2 monomer 13a.

II.D.2. Energetics

In Table 11, the calculated reaction enthalpies ∆Hr
0

(298 K) of the reaction xMg(g) + xMgCl2 � (Mg2Cl2)x are
given for x = 1, 2 and 4. DFT, MP2 and CCSD(T) enthalp-
ies are all exothermic for compounds 12 and 13a. Further-
more, the most accurate methods, MP2 and CCSD(T), are
in good mutual agreement for these compounds. We thus
conclude that the MP2 enthalpies for the larger clusters –
where the CCSD(T) calculations were not feasible – will be
sufficiently accurate. The discrepancies that arise for 13b are
due to triplet instabilities in the restricted DFT and
Hartree–Fock wave functions. DFT and also MP2 predict
an endothermic reaction, whereas CCSD(T) yields a small
but exothermic enthalpy of –8.2 kJmol–1. In all cases, the
clusters gain stabilisation with increasing cluster size. In the
case of (Mg2Cl2)2 (12), the gain is about 128 kJmol–1

[CCSD(T)/aug-cc-pwCVTZ] to 138 kJmol–1 (MP2/aug-cc-
pwCVTZ) with respect to linear Mg2Cl2 molecule 13a. The
extra stabilisation (dimerisation enthalpy) is 307 kJmol–1

(MP2/aug-cc-pwCVTZ) for (Mg2Cl2)4 with respect to
(Mg2Cl2)2 (12).

Table 11. Calculated reaction enthalpies ∆Hr
0 (298 K) for the reac-

tions xMg(g) + xMgCl2 � (Mg2Cl2)x with x = 1, 2 and 4 at BP86/
def2-TZVPP, B3LYP/def2-TZVPP, MP2/aug-cc-pwCVTZ and
CCSD(T)/aug-cc-pwCVTZ levels of theory. Enthalpies are in
kJmol–1.

x = 1 x = 2 x = 4

13a 13b 12 15a 15b

BP86 –51.5 18.8 –205.6 –666.2 –654.7
B3LYP –44.5 48.1 –163.7 –582.4 –575.7
MP2 –56.8 7.1 –251.5 –810.0 –798.2
CCSD(T) –56.6 –8.2 –241.3 – –

The stabilisation energies starting from Mg(g) and
MgCl2(g) are so large that, for a reaction of MgCl2(g) with
solid Mg(s) in a nonpolar solvent, an exothermic reaction
to (Mg2Cl2)x with x � 4 should proceed since the vaporis-
ation enthalpy of Mg(s) is only 148 kJmol–1.[14] Further-
more, since Mg2Cl2 could be obtained under matrix condi-
tions recently,[18] there may be a chance to gain further sta-
bilisation via an oligomerisation process that finally may
end up with solid MgCl. Theoretical and experimental
work on this subject is a challenge for future investigations.

III. Summary and Outlook

The focus of the present work has been on the theoretical
investigation of recently synthesised dinuclear and tetranu-
clear aluminium[8] and magnesium[2,4] compounds with ex-
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ceptional bonding situations or oxidation states: in all cases,
one s electron determines the properties of the metal–metal
bonded species. We have optimised the structures of various
Al2(PtBu2)4 and [Al2(OtBu)4]2 isomers in several electronic
states. Relative electronic energies have been computed with
respect to hypothetical building blocks for the compounds.
UV/Vis spectra have been calculated for the isomers of
Al2(PtBu2)4 to provide further theoretical support for char-
acterising the experimentally found compounds.

The isomeric Al2(PtBu2)4 species 1 and 2 reported here
are examples of species in the field of cyclobutadienyl com-
pounds containing four-membered-ring entities P2B2,[19–21]

P2C2,[22] Ge2N2,[23] Sn2N2
[24] and Si4,[25] which have been

subject to several reviews.[26,27] Of particular interest has
been the exceptional electronic structure of 2 with its diradi-
cal character. The diradical character in the calculations of
the isolated molecules may still be present in the synthesised
crystals or may have triggered mutual or other interactions.
A final conclusion on whether a diradical structure of
Al2(PtBu2)4 has been synthesised is not yet possible. Struc-
tural and spectroscopic data for compounds 2 and 3 partly
lend support to a structurally modified diradical in the crys-
tal, but an intriguing question – to be addressed in future
work – is what these interactions could be and how they
stabilise a four-membered-ring structure similar to that of
calculated compound 2.

In order to understand the structural diversity (bonding
motifs) of Al2R4 species, that is, the chemistry of com-
pounds with one s electron for every metal centre, we first
investigated dihalides Al2F4 and Al2Cl4 as simple model
compounds containing bridging ligands.

Furthermore, the Al2X4 species seem to represent a suit-
able bridge to the recently presented Mg2Cl2 molecules, ex-
hibiting only one electron for every MgCl unit. For the Mg–
Mg σ bond between two MgI centres, the dissociation en-
ergy has been determined by means of experiments as well
as DFT calculations to be about 200 kJmol–1. For further
stabilisation of Mg2Cl2 molecules during the oligomeris-
ation process, we have theoretically found stabilisation ener-
gies of 128 kJmol–1 to 307 kJmol–1 upon going to
(Mg2Cl2)2 and (Mg2Cl2)4, respectively.

Because of the unexpectedly high stability of larger
(MgCl)x clusters, also with respect to disproportionation
into Mg(s) and MgCl2(g), it seems worthwhile to perform
experiments as well as additional theoretical work in order
to find hints for MgCl(s), which is a so far unknown com-
pound.

IV. Computational Details
All DFT and TD-DFT calculations were carried out with the pro-
gram package Turbomole.[28,29] The MRCI and CASSCF calcula-
tions were done with Molpro.[30] The MP2 calculations for the alu-
minium compounds were performed with Turbomole, and the MP2
and CCSD(T) calculations for magnesium were carried out with
Molpro. The programs ECCE builder,[31] Molden[32] and Vmd[33]

were used for the preparation, manipulation and visualisation of
coordinate files.
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The geometries of Al2(PtBu2)4 isomers 1–4 and monomer 5 were
optimised by using the GGA functional BP86,[34–37] the meta-GGA
functional TPSS[38,39] and the hybrid functional B3LYP[37,40,41] by
applying a def2-TZVP basis set to Al and P atoms and a def2-
SV(P) basis set to H and C atoms.[42,43] This mixed basis set is
referred to as def2-TZVP† in the text. Single-point energy calcula-
tions at these geometries were performed by using the full def2-
TZVP basis set for all atoms. Preoptimisations of all structures
described so far were carried out without imposing any symmetry
(C1). The structure refinements were performed in the obtained
symmetries: C2 symmetry for 1, 4 and 5 and Ci for 1‡, 2 and 3. A
fine integration grid (grid size 4) and weight derivatives were used
when refining the structures. The final convergence criteria were set
to 10–6 Eh/a0 for the gradient norm and 10–9 Eh for the energy
change. These hard convergence criteria were necessary to obtain
real minimum structures. For all BP86/def2-TZVP† geometries,
harmonic vibrational frequencies were calculated analytically to
confirm the minimum structures of 1–5 and transition state struc-
ture 1‡ with one and only one imaginary frequency resembling the
normal mode of the butterfly movement.[44–46] Analogous calcula-
tions were done for the Al2(OtBu)4 dimer and monomer with the
functionals BP86 and B3LYP, which resulted in the minimum struc-
tures 6 (D2) and 7 (C2h).

Vertical excitation energies in the UV/Vis spectral range were calcu-
lated for compounds 1–5 with TD-DFT by using BP86/def2-
TZVP†.[47,48] The vertical transition energies in the spectral range
200–800 nm were plotted against the oscillator strengths (line spec-
tra). In addition, Gaussian lineshapes with a half-width at a half-
maximum value of 4 nm were plotted to obtain realistic-looking
UV/Vis spectra.

Complete-active-space self-consistent-field calculations with two
electrons in two orbitals [CASSCF(2,2)] and subsequent internally
contracted multireference configuration-interaction calculations
(MRCI) were performed for the singlet and triplet states of model
compound Al2(PMe2)4 in the correlation-consistent polarised val-
ence triple-zeta basis set (cc-pVTZ).[49–55] The structure of the
model compound was kept fixed to the equilibrium geometry of 2.
It was obtained from the structure of 2 by replacing the tBu groups
by Me groups, thereby placing the hydrogen atoms onto the former
C–CH3 bonds at a (fixed) C–H distance of 110 pm. The
CASSCF(2,2) wavefunction for the 1Ag state of the model for 2 (Ci

symmetry) was built from two determinants (agag and auau), while
the corresponding wavefunction for the 3Au state was described by
just one single determinant (agau). The MRCI calculations were
performed in two distinct manners. In one set of calculations, single
and double excitations were allowed only from the CASSCF(2,2)
reference space. This corresponds to correlating two electrons and
freezing 78 doubly occupied orbitals (core = 78; the total number
of electrons in the model compound is 158). In the other set of
calculations, we also allowed single and double excitations from 28
further valence orbitals, thus correlating 58 electrons and freezing
50 doubly occupied orbitals (core = 50).

The smaller aluminium compounds (Al2F4)x (8, 9a–9d) and
(Al2Cl4)x (10, 11a–11d) with x = 1, 2 and all magnesium com-
pounds (Mg2Cl2)x with x = 1, 2 and 4 were optimised with the
functionals BP86 and B3LYP by using a def2-TZVPP basis set for
all atoms.[42,56] Again, a fine integration grid (grid size 4) and
weight derivatives were used. Here the convergence criteria were
chosen as 10–5 Eh/a0 for the gradient norm and 10–8 Eh for the
energy change. Harmonic vibrational frequencies were calculated
analytically, and all of these structures were checked for singlet and
triplet instabilities in the wave function.[57] Enthalpies ∆Hr

0 (298 K)
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were evaluated by thermal correction of binding energies at 0 K
(D0) by using the module Freeh of Turbomole (ideal gas approxi-
mation). D0 values were obtained by zero-point vibrational energy
corrections (ZPVE) to the De values.

MP2 energies for the smaller aluminium compounds were calcu-
lated for the B3LYP/def2-TZVPP optimal geometries by using the
module Ricc2 and the “resolution of the identity” (RI) approxi-
mation in an aug-cc-pwCVTZ basis set.[53–55,58–62] The auxiliary
basis set to approximate the Coulomb integrals and Hartree–Fock
exchange in the RI-HF reference wavefunction calculation was
def2-QZVPP.[63–65] The MP2 and CCSD(T) energies for the
B3LYP/def2-TZVPP optimal geometries of the magnesium com-
pounds were calculated by using an aug-cc-pwCVTZ basis
set.[55,62,66–69] A frozen core was chosen as Al(1s), Mg(1s), F(1s)
and Cl(1s2s2p). Thermal and ZPVE corrections to MP2 and
CCSD(T) energies were based on the B3LYP/def2-TZVPP vi-
brational frequencies.

All DFT calculations in this work were carried out with the “reso-
lution of the identity” (RI) approximation by applying appropriate
auxiliary basis sets.[56,64,70–73]
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