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Abstract: Electrophilic AlIII species have long dominated
the aluminum reactivity towards arenes. Recently,
nucleophilic low-valent AlI aluminyl anions have show-
cased oxidative additions towards arenes C� C and/or
C� H bonds. Herein, we communicate compelling evi-
dence of an AlII radical addition reaction to the benzene
ring. The electron reduction of a ligand stabilized
precursor with KC8 in benzene furnishes a double
addition to the benzene ring instead of a C� H bond
activation, producing the corresponding cyclohexa-1,3
(orl,4)-dienes as Birch-type reduction product. X-ray
crystallographic analysis, EPR spectroscopy, and DFT
results suggest this reactivity proceeds through a stable
AlII radical intermediate, whose stability is a conse-
quence of a rigid scaffold in combination with strong
steric protection.

Introduction

The preference of aluminum to adopt its oxidation state AlIII

has been extensively exploited in the design of trivalent
species as Lewis acid catalysts in various organic
transformations.[1] In contrast, and despite significant prog-
ress in the field, low oxidation states such as AlII and AlI are
still considered exotic, and their applications are consider-
ably less numerous.[2] Efforts in this area have been driven
by their proven potential to replace transition metals in

various catalytic cycles involving bond activation
processes.[3]

The first AlI species was reported more than thirty years
ago by Schnöckel in the form of a tetrameric species (I),
which upon thermal conditions, dissociates into its mono-
meric units.[4] The isolation of the pure monomeric form has
been accomplished by increasing the steric demand AlCpR

(CpR =C5H2tBu3).
[5] Ten years later, the first monomeric

neutral AlI compound (II) was isolated and characterized by
Roesky.[6] The bulky β-diketiminate (NacNac) supporting
ligand was the key to providing enough electronic and steric
protection to the aluminum center. Over the years, this
compound has evolved from a lab curiosity into a valuable
reagent, given its ability to participate in various bond
activations via oxidative addition.[7] In 2018, the groups of
Aldridge and Goicoechea expanded the scope by synthesiz-
ing the anionic AlI nucleophilic species, aluminyl anions
(III), which demonstrate unprecedented reactivity in the
oxidative addition on non-polarized C� H and C� C bonds of
aromatic hydrocarbons (Scheme 1). Since then, several
amido- and alkyl-substituted aluminyl compounds have
been prepared and their reactivity has been explored.[8]

Recently, examples of neutral mono-coordinated aluminy-
lenes AlI compounds IV–V have been reported by Liu,
Hinz, and Power taking advantage of sterically demanding
carbazolyl and terphenyl ligands respectively.[9]

The exotic reactivity of aluminyl anions is currently in
the spotlight for the activation of small molecules. Notably,
the reaction outcome sharply depends on the nature of the
counter cation and its coordination nature with the anionic
moiety.[10] The extent of the interaction between the cation
and the flanking aryl substituents plays a crucial role in the
formation of aluminyl species.[8e, f, 11] In this vein, we envisage
that bulky silyl groups, instead of aromatic groups, may
provide sufficient kinetic stability to isolate AlII radical
species, preventing ionic interactions in favor of aluminyl
anions. Compared to AlI, dicoordinated AlII radicals are
even rarer. This is partially due to the inherent instability of
mononuclear neutral AlII/AlI radical species, which prefers
to dimerize forming Al� Al single bonded compounds, VI–
IX.[8h,k,12] Thus, a suitable ligand that not only stabilizes the
elusive AlII radical but also destabilize dimer form is
indispensable for the successful isolation of aluminum
radical species. To date, only a few examples X–XI[13] are
known for neutral monomeric aluminum radicals, using
cyclic(alkyl)(amino)carbene (CAAC) as stabilization units
of the radical centers.

Herein, we report on the unusual trans 1,4-addition of
two aluminum(II) species to a benzene furnishing a 1,4-
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cyclohexadiene system as a Birch-type reduction reaction
product (Scheme 1). The Birch reduction of aromatic
compounds is well-established in organic chemistry to
produce cis and/or trans 1,4-disubstituted-cyclohexadienes as
hydro, alkyl or silyl derivatives.[14] The groups of Power and
Tokitoh have described a cis 1,4-addition to toluene and
benzene via [4+2]-cycloaddition of a transient dialuminene
compound,[15] which has been later stabilized as a dianion[16]

or by coordination to Lewis bases.[17] The group of Harder
has shown that the combination of the nucleophilic AlI

compound (II) with the highly Lewis acidic (NacNac)Ca+

analogue reduces benzene.[18] Notably, the isolobal Mg
compound can also undergo a Birch-type benzene reduction,
when the dimerization of the intermediate MgI radical is

prevented by a super bulky spectator ligand ((HC{C(Me)N-
[2,6-(3-pentyl)-phenyl]}2)) and a coordinating species, TME-
DA (N,N,N’,N’-tetramethylethylenediamine).[19] In the
course of the development of this work, the group of
Braunschweig reported a similar outcome, in which the
aluminum center is coordinated to an N-heterocyclic
carbene (NHC) and stabilized by a redox-active ferrocenyl
substituent.[20] Although it was not possible to isolate or
characterize a radical addition to arenes, the authors
proposed a plausible radical-based mechanism. We now
provide compelling evidence of an in situ generated
diamino-substituted AlII radical as a key reactive species for
such Birch-type reduction of aromatic molecule.

Results and Discussion

Bis(silylamido)naphthalene derivatives have been recently
established as attractive ligands given their unexpectedly
high degree of thermodynamic and kinetic stability.[21] This
framework provides a characteristic interplay between steric
repulsion and dispersive attraction, allowing the isolation of
exotic chemical bonds.[22] Thus, the N-trimethylsilyl substi-
tuted diamino naphthyl amine has been chosen as the
supporting ligand for synthesizing the aluminum precursor.
Compound 2 was prepared in 67% yield from a salt
metathesis reaction of the respective dilithiated ligand with
AlI3 (Scheme 2a). The molecular structure of compound 2
exhibits a tetra-coordinated aluminum atom located out of
the naphthalene plane (Figure 1).[23] The diethylether mole-
cule coordinates to the acidic aluminum center with a bond
length of 1.884(4) Å, which is in the range of an Al� O single
bond (1.89 Å).[24] This structure is reminiscent to the
aluminum iodide stabilized by xanthene ligand (precursor of
compound III), but the rigid structure carries a longer Al� O
bond length (1.967(2) Å).[8a] The Al� N bond lengths are
1.797(5) and 1.803(5) Å, fall in between the typical Al� N
single and double bonds (1.97 and 1.73 Å, respectively),[24]

indicative of a weak N π-donation. The nitrogen atoms are
planar (Σ∡=359.5°), underlining that the location of the
aluminum is a consequence of the relatively small bonding
pocket of the ligand, i.e. 2.06 Å compared to the xanthene
scaffold 4.55 Å in III.[25] Note that precursor III analogue
has longer Al� N bond lengths (1.847(2) Å).[8a]

Scheme 1. Selected structures of AlI and AlII compounds. Oxidative
addition, [4+2]-cycloaddition, and radical addition. R: Ar*=2,6-
Dip2C6H3, Ar**=2,6-Dip2-4-TMS-C6H2, Bbp=2,6-[CH-(TMS)2]2C6H3,
Tbp=2,6-[CH-(TMS)2]2-4-tBu-C6H2 [Dip=2,6-(iPr)2C6H3,
TMS=Trimethylsilyl].

Scheme 2. (a) Synthesis of 1 and 2. (b) Reduction of 2 with excess of
KC8.
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In order to prepare the corresponding reduced species
(AlII radical or aluminyl AlI anion), we attempted various
reducing conditions. The reduction of 2 with conventional
reducing agents like metallic Mg, K(mirror), or KC8 in
ethereal solvents (THF, diethyl ether) afforded either an
unidentified mixture or decomposition products. Also,
reduction of compound 2 with equimolar Jones MgI reagent
or cobaltocene (Co(Cp)2) led to no reaction in benzene
solution. While reducing 2 with one equivalent of KC8 led to
incomplete reduction even after several days, stirring a
reaction mixture containing compound 2 with an excess of
KC8 (2 equivalents) at room temperature in benzene for
140 hs gave rise to complete conversion (Scheme 2a). The
initially expected formation of an aluminyl anion or
dialumane species could rapidly be ruled out based on the
NMR spectra indicating the occurrence of six new protons
symmetrically distributed. In 1H NMR, alongside the
expected trimethylsilyl groups (δ(1H)=0.44 ppm (s)) and
the coordinated diethyl ether (δ(1H)=3.79 (sept) and
0.40 ppm(t)), two distinctive singlets at 5.89 (4H) and 2.37
(2H) ppm were observed. In confirmation of the 1H NMR
data, the 13C NMR spectrum shows two new signals at
chemical shifts of 124.6 and 29.9 ppm. These NMR spectro-
scopic data compare favorably with the reported quinoid
type benzene moiety suggesting a Birch-type reduction
product of benzene.[14a,19,20]

After the filtration of the insoluble precipitate from the
reaction mixture, an orange solution was obtained. Pale
yellow crystals of 3 were grown from concentrated solution
after 1 week at 4 °C and the structure was confirmed by X-
ray diffraction (Figure 2). As predicted from the 1H NMR
chemical shifts, a benzene molecule reacts with two mole-
cules of reduced intermediate of compound 2, and the
resulting molecule 3 exhibits a Ci symmetry. While the tetra-
coordinated environment around aluminum center from
compound 2 is preserved, the bond lengths with the
surrounding atoms become longer in 3, probably because of
the steric repulsion with the new C6H6 moiety. In this sense,
the Al� N bonds to the supporting ligands in 3 (1.8293(8) Å)
are longer than in 2. Also, the coordinating ether molecule

has a 1.9151(7) Å bond length, while the distortion degree
(Σ∡=347°) supports a weak interaction (De=29.1 and
25.6 kcalmol� 1 for 2 and 3, respectively). The bond lengths
between the aluminum atom and the carbon atom of the
benzene (1.9925(9) Å) in 3 are slightly shorter than the
expected Al� C single bond (2.01 Å),[24] and also than those
reported for the Birch reduction by Brand et al. 2.060(3)/
2.073(3) Å,[18] by Dhara et al. 2.064(3)/2.059(3) Å,[20] and also
from the products resulting from the [4+2]-cycloaddition,
i.e. 2.000(2)/2.003(2) Å,[15a] and 2.028(5)/2.020(5) Å.[15b] As in
the case of compound 2, the Al atom in 3 remains out of the
plane of the ligand. Notably, the C18� C19 bond length of
1.333(2) Å is comparable to the double bond (1.34 Å), while
the C17� C19 bond length of 1.503(1) indicates a C� C single
bond (1.50 Å).

The new adduct 3 is indefinitely stable at ambient
temperature in the solid state under argon atmosphere.
Notably, the addition of the aluminum units to the benzene
ring in the 1,4 fashion leading to the quinoid type of
structure through de-aromatization benzene can only be
explained by the presence of an in situ generated AlII radical
species.[14b] We explored the reaction paths using density
functional theory (DFT) at the PCM(benzene)-TPSSh/def2-
TZVPP//TPSSh/def2-SVP level of theory (see Supporting
Information for further details). Figure 3 shows the com-
puted reaction profiles along with some key optimized
structures. The reaction starts with one electron reduction of
compound 2, with the elimination of iodine in the form of
KI to generate a new radical species INT1, where the ether
molecule is coordinated. The corresponding radical anion of
2 is computed as an unstable species which is prone to the
elimination of iodine (ΔG= � 11.4 kcalmol� 1). The strength
of the bond between Al and O in INT1 is significantly
reduced, and its release is endergonic by 2.6 kcalmol� 1,

Figure 1. Molecular structure of 2 in the solid state as determined by X-
ray crystallography. Thermal ellipsoids set at 50% probability. Hydrogen
atoms were omitted for clarity. Selected experimental bond lengths (Å)
and bond angles (°): Al1� N1 1.797(5), Al1� N2 1.803(5), Al1� O1
1.884(4), Al1� I1 2.520(2), N1� Si1 1.739(5), N2� Si2 1.742(5),
N2� Al1� N1 103.7(2), N1� Al1� I1 118.2(2), N2� Al1� I1 124.0(2).

Figure 2. Molecular structure of 3 in the solid state as determined by X-
ray crystallography. Thermal ellipsoids set at 50% probability. Nones-
sential hydrogen atoms were omitted for clarity. Selected experimental
and theoretical [TPSSh/def2-SVP] bond lengths (Å) and bond angles
(°): Al1� N1 1.8293(8) [1.848], Al1� N2 1.8319(8) [1.850], Al1� O1
1.9151(7) [1.971], Al1� C17 1.9925(9) [2.016], C17� C19 1.503(1) [1.506],
C18� C19 1.333(2) [1.349], N1� Al1� N2 101.56(2) [101.7], N1� Al1� C17
121.19(8) [124.4], N1� Al1� C17 124.49(2) [123.0].
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forming the radical species INT3. Despite not being
experimentally isolated, both INT1 and INT3 can dimerize
to form their respective dialumane D1 and D2 since the
process is exergonic by 5.5 and 29.6 kcalmol� 1, respectively.
The monomer and dimer species can exist in equilibrium.[26]

Nonetheless, the probability of meeting a benzene solvent
molecule is higher than meeting another INT1 or INT3 to
dimerize, similar to the situation of a heterobimetallic Ca/Al
Birch-reduction.[18] Thus, the radical addition to a molecule
of benzene is the first step of the reaction. While the most
stable radical species INT1 requires 23.5 kcalmol� 1, the
corresponding addition from INT3 has lower energy barrier
15.5 kcalmol� 1. The energy needed to form the intermediate
INT2 and INT4 is 13.1 and 14.1 kcalmol� 1, respectively. The
formed intermediates are thermodynamically unfavored,
and they can easily collapse back to INT1 or INT3, as the
difference in energy to TS3 is very small. However, in a
high-pressure regime where molecular collisions are efficient
enough to cool the otherwise rovibrationally hot intermedi-
ates, causing it to be in thermal equilibrium with the
environment. To produce the observed product 3, a second
INT1 or INT3 must meet INT2 or INT4. The second step of
the reaction course is computed to be fast when the ether
molecule is coordinated TS3, while the INT4 and INT3 react
via TS4 with a Gibbs energy of 27.6 kcalmol� 1 relative to the
reactants. The overall thermodynamics of the reaction is
favorable by 10.1 kcalmol� 1. Potentially, different isomers
are possible according to the position and geometry of the
second radical addition. Our calculations suggest the

observed trans- structure in 3 as the most stable isomer (see
Figure S32).

The optimized structure for 3 is in good agreement with
the crystal structure (Figure 2). The calculated NPA charge
of +2.14 (Al) is in line with previously assigned of AlIII.[18]

The total charge on the C6H6
2� fragment (� 1.37 e) is in

agreement with its strongly reduced nature. While the C
atoms directly attached to the Al atoms bear a (C17=

� 0.89 e), the vinylic C atoms has only (C18/C19= � 0.22 e).
The chemical bond Al� C is rather ionic (Figure S33 and
Table S5) with a Wiberg bond order of 0.41 au.

It is noteworthy that the experimental conditions and
the computational calculations agree on a rather slow
reduction process under the given conditions. The rate-
determining step is computed as the first step consisting of
the radical addition of aluminum species to the benzene
molecule with an energy of 15.5 kcalmol� 1, and a second
step with 13.5 kcalmol� 1. Therefore, this result predicts the
presence of relatively stable radical species INT1–4 in
solution. In order to prove the radical addition reaction, we
recorded the time dependence of the reduction of 2 with
continuous wave (cw) EPR spectroscopy at X-band frequen-
cies. For that, dry C6H6 was added to the solid mixture of
compound 2 and KC8 (1 :2.2 ratio) at room temperature
under inert conditions. An aliquot of reaction mixture
(supernatant solution) was transferred into a quartz EPR
tube at various time intervals. The aliquot was then diluted
with dry C6H6, and the EPR spectra were measured. This
procedure was repeated over several days. Figure 4a shows

Figure 3. Gibbs free energy (ΔG in kcalmol� 1) profile at the PCM(benzene)-TPSSh/def2-TZVPP//TPSSh/def2-SVP level of theory for the reduction
of 2 in benzene solvent. Transition state structures are shown, where nonessential hydrogens were omitted for clarity.
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the experimentally obtained EPR spectra together with their
simulations.

All EPR spectra are dominated by the sextet that results
from the coupling of the unpaired electron with the
aluminum center (27Al, 100% natural abundance, I=5/2).
At early times, our simulations suggest the presence of two

species with giso of 2.0057 and 2.0051 and isotropic hyperfine
couplings (hfc), Aiso(

27Al) of 1.63 mT and 1.54 mT, respec-
tively. However, on a longer times scale, the EPR radical
formation corresponds mainly to one species (giso of 2.0057
and Aiso(

27Al) of 1.63 mT). Note that after 50 hours of
reaction a third 11 lines species is detected with giso of
2.00638 and Aiso(

27Al) of 1.30/1.26 mT. The magnitude of the
hfcs in this species is larger than those reported for metal-
base spin aluminum radicals such as [R2AlAlR2]

*�

(1.11 mT),[27] and carbene-stabilized aluminum radicals
(0.93–1.25 mT).[13a,c] In contrast, aluminum radical complexes
with ligand-based spin have smaller A(27Al) values (0.13–
0.46 mT).[28] The hfcs of Al centered radicals strongly
depend on the s-orbital character via pyramidalization.[29]

For instance, the radical anion [AlH3]
*� displays an isotropic

hfc of 15.4 mT with a deviation from planarity of Σ∡=331.8°,
while the [Al(SiMetBu2)3]

*� which is more planar Σ∡=358.4°
exhibits a hfc of 6.2 mT.[30] Furthermore, the resulting
cyclohexadienyl radical adduct from the [AlH3]

*� addition to
benzene affords an Aiso(

27Al) of 5.4 mT.[29] The stronger
participation of the s-orbital character has also been
suggested as responsible for the higher hfcs of [R2AlAlR]*

(Aiso(
27Al) of 2.18 and 1.89 mT), compared to the aforemen-

tioned [R2AlAlR2]
*� .[31] Figure 4b shows the calculated spin

density of the main radical species INT1–4. In general, the
calculations indicate the presence of an unpaired electron
mainly located at the aluminum atom, with a small
contribution of the nitrogen atoms of the supporting ligand
(Table S7). EPR calculations provided an estimated hfc of
36.6 mT and 41.8 mT for INT1 and INT3, respectively, in
line with the strong s-orbital character of the unpaired
electron. On the other hand, the INT2 and INT4 display a
smaller hfc, namely 7.7 mT and 8.8 mT, respectively. Note,
that the predicted hfcs depend on a rather flat potential
energy surface. We have also considered the dialanes D1*–

and D2*– radical anion species (Table S7). The calculations
suggest giso of 2.00212 and Aiso(

27Al) of –0.10 mT for D1*–

and giso of 2.00174 and Aiso(
27Al) of 10.1/9.8 mT D2*–. The

EPR signal consisting of 11 lines is probably due to D2*–,
which under the reaction conditions dissociates (ΔG=

� 28.0 kcalmol� 1) to give INT3. However, given the mis-
match between the experimental and theoretical hfc values,
the EPR cannot be unambiguously assigned.

The manipulation of adduct 3 in different solvents
indicated that the ether molecule can be easily exchanged.
Therefore, we envisioned the use of stronger σ-donors such
NHC or CAAC for stabilizing the radical species and re-
aromatizing the benzene molecule. However, the reaction
process led only to a ligand exchange with 1,3-diisopropyl-
4,5-dimethylimidazol-2-ylidene (NHCiPr2Me2), while CAACDip

shows no reaction (Scheme 3).
Furthermore, all our attempts to isolate the radical

species or activate different aromatic compounds such as
toluene, xylene and biphenyl with the in situ generated AlII

radical were unsuccessful. In contrast to former benzene
reductions,[15b,18] leaving a C6D6 solution of compounds 3, 4,
or 5 at room temperature does not lead to any detectable
decrease of the NMR signals corresponding to the C6H6

moiety. This observation holds even after heating for 24 hrs

Figure 4. (a) EPR spectra of (1 :2) reduction reaction between com-
pound 2 and KC8 at various time intervals. Simulation parameters:
giso=2.0057, Aiso(

27Al)=1.63 mT. (b) Spin density (isovalue 0.004 a.u.)
and Mulliken spin-density plots of INT1–4. H atoms have been omitted
for clarity.

Angewandte
ChemieForschungsartikel

Angew. Chem. 2023, 135, e202217184 (5 of 8) © 2023 The Authors. Angewandte Chemie published by Wiley-VCH GmbH

 15213757, 2023, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ange.202217184 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [15/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



at 60 °C, thus indicating the intermolecular exchange of the
C6H6 molecule is not possible.

The low reactivity of the intermediates is advantageous
for the EPR detection, but the lifetime measurements by
other spectroscopic methods like UV/Vis are precluded by
the absorption of 2. Additionally, due to the reaction setup,
TEMPO cannot be used as radical scavenger. Instead, to
trap or examine the transient radical, we conducted the
reduction of 2 with KC8 in the presence of 1 equiv of
CAACDip in benzene at room temperature, which afforded a
deep yellow solution (Scheme 4). The related product is
NMR silent, and unfortunately, despite numerous crystal-
lization attempts no crystals could be obtained. Nonetheless,
the formation of 6 was confirmed by Fourier-transform ion
cyclotron resonance-mass spectrometry showing a peak at
m/z 613.38 [LAl(cAAC)]+(Figure S25). Although the ether
molecule could bind to the Al center, our calculations
suggest a very weak coordination energy (De=

11.6 kcalmol� 1).
We were also able to monitor the progress of this

reaction via EPR spectroscopy. In this case, the EPR spectra
show a broad four-line asymmetric signal shape (Figure 5a).
The simulations suggest the occurrence of two species. At
short reaction time (1.5 hrs), a radical with g=2.0033(2) and
A(14N)=0.48 mT is the major radical species, probably the
CAACDip radical anion. A minor component increases with
time, with g=2.0026(3) and Aiso(

27Al)=0.47 mT. Our theo-
retical calculations suggest a hfc of 6 of Aiso(

27Al)=0.34 mT
(Figure 5b). This result is in good agreement with previous
ligand-base radical of aluminum XI with a experimental
Aiso(

27Al)=0.93 mT.[13c]

Conclusion

In conclusion, we have described a new reaction mode of
aluminum(II) species. In great contrast to the well-known
AlIII and AlI reactions towards arenes, the designed alumi-
num complex produces a stable radical intermediate upon

reduction, leading to a Birch reduction type reaction. This
result is a consequence of the rigid scaffold of the supporting
ligand in combination with silyl protecting groups. Thus, the
absence of protecting aromatic substituent on the neighbor-
ing nitrogen atoms probably prevents the formation of an
ionic pair between a putative aluminyl anion and counter
cations, leaving room for an aluminum radical. Current
efforts are directed at the isolation and further spectroscopic
characterization of the aluminum radical.
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with KC8 in the presence of CAACDip at various time intervals.
Simulation parameters, 6: giso=2.0026(3) (2.00261), Aiso(

27Al) -
=0.47 mT (0.34 mT), Aiso(

14N)=0.48 mT (0.62 mT); [CAACDip]*� :
giso=2.0033(2), Aiso(

14N)=0.48 mT, Aiso(
1H)=0.21 mT. (b) Spin density

(isovalue 0.003 a.u.) and Mulliken spin-density plots of 6. H atoms
have been omitted for clarity.
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