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Abstract: The homoleptic magnesium bis(aluminyl)
compound Mg[Al(NON)]2 (NON=4,5-bis(2,6-diisopro-
pylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene) can
be accessed from K2[Al(NON)]2 and MgI2 and shown to
possess a non-linear geometry (ffAl� Mg� Al=164.8(1)°)
primarily due to the influence of dispersion interactions.
This compound acts a four-electron reservoir in the
reductive de-fluorination of SF6, and reacts thermally
with polar substrates such as MeI via nucleophilic attack
through aluminium, consistent with the QT-AIM
charges calculated for the metal centres, and a formal
description as a Al(I)� Mg(II)� Al(I) trimetallic. On the
other hand, under photolytic activation, the reaction
with 1,5-cyclooctadiene leads to the stereo-selective
generation of transannular cycloaddition products con-
sistent with radical based chemistry, emphasizing the
covalent nature of the Mg� Al bonds and a description
as a Al(II)� Mg(0)� Al(II) synthon. Consistently, photol-
ysis of Mg[Al(NON)]2 in hexane in the absence of COD
generates [Al(NON)]2 together with magnesium metal.

Metal-metal bonded systems have played a central role in
the recent development of main group chemistry,[1] both
from a fundamental perspective in providing the driver for
new models of electronic structure/bonding,[2] and from the
viewpoint of defining new patterns of reactivity towards
small molecules.[3] Landmark examples include Power’s
digermyne, ArDippGeGeArDipp (ArDipp=2,6-Dipp2C6H3;
Dipp=2,6-iPr2C6H3) and related tin compounds which
enabled unprecedented main group activation of H2,

[4]

together with Carmona’s (η5-C5Me5)ZnZn(η5-C5Me5) and
Jones’ (NacnacDipp)MgMg(NacnacDipp) (NacnacDipp=HC-
(MeCDippN)2) which accessed previously ill-defined oxida-
tion states for these pre- and post-transition elements.[5,6]

Within this field, a number of systems have recently
been reported which take the assembly of covalent metal-
metal bonds of this sort one step further by defining
trimetallic ‘chains’ in which a (two-coordinate) central metal
atom can be viewed as possessing a formal oxidation state of
zero (Figure 1). These include both homo- and hetero-
trimetallic compounds (I–III),[7,8] each of which has been
described in terms of a M(I)� M’(0)� M(I) formalism.
Beyond the divalent metals of groups 2 and 12, related s/p
block examples are rare; MAl2 and MGa2 systems IV and V
have been synthesized by Fischer by insertion of neutral
Al(I) or Ga(I) moieties into M� X bonds (M=Zn, Hg; X=

CH3, SC6F5, N(SiMe3)2),
[9–11] and systems featuring additional

Lewis bases coordinated at the central metal also have
literature precedent.[12]

Within this sphere, we perceived that the recent syn-
thesis of nucleophilic Al(I) (‘aluminyl’) anions might offer
an alternative route to access M� Al bonds featuring a wide
range of metals.[13,14] While this has proved to be syntheti-
cally viable, the only trimetallic bis(aluminyl) systems
reported to date via this approach (to our knowledge) are
the potassium bis(aluminyl)-cuprate VI, synthesized from
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Figure 1. Selected covalently bonded trimetallic compounds of rele-
vance to the current study. (Ar=C6H2� Me-4-(CHPh2)2–2,6; Ar*=C6H3-
(CHEt2)2–2,6).
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K2[Al(NON)]2 and Ph3PCuI, and a very recently reported
bis(aluminyl) samarium complex reported by Yamashita
and co-workers.[11,14d] With a view to extending this ap-
proach, to allow for systematic exploration of the electronic
structure and reactivity of Al� M� Al containing systems, we
report here on the synthesis of the bis(aluminyl) magnesium
complex Mg[Al(NON)]2. This compound provides an inter-
esting counterpoint to existing aluminyl chemistry by
offering experimental evidence for radical chemistry in
addition to nucleophilic behaviour at aluminium.

Reaction of a toluene solution of potassium aluminyl
compound 1[13a] with a slurry containing ca. 0.6 equiv. (by
metal) of MgI2 over a period of 14 h leads to the formation
of a new pale yellow species, characterized by two Dipp CH3

and one CH signal in its 1H NMR spectrum in C6D6.
Recrystallization from pentane gives a yellow crystalline
product in ca. 80% yield (0.15 g scale), which has been
characterized by multinuclear NMR, IR and elemental
microanalysis. X-ray diffraction studies on single crystals
obtained from pentane or benzene solution reveal it to be
the magnesium bis(aluminyl) complex Mg[Al(NON)]2 (2;
Scheme 1 and Figure 2). As such, 2 represents a very rare
example of complex featuring a wholly aluminyl supporting
ligand set.[10,14d]

From a geometric perspective, the molecular structure of
2 is defined by a bent coordination geometry at magnesium
(ffAl� Mg� Al=164.8(1)°; Figure 2). The corresponding an-
gles at the central metal atom in the other two known
homoleptic bis(aluminyl) complexes are closer to linear:
bis(aluminyl)zinc system IV has a crystallographically im-
posed linear geometry at zinc, while the bis-

(aluminyl)cuprate K[Cu{Al(NON)2}] (VI), features an angle
of 174.9(1)° at copper, albeit with the positioning of the K+

counterion between the flanking Dipp groups presumably
contributing to the alignment of the ligand scaffold.[14d]

In the case of 2, the bending at magnesium away from
linearity, while reminiscent of the bent structures observed
for the heavier alkaline earth dihalides in the gas phase,[15] is
thought primarily result from dispersion interactions involv-
ing the flanking Dipp groups of the NON supporting ligands.
As such (i) close contacts are observed between iPr groups
associated with the two different Al(NON) metallo-ligands
in the ‘pocket’ formed by bending the Al� Mg� Al unit
(closest H···H contacts: 2.35, 2.37 Å; closest C···C contacts:
3.792(3), 3.857(3) Å); (ii) the molecular structure of 2 is
modelled well by quantum chemical calculations employing
Grimme’s empirical dispersion correction (along with
PBE1PBE hybrid exchange functional and Def2-SVP basis
set):[16] ffAl� Mg� Al=158.9°; d(Al� Mg)=2.682, 2.694 Å (cf.
2.695(1) and 2.689(1) Å); and (iii) the corresponding mini-
mum energy structure optimized without accounting for
dispersion (but using an otherwise identical method)
involves a significantly wider Al� Mg� Al angle (172.0°).

The Mg� Al bond lengths determined for 2 (2.695(1) and
2.689(1) Å) are comparable to the sum of the respective
covalent radii (1.41+1.21 Å),[17] but very short compared to
those reported for other Mg� Al systems (six examples in the
range 2.727(2)–2.7980(6) Å).[18] The only system featuring a
comparable metal-metal separation is (NacnacMes)Mg�
Al(NON) (2.696(1) Å; NacnacMes=HC(MeCMesN)2),

[13a]

which features the same aluminyl ‘metallo-ligand’. Com-
pared to this system, 2 might be expected to feature a
shorter Mg� Al bond on account of the reduced coordination
number at magnesium (i.e. two vs. three); on the other hand
the mutually trans disposition of the two aluminyl units in 2,
and the strong σ donor capabilities of the Al(NON)
fragment,[14d] might be expected to influence the Mg� Al
separation in the opposite sense.

Quantum chemical calculations also show that the
HOMO and LUMO for 2 are best described, respectively, as
a Mg� Al σ bonding orbital and an (unoccupied) in-phase π
orbital which is delocalized over all three metal atoms
(Figures 3 and s10). The associated HOMO energy
(� 6.44 eV) is significantly lower than determined, for
example, for (Et2O)2Li� Al(NON) (� 4.12 eV), reflecting a
higher degree of covalency in the Al� M bonds. Consistently,

Scheme 1. Synthesis of bis(aluminyl) magnesium complex 2 from
potassium aluminyl dimer 1 via metathesis.

Figure 2. Molecular structure of 2 in the solid state as determined by X-
ray crystallography. Thermal ellipsoids set at 50% probability; H atoms
and solvent molecules omitted, and selected substituents shown in
wireframe format for clarity. Key bond lengths (Å) and angles (°):
Mg� Al 2.695(1), 2.689(1); Al� N 1.900(1), 1.901(1), 1.902(1), 1.904(1);
Al� O 2.001(1), 2.014(1); Al� Mg� Al 164.8(1).

Figure 3. (left) DFT calculated HOMO (� 6.44 eV) for 2. (Iso-value=

0.03; PBE1PBE hybrid exchange functional, Def2-SVP basis set,
Grimme empirical dispersion correction). (right) ELF iso-surface for
compound 2 (0.6 a.u.) Key: Yellow=metal-metal bond basins, Blue= -
ligand based basins.
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QT-AIM calculations reveal bond critical points between
Mg and each Al centre, with associated electron densities
(ρ(r)=0.037, 0.038 eÅ� 3) that are similar to that determined
for (NacnacMes)Mg� Al(NON) (0.036 eÅ� 3), and intermedi-
ate between those calculated for (Et2O)2Li� Al(NON)
(0.019 eÅ� 3) and (NacnacMes)Zn� Al(NON) (0.060 eÅ� 3).[19]

The NAO orbital occupancy determined for the Mg 3s
orbital is 0.815 e (together with 0.023 e for Mg 3p), which
can be compared to 0.46 e for the Mg 3s orbital in
(NacnacMes)Mg� Al(NON), which features a single aluminyl
‘metallo-ligand.’ ELF calculations reveal the presence of
two metal-metal bonding basins for 2 (Figure 3) containing
1.948 and 1.965 electrons.

Trimagnesium compound III (Figure 1) has been de-
scribed in terms of a Mg(I)� Mg(0)� Mg(I) formalism,
reflecting the essentially non-polar nature of Mg� Mg bonds,
and QT-AIM calculated charges of +0.90/+0.36/+0.90
(when allowance is made for the presence of two non-
nuclear attractors).[8] By means of comparison, 2 features a
significantly higher charge at the central Mg atom (+1.36 vs.
+0.36; Al charges: +1.08/+1.10), and, as a consequence,
Mg� Al bonds which are polarized in the sense Mg(δ+)� Al-
(δ� ), consistent with the respective Pauling electronegativ-
ities (Al: +1.61; Mg: +1.31). Insofar as formal oxidation
states can be assigned with any reliability, a formalism as
Al(I)� Mg(II)� Al(I) would therefore seem most appropriate
in the case of 2. Further attempts to probe the electronic
structure of 2 experimentally were carried out by examining
its patterns of reactivity with respect to polar, oxidizing or
unsaturated substrates.

2 is found to be intrinsically less reactive than 1 towards
non-polar (or weakly polar) substrates, showing no propen-
sity to activate H2 or arenes such as benzene under thermal
conditions. The more covalent nature of the metal alumi-
nium interaction and accompanying stabilization of the
HOMO are presumably of key importance. The capabilities
of 2 as a four-electron reductant are, however, signaled by
its reactivity towards the kinetically inert substrate SF6, with
which it reacts at 80 °C over a period of 48 h to give Mg[(μ-
F)2Al(NON)]2 (3; Scheme 2).

At room temperature 3 gives rise to broad resonances in
the 1H NMR spectrum, and to two broad signals in the 19F
NMR spectrum at ca. � 170 ppm, i.e. in the expected range
for aluminium-bound fluorides. X-ray diffraction studies on
single crystals obtained from benzene confirm the presence

of Al� F bonds (Figure 4), and show that 3 is derived from
the formal addition of F2 across both of the Al� Mg bonds in
2, via the reductive defluorination of SF6. No (NON)Al/S
containing species could be detected spectroscopically in
solution, and the fate of the sulphur component under these
conditions is thought to be as amorphous sulphur precipitate
observed in the reaction mixture. Consistently, carrying out
the reaction in the presence of PPh3 leads to the formation
of PPh3S.

The structure of 3 is unusual in containing an MgF2

fragment, formally encapsulated between two [(NON)AlF]
units. Despite the high lattice enthalpy of MgF2 (ca.
2960 kJmol� 1),[20] the presence of strong Al� F interactions
presumably serves to prevent further aggregation. The
coordination environment at the aluminium centres lies
between trigonal bipyramidal and square pyramidal (τ=

0.66, 0.59 for Al1/Al2) with the Al� F distances associated
with the axial sites (F1, F3) being somewhat longer than
those involving the equatorial fluorides (1.796(1)/1.821(1)
vs. 1.769(1)/1.773(1) Å). The coordination environment at
magnesium is significantly distorted from tetrahedral; the
Mg� F bond lengths are grouped into two sets (1.894(1)/
1.902(1) and 1.920(2)/1.919(2) Å), with the shorter bonds
being associated with the fluoride ligands which are more
weakly bound at aluminium (i.e. F1 and F3, the axial
fluorides). Moreover, the Dipp group of one NON ligand
interacts weakly with Mg1 (d(Mg-Cipso)=3.197(3) Å) - in an
orientation roughly trans to F4. The remaining three
fluorides (F1–F3) and Mg1 lie in an approximately planar
arrangement, with the mean deviation from the least squares
plane being 0.059 Å. As such, the coordination geometry at

Scheme 2. Reaction of bis(aluminyl)magnesium complex 2 with SF6 to
generate mixed aluminium/magnesium fluoride complex Mg[(μ-F)2Al-
(NON)]2, 3.

Figure 4. Molecular structures of Mg[(μ-F)2Al(NON)]2 (3, upper) and
K2[(NON)AlF2] (4, lower) in the solid state as determined by X-ray
crystallography. Thermal ellipsoids set at 50% probability; H atoms
and solvent molecules omitted, and selected substituents shown in
wireframe format for clarity. Key bond lengths (Å): (for 3) Al� F
1.796(1), 1.821(1), 1.769(1), 1.773(1); Mg� F 1.894(1), 1.902(1),
1.920(2), 1.919(2); Mg···C24 3.197(3); (for 4) Al� F 1.753(1), 1.709(1),
1.756(1), 1.755(1), K···F 2.875(1), 2.723(1), 2.625(1), 2.652(1), 2.681(1),
3.160(1).
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Mg1 could be viewed as tending towards trigonal bipyrami-
dal, with F4 and the C24 formally constituting the axial
ligands. In solution, the fluoride ligands undergo fluxional
exchange, being rendered equivalent on the NMR timescale
at 343 K, and being resolved into an AB multiplet below
273 K (ESI, Figure S8).

This mode of reactivity of 2 is also common to potassium
aluminyl compound 1, which reductively defluorinates SF6 in
similar fashion generating the potassium difluoroaluminate
dimer K2[(NON)AlF2] (4), albeit under somewhat milder
conditions (room temperature, 5 min). 4 is isostructural with
the corresponding dihydride K2[(NON)AlH2], with the K+

cations held in place by a combination of K···F (2.625(1) -
3.160(1) Å) and K···arene interactions (3.177(2)–3.392(2) Å;
Figure 4). Crimmin and co-workers have previously reported
SF6 activation by {HC(MeCDippN)2}Al.[20]

The reduction chemistry observed with 2 reflects the
availability of a four-electron reservoir constituted by the
two Mg� Al bonds. Furthermore, the polarity of these bonds
(and a formalism for 2 as Al(I)� Mg(II)� Al(I)) implied by
the QT-AIM charge distribution is supported by reactions
with electrophiles such as methyl iodide. The reaction of 2
with MeI in benzene-d6 solution selectively generates
(NON)AlMe, in a manner analogous to the reaction of
potassium system 1 with methyl iodide,[13a] and implies that
the aluminium centres in each case behave in a nucleophilic
manner.

By contrast, the reactivity of 2 towards 1,5-cycloocta-
diene (COD) implies that other factors can also be
important in driving product formation under photolytic
conditions. While 1 reacts with alkenes rapidly at room
temperature via [2+1] cycloaddition chemistry to generate
the corresponding metallacyclo-propanes,[13c] 2 does not
react with COD even under more forcing thermal conditions
(72 h at 80 °C). On the other hand, broadband UV
photolysis of a solution in C6D6 (Hg arc lamp, 191–360 nm,
125 W) leads to generation of a single major NON-
containing species, as judged by in situ 1H NMR monitoring,
together with magnesium metal (Scheme 3). Single crystals
of the (extremely sensitive) aluminium-containing product
suitable for X-ray crystallography were grown from a
concentrated benzene solution, and shown to contain a
racemic mixture of (R,R,R,R) and (S,S,S,S) 2,6-dimetallated
cis-bicyclo[3.3.0]octanes (Figure 5). Structurally, the product

5 features a cis-bicyclo[3.3.0]octane core with chemically
equivalent [Al(NON)] fragments bound in the 2- and 6-
positions, each adopting pseudo-equatorial positions with
respect to the C8 skeleton, in line with steric considerations.
The Al� C and C� C bonds within the organometallic core
conform to the expected distances for the respective single
bonds.[17]

Mechanistically, the formation of 5 from 2 and 1,5-
cyclooctadiene constitutes a transannular 1,5-cycloaddition
reaction involving the creation of four contiguous stereo-
centres in one step; the crystalline product features a
racemic mixture of (R,R,R,R) and (S,S,S,S) forms.[22] This
mode of reactivity (and selectivity) is strongly characteristic
of free radical transannular cyclization processes of 1,5-
cyclooctadiene, being widely precedented for classical
organic radical systems derived from peroxides, chlorocar-
bons or carbonyl compounds.[23] Thus, for example, the
reaction of COD with CCl4 under UV photolysis generates
the analogous cycloaddition product 2-trichloromethyl-6-
chloro-cis-bicyclo-[3.3.0]octane. Indeed, related studies have
invoked the formation of bicyclic systems of this type from
cyclooctene precursors as a mechanistic probe for radical-
based chemistry.[24] The stereo-selective formation of 5 from
2 is therefore consistent with the transient formation of
Al(II) radical species under photolytic conditions, and with
the concurrent generation of magnesium metal.[25]

Consistent with this assertion: (i) photolysis of 2 in the
absence of COD in hexane solution generates the (known)
Al(II) dimer (NON)Al� Al(NON),[13a] together with metallic
magnesium; (ii) radical species featuring well-defined 27Al
hyperfine couplings are generated from 2 when it is photo-
lyzed in benzene in the absence of COD (Figure s16); (iii)
these radicals react onwards in the presence of COD to
generate different radical species (Figure S17); and (iv)
under these conditions 5 is ultimately produced.

Moreover, the key role of magnesium complex 2 in
giving rise to the radical species from which 5 is produced is
emphasized by the fact that independently prepared samples
of (NON)Al� Al(NON) neither generate detectable radical
species (as shown by EPR spectroscopy) nor react with
COD under comparable photolysis conditions in benzene.
Attempts to capture the radical species photolytically

Scheme 3. Reaction of bis(aluminyl) magnesium complex 2 with 1,5-
cyclooctadiene under UV photolysis to generate the racemic (R,R,R,R)
and (S,S,S,S) 2,6-dimetallated cis-bicyclo[3.3.0]octane, [(NON)Al]2-
(C8H12) (5).

Figure 5. Molecular structure of [(NON)Al]2(C8H12) (5) in the solid state
as determined by X-ray crystallography. Thermal ellipsoids set at 50%
probability; most H atoms omitted and selected substituents shown in
wireframe format for clarity. Key bond lengths (Å): Al� C 1.948(5),
1.952(5); C� C (within bicyclooctane unit) 1.51(1), 1.531(8), 1.532(9),
1.550(4), 1.518(8), 1.531(8), 1.52(1), 1.542(7).
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generated from 2 via the use of other radical traps are
currently ongoing.

In conclusion, we report on the synthesis of a homoleptic
magnesium bis(aluminyl) compound, which acts a four
electron reservoir in the reductive defluorination of SF6, and
which reacts thermally with polar substrates such as methyl
iodide via nucleophilic attack through aluminium, consistent
with the QT-AIM charges calculated for the metal centres
and a formal description as a Al(I)� Mg(II)� Al(I) trimetallic.
By contrast, under photolytic activation, the reaction with
1,5-cyclooctadiene leads to the stereoselective generation of
transannular cycloaddition products consistent with radical
based chemistry, emphasizing the covalent nature of the
Mg� Al bonds and a description as a Al(II)� Mg(0)� Al(II)
synthon.[26]
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Bis(Aluminyl)Magnesium: a Source of Nu-
cleophilic or Radical Aluminium-Centred
Reactivity

The magnesium bis(aluminyl) com-
pound Mg[Al(NON)]2 reacts thermally
with MeI via nucleophilic attack through
Al, consistent with a formal description
as an Al(I)� Mg(II)� Al(I) trimetallic spe-
cies. Under photolytic activation, reac-

tion with 1,5-cyclooctadiene leads to the
transannular cycloaddition products,
consistent with radical chemistry, em-
phasizing the covalent nature of the
Mg� Al bonds and a description as an
Al(II)� Mg(0)� Al(II) synthon.
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