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The Dialuminene Ar*®AlAIAYr"™® (Ar**®=CH-2,6-(CH,-2,4,6-'Pr;),-

3,5-iPl'2)

Annika Lehmann®, Joshua D. Queen®, Christopher J. Roberts, Kari Rissanen,

Heikki M. Tuononen,* and Philip P. Power*

Abstract: Careful analysis of the crystals formed in the
reduction of  ArSAIL,  (Ar*®*=CH-2,6-(C¢H,-
2,4,6-Pr;),-3,5-Pr,) with sodium on sodium chloride
showed them to contain the long sought-after dialumi-
nene Ar"®AIAIAr™ (1) that forms alongside the
previously characterized alanediyl :AlAr'™. The single
crystal X-ray structure of 1 revealed a nearly planar,
trans-bent C(ipso)AlAIC(ipso) core with an Al-Al
distance of 2.648(2) A. The molecular and electronic
structure of 1 are consistent with an Al-Al double
dative interaction augmented with diradical character
and stabilized by dispersion interactions. Density func-
tional theory calculations showed that the reactivity of :
AIAr®™® with dihydrogen involves 1, not :AIAr™®, as the
reactive species. In contrast, the reaction of :AlAr*®
with ethylene gave two products, the 1,4-dialuminacyclo-
hexane Ar*®Al(C,H,),AlAr™ (2) and the aluminacy-
clopentane Ar'*®Al(C,H;) (3), that can both form from
the aluminacyclopropane intermediate Ar"™Al(C,H,).
Although the [24242] cycloaddition of 1 with two
equivalents of ethylene was also calculated to be
exergonic, it is likely to be kinetically blocked by the
numerous isopropyl substituents surrounding the Al-Al
bond. Attempts to fine-tune the steric bulk of the
terphenyl ligand to allow stronger Al-Al bonding were
unsuccessful, leading to the isolation of the sodium salt
of a cyclotrialuminene, Na,[AlAr*®], (4), instead of
ATTCAIAIATLTS,

J

Introduction

The report of the salt Na,[Ar™GaGaAr™] (Ib, Ar*‘=
C¢H;-2,6-(C¢H,-2,4,6-'Pr3),) by Robinson in 1997 generated

great interest since its dianionic moiety [Ar**GaGaAr*]*,
which has a planar, trans-bent C(ipso)GaGaC(ipso) core
and an extremely short Ga—Ga distance (2.319(3) A), was
stated to have a Ga=Ga triple bond, that is, a digallyne
derivative by analogy to alkynes (Figure 1)."! Later, its
related aluminum analog Na,[Ar**AIAIAr™] (Ia, Ar'™=
C¢H;-2,6-(C4H;-2,6-'Pr,),) was shown to have a similar trans-
bent structure for its [Ar*™™AlAIAr™]*" core and a short
Al-Al bond (2.428(1) A).”! Further investigations showed
that the related neutral, formally double bonded group 13
dimetallenes Ar"™*MMATr"™ (Figure 1) were obtainable by
reaction of LiAr'™ with the metal monohalides (ITb-d, M=
Ga, In, or Tl).B’S] The dimetallenes were found to dissociate
to metallanediyls :MAr*™ in solution, underlining the weak-

M = Al, Ar = ArP™ ArP™.4-SiMe,
M = Ga, Ar = ArF ApPre

II a:
b: M = Ga, Ar = ArP™ ArP®.4.CF,, ArP.4-By
/ ¢: M= In, Ar = ArPr4
d: M =TI, Ar=ArP™
a: M= Al, Ar = ArF8
b: M = Ga, Ar = ArP™.3 5.PPr,, ArP8

Ar—M: )
¢: M=In, Ar= ArF®
d: M =TI, Ar = ArP
- IV Ar=AfP% o V. Ar=AP®4.SiMe,
Al-Al| Al-Al
/ \ / \
Ar Ar Ar Ar

Figure 1. Structurally characterized terphenyl-substituted group 13
dimetallynes (1), dimetalleneds (ll), and metallanediyls (Ill) along with
selected examples of cycloaddition products of dialuminenes with
arene solvents (IV and V). Ar"*=C¢H;-2,6-(CsH3-2,6-Pr,),, ArP®=C¢H,-
2,6-(CeH,-2,4,6-Pry),, and Ar® = CgH-2,6-(CeH,-2,4,6-Pr3),-3,5-Pr,.
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ness of their M—M bonds. Isolation of the group 13 diyls in
the solid state (Figure 1) could be accomplished by using the
bulkier Ar'™™® (Ille,d, M=1In or T)*" and Ar'*™-3,5-Pr, or
Ar™ (b, M=Ga, Ar"™-3,5-Pr,=C¢H-2,6-(C;H;-
2,6-'Pr,),-3,5-'Pr,, Ar™®=C¢H-2,6-(C¢H,-2,4,6-'Prs),-
3,5-Pr,)® ligands. These findings, in combination with
theoretical work,”'" indicated that the dimetallynes have
two weak donor-acceptor bonds and a n-bond, showing that
they are indeed formal analogues of alkynes.

Despite the breadth of results pertaining to terphenyl-
stabilized group 13 dimetallynes and dimetallenes, it has
proved particularly difficult to isolate and characterize
neutral dialuminenes of the type ArAlAlAr (IIa). First
attempts to isolate a stable example employing the Ar®™
ligand led to a species in which the target dialuminene had
formed a cycloaddition product with a molecule of toluene
(IV, Figure 1).”7 In a similar vein, while decorating the
Ar'™ ligand with a SiMe, substituent improved the solubility
of the dialuminene in non-aromatic solvents, the compound
proved unstable and could only be isolated as a benzene
complex (V, Figure 1).®! To reduce the reactivity of the
dialuminene and prevent cycloaddition with aromatic sol-
vents, we sought to increase the steric demand of the
terphenyl ligand by introducing isopropyl substituents at the
meta-positions of the central aryl ring, affording the -Ar'*®
ligand. Application of this ligand to aluminum allowed us to
generate orange-yellow crystals that were shown to be the
monomeric  alanediyl :AIAr™®  (Illa) by X-ray
crystallography.'¥ However, the reaction mixture from the
synthesis of :AIAr™ also gave green crystals which proved
difficult to characterize. Nevertheless, the collection and
analysis of numerous X-ray crystallographic data sets
ultimately permitted an accurate structural solution. Herein,
we present the results of this work showing that the
unknown species is the sought-after dialuminene of the type
Ila, that is, Ar™AIAIAr™® (1, Figure 2), that crystallizes
alongside :AIAr™® from the reductive dehalogenation of
Ar'P®AlL,. We also present experimental and computational

Figure 2. Compounds synthetized and characterized in this work.
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evidence that the reactivity of the diyl :AlAr™® with
dihydrogen proceeds via the dialuminene 1, whereas its
reactivity with ethylene most likely involves only the diyl.
The results of the attempted syntheses of ArfAlAIAr*®
are also reported.

Results and Discussion
Synthesis and Characterization of Ar™AIAIAF™®

We recently reported that the reductive dehalogenation of
Ar"®AlL, with an excess of freshly prepared Na on NaCl in
hexanes gave dark red solutions from which the monomeric
alanediyl :AIAr'™® could be obtained via recrystallization
from C¢Dy at ca. 8°C."! In addition to orange-yellow crystals
of :AlAr®™®, highly sensitive green blocks were formed
repeatedly and consistently, but in varying proportion (see
SI). Manual separation of the crystals and subsequent
structural analysis by single crystal X-ray diffraction showed
the green crystals to be the dialuminene Ar™AIAIAr™ (1).
Detailed analysis of the raw diffraction data indicated that
the crystal quality had degraded over the course of data
collection (see SI), possibly because of the extreme
reactivity of the compound, evaporation of the lattice
solvent, cryo-cooling of the sample, or a combination of
thereof. In addition, the aluminum atoms were found to be
surrounded by anomalous maxima in the residual electron
density map which, however, diminished significantly when
solvent disorder was treated appropriately (highest peak
1.78 e A%). Despite several data collections, no improve-
ment in the solution and refinement of the structure was
achieved.

The structure of 1 (Figure 3) is a dimer comprised of
formally doubly bonded :AlAr™™® units with a nearly planar,
trans-bent C(ipso) AlAIC(ipso) core. The Al-Al and Al-C-
(ipso) distances are 2.648(2) and 1.996(3)/2.013(3) A, respec-
tively, and the two Al-Al-C(ipso) angles are 129.5(1)° and
133.6(1)°. As is apparent from the structure, the plane of the
central aryl ring in one of the terphenyl ligands is almost
parallel to the C(ipso) AIAIC(ipso) core (16.3°), whereas the
other central ring plane lies almost perpendicularly to it
(82.0°). The flanking aryl rings are essentially perpendicular
to the central ring to which they are attached. The structural
parameters within the Ar™ ligands are normal with no
major deviations from expected values. A comparison of the
structure of 1 to data for related species shows that the
Al-Al distance in it is ca. 0.2 A longer than those in the
dialuminynes Na,[Ar™AIAIAr™] (2.493(2) A)?  and
Na,[(Ar*™-4-SiMe;) AIAI(AT™-4-SiMe;)|  (2.4255(6) and
2.4268(6) A),"¥ while being comparable to the Al-Al
separation in the dialane Ar"®Al(H)(u-H),Al(H)Ar™®
(2.6363(9) A) with no Al-Al bond."!

Redissolving the green crystals of 1 in hexanes gave a
green solution whose electronic spectrum (see SI) showed
two main absorptions at 354 and 454 nm, indicative of
dissociation to :AlAr™."™ Two weak absorptions with a
maximum at 650 and a shoulder at ca. 770 nm were also
observed, which are presumably responsible of the green

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Single crystal X-ray structure of Ar"®AIAIAr™® (1) with carbon
atoms of the isopropyl groups shown in wireframe format and
hydrogen atoms not shown. Thermal ellipsoids are drawn at 50%
probability level. Selected bond lengths (A) and angles (°) with
calculated values in square brackets: Al1-Al2 =2.648(2) [2.680];
AI1—C1=1.996(3) [2.009], Al2—C43 =2.013(3) [2.015],
AlT-AI2—C43=133.6(1) [128.3], Al2—-AlT-C1=129.5(1) [127.2],
C1-Al1-AI2—C43 = —173.8(2) [-174.0].

color and are tentatively assigned to 1. In contrast,
redissolving the green crystals of 1 in C,Dy4 resulted in a
yellow solution that on the basis of '"H NMR spectroscopy
contains a mixture of products (see SI). Besides features
characteristic of :AlAr™® [ the "H NMR data also indicated
the presence of Al-H protons, suggestive of the formation
of the dialane Ar™™Al(H)(u-H),Al(H)Ar™™ in solution,
though the experimental data are not entirely consistent
with this structural formulation. In the light of this result,
the possibility that the crystals of 1 contained Ar'*®AI(H)(u-
H),Al(H)Ar*® as a contaminant was considered. Although
the dialane is used as a starting material in the synthesis of
Ar'P®AllL, no impurities could be detected in the diiodide by
'"H NMR spectroscopy. In addition, the residual electron
density maxima in the crystallographic data for 1 do not
coincide with the locations of bridging and terminal hydro-
gen atoms expected in the structure of Ar*Al(H)(u-H),Al-
(H)Ar"™, though the Al-Al and Al-C(ipso) distances in 1
and Ar*®Al(H)(u-H),AI(H)Ar™ are markedly similar."
Furthermore, the gas phase optimized geometry of 1 is an
excellent match with the experimental structure (Figure 3),
save for the relative orientation of the central aryl rings that
is affected by the solvent molecules in the crystal lattice,
supporting the crystallographic assignment. At this point,
the origin of the 'H NMR signals for the Al-H protons
cannot be conclusively explained, but the extreme reactivity
of 1 could allow intra- and/or intermolecular C—H activa-
tion, presumably leading to the formation of Al-H moieties.
This is similar to the reactivity observed by Braunschweig
for the transient carbene-supported dialuminene Ar™e-
(MNHC)AIAI(™MNHC) Ar™* (A = C;H5-2,6-(C4H,-
2,4,6-Me;),, MeNHC = 1,3,4,5-tetramethylimidazol-2-
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ylidene).'” The compound is isolated as the intramolecular
cycloaddition product with a flanking ring of the Ar™®
ligand. Upon heating in benzene, it underwent C-H
activation with one of the Ar™* methyl groups.

The frontier Kohn—-Sham orbitals of 1 show the expected
features.'!! Specifically, HOMO-1 is a o-type Al-Al bonding
orbital, HOMO is an in-plane slipped n-type Al-Al anti-
bonding/non-bonding orbital, and LUMO is an out-of-plane
n-type Al-Al bonding orbital (Figure 4). In comparison, the
highest occupied orbitals of base-stabilized dialuminenes,
such as MeBuSi(*"NHC)AIAI(***M*NHC)SiMeBu,
(¥FrMeNHC = 1,3-diisopropyl-4,5-dimethylimidazol-2-
ylidene) by Inoue,™ are o- and n-type Al-Al bonding
orbitals owing to the fulfilment of octet at each aluminum
center. This difference can be rationalized by considering
the electronic structures of :AIAr™ and :Al-
(*7MeNHC)SiMe'Bu, in the context of the Carter-Goddard-
Malrieu-Trinquier (CGMT) model."**! The coordination by
an external base results in significantly smaller singlet-triplet
gap (Ep—Eg) for :AIPP™MNHC)SiMe'Bu, (AEg=
26 kJmol™") than for :AIAr™ (AEg =169 kJmol™), which
rationalizes the formation of a conventional Al=Al double
bond in base-stabilized dialuminenes and a formally double
dative bond in 1 and systems related to it.

Calculations probing the strength of bonding in 1 gave a
standard bond dissociation (Arf*AIAIArT®—2 :AIATT®)
enthalpy and Gibbs free energy of 103 and 20 kJmol™!,
respectively. A more detailed analysis of different bonding
components using the energy decomposition analysis
(EDA) revealed that electrostatic (—266 kJmol™) and
orbital (=222 kJmol ) interactions outweigh Pauli repulsion
(441 kJmol ') only by a small margin. Consequently, dis-
persion interactions between two :AlAr™ fragments make a
sizable contribution (—98 kImol™) to the calculated instan-
taneous interaction energy (—145 kJmol™') and, therefore,
are crucial for the stability of 1. The calculated orbital
interaction term can be expressed in terms of natural
orbitals of chemical valence (NOCV), which revealed two

LUMO
-0.061

LUMO+1

HOMO
—-0.147

Figure 4. Isosurface (£0.04) plots of frontier Kohn-Sham orbitals of
Ar"BAIAIAFP® (1) with orbital energies given in atomic units. For clarity,
hydrogen atoms are not shown.
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major contributors. A visualization of the associated defor-
mation densities indicated charge flow from the aluminum
lone pairs to the Al-Al o-bond as well as to the n-type
slipped lone pairs formed upon bonding (see SI), in agree-
ment with the description of the metal-metal bond as a weak
double dative interaction.

Interestingly, the Kohn-Sham closed-shell singlet deter-
minant of 1 shows a minor RHF to UHF instability, which
indicates singlet diradical character in the wave function.
This is reminiscent of the results obtained earlier for smaller
model systems of 1,”!! though in that case the diradical
character manifested itself only in the Hartree-Fock deter-
minant. The reoptimized broken-symmetry solution (UP-
BE1PBE-D3BJ/def2-TZVP) of 1 shows localization of
opposite spin density around the aluminum atoms (see SI)
and is only marginally lower in energy than the closed-shell
singlet state. In the DFT formalism of electronic structure
theory, static electron correlation effects, such as singlet
diradical character, are primarily modeled by the exchange-
correlation functional,” which explains why the observed
instability is so small and a reasonably accurate description
of the electronic structure is obtained even when using a
spin-restricted ansatz. It is therefore expected that diradical
character plays only a very small role in describing the
reactivity of 1 which can be understood from a closed-shell
perspective.™ The frontier orbitals of 1 (Figure 4) are
perfectly poised for both Lewis acid and base reactivity,
rationalizing the extreme reactivity of free dialuminenes.!"
Consequently, the detailed characterization of 1 in solution
along with all attempts to directly examine its reactivity
proved unsuccessful. For this reason, the possible co-
existence of :AlAr™ and 1 in solution was examined
indirectly by reacting :AIAr™ with dihydrogen and
ethylene, and comparing the observed reactivity with that
known for other group 13 dimetallenes and metallenediyls.

Mechanism of the Reaction of :AIAr™® with H,

Recently, we reported that the alanediyl :AlAr'™® reacts
rapidly with dihydrogen in C4Dj, giving the dialane Ar*™Al-
(H)(u-H),Al(H)Ar™ in high yield.'" The facile formation
of Ar'™Al(H)(u-H),Al(H)Ar'™™ was surprising, considering
that no similar reactivity has been reported for the gallium
congener :GaAr™™ using the same terphenyl ligand.”! In
contrast, the digallene Ar*™GaGaAr™ is known to react
with H, to afford the corresponding digallane Ar"™Ga(H)-
(u-H),Ga(H)Ar™ > which implicates the metal-metal
bonded dimer Ar*“GaGaAr®™ as the reactive species in
solution.?”  Consequently, we proposed that the facile
reactivity of :AlAr®™® with H, can be explained with its in
situ dimerization to Ar"®AIAIAr™™® in solution.™ Cowley
and Krémer have recently reported a related base-coordi-
nated dialuminene that can react either as the dimer or as
the monomeric aluminyl in solution.?™ Further support for
this proposal comes from reactivity described by Tokitoh for
the benzene cycloadduct of (Bbp)AlAl(Bbp) (Bbp=CHs-
2,6-[CH(SiMe;),],).?" The cycloadduct readily dissociates in
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solution, allowing it to act as a synthetic equivalent of a
dialuminene in subsequent reactions.”’!

The X-ray crystal structure of 1 (Figure 3) lends further,
albeit indirect, support for the involvement of the dialumi-
nene in the reaction of :AIAr'™™® with H,. To further test this
hypothesis, the transition states for the addition of one and
two equivalents of H, to :AIAr"™ and 1, respectively, were
modelled computationally in the gas phase. The results show
that the direct addition of H, to :AlAr™™ is unlikely at room
temperature, because the formation of Ar'*®AlH, is associ-
ated with a very high activation barrier (TS-1; AG'=
192 kJmol ™) even though the reaction is mildly exergonic
(AG=—67kJmol™). In contrast, the potential energy sur-
face for the reaction of H, with 1 (Figure 5) shows a facile
addition of the first equivalent of H, (TS-2; AG'=
73 kJmol™) along with a slightly higher barrier for the
second addition (TS-3; AG*=101kJmol™). With this in
mind, we investigated if an alternative pathway linking 1
and the dialane Ar™AI(H)(u- H),Al(H)Ar'™ exists. The
isomerization of the 12-dihydride intermediate Ar*®Al-
(H)AI(H)Ar™® is associated with a small barrier (TS-4;
AG*=28kJmol™) and gives the 1,l-isomer Ar"®Al-
(H),AIAr™ (AG=19kJmol™"). This intermediate could
dissociate to Ar*™AIH, and :AlAr™™®, because the slightly
endergonic (AG =28 kJmol ™) breakup of the Al-Al bond is
offset by the subsequent exergonic dimerization of
Ar"AIH, (AG=-60kJmol™!) and :AIAr™® (AG=
—20 kJmol ™), which offers another low-energy route to the
dialane Ar**AI(H)(u-H),Al(H)Ar'™®. Consequently, two
pathways, both proceeding via the 1,2-dihydride intermedi-
ate Ar"AIH)AI(H)Ar™, lead to Ar™Al(H)(u-H),Al-
(H)Ar"™ whose formation from 1 and two equivalents of H,
is overall highly exergonic (AG =—174 kJmol ™).

The computational results strongly support the notion
that dimerization of alanediyls and gallanediyls to the
corresponding dimetallenes is a prerequisite for observing
reactivity with H, under ambient conditions. The reluctance
of :GaAr™™ to react with H, can be explained, at least in

He oo |
v H AP
AZZZAl
Pap
TS-2
° t
H
73 M,
. \Jrveoe AP
.pysAr/A'x A
+Hy HH
1S3
- o
L . 7
[}
£ 0 AP
2 A—A" H
= pep” Ho = o
% +H, Al—Al—ArP"
a vasAr/
.
-66 .
H,. H s 75
‘p.aA,/A'fA'\Afm -94 :
H, M
“Al— H P8
papr N A ppie H, /N, A
ALA
Peac” N S Ny
TS-4 H
.
-174

Figure 5. Calculated mechanism for the reaction of two equivalents of
H, with Ar"AIAIAr"®. Relative Gibbs energies refer to gas phase
calculations at room temperature. For clarity, the dissociation of
ArPEAI(H),AIAFPE is not shown.
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part, by the higher energies calculated for the key steps on
the reaction paths shown in Figure5. Specifically, the
formation of the first intermediate has a considerably higher
activation barrier for gallium (AG*=101 kJmol"), which
implies that the formation of the 1,2-dihydride Ar**Ga-
(H)Ga(H)Ar™ is slow at room temperature. As this
intermediate is crucial for all subsequent routes leading to
Ar"™Ga(H)(u-H),Ga(H)Ar"™, the digallane is not gener-
ated in any significant quantity under mild conditions.
Another factor that plays a role in explaining the different
reactivity between :AlAr™ and :GaAr™ is the change in
metal-metal bonding from covalent to dispersive when going
down the group.”” Consequently, even though
ATPSAJAIAT™® and Ar™GaGaAr™® are calculated to be
equally stable in the gas phase (AG=-20kJmol! and
—17 kJmol™!, respectively), a hydrocarbon solvent environ-
ment should exert a slightly stronger destabilizing effect on
the latter, decreasing the likelihood of association of
gallanediyls :GaAr™ and the probability of observing
reactivity dependent on the dimetallene structure. This is in
agreement with electronic spectroscopy and cryoscopy that
have not shown any evidence for the association of :GaAr"™™®
to Ar"GaGaAr™ in solution.[**!

Reaction of :AIAF™ with C,H,

As a further attempt to investigate the interplay between
the alanediyl :AIAr™ and 1 in solution, :AlAr™® was
reacted with ethylene in C¢Dg at room temperature. This led
to two products that were identified by '"H NMR spectro-
scopy. The minor product showed a singlet resonance at
—0.80 ppm, suggesting the formation of Ar*®Al-
(CH,),AlAr™ (2, Figure 2) by analogy with the related
digallenes.”™ The major product showed two broad reso-
nances at ca. 1.49 and —0.56 ppm, each corresponding to
four protons that are coupled to each other as shown by
'"H-'H COSY NMR. The minor product could be isolated
from the mixture at ca. 15 % yield and its identity confirmed
by X-ray crystallography (Figure 6). However, despite
repeated attempts, the major product could not be crystal-
lized owing to its high solubility in hydrocarbon solvents.
The '"H NMR data allowed its tentative assignment as the
aluminacyclopentane Ar'™®Al(C,H;) (3, Figure 2) that most
likely forms through coupling of two molecules of C,H, by :
AIAT™®, In the absence of crystal data, the synthesis of 3
was attempted from Ar*®All, and 1,4-Li,C,H;, the latter of
which has been used to prepare a related gallacyclopentane
from Bu,AsGaCl,." The resulting white solid gave a 'H
NMR spectrum identical to that obtained for the major
product from the reaction between :AlAr*™ and C,H,,
thereby confirming its identity as 3.

The formation of 2 is reminiscent of the reactivity
reported for the digallene Ar"™GaGaAr™™ ) in which case
a similar 1,4-digallacyclohexane core resulted from the
addition of two equivalents of a terminal olefin across the
Ga—Ga bond.” In contrast, the use of internal olefins or a
bulky gallanediyl :GaAr™ lead to no reactivity with C,H, at
room temperature.?*" This result is in stark contrast to the
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Figure 6. Single crystal X-ray structures of Ar"®Al(C,H,),AIAr"® (2, top)
and Na,[AIAr"®]; (4, bottom) with carbon atoms of the isopropyl
groups shown in wireframe format and hydrogen atoms not shown.
Thermal ellipsoids are drawn at 50% probability level.

formation of 3 described herein. To shed more light on the
mechanisms leading to 2 and 3 and the associated energy
changes, the reactions of :AlAr™ and 1 with C,H, were
examined computationally in the gas phase.

The calculations revealed that the [24-2+2] cycloaddition
of C;H, to 1 is highly exergonic (AG=-288 kJmol™).
Interestingly, the transition state for the first addition (TS-5;
AG*=—6kJmol™) is slightly lower in energy than the
combined Gibbs energies of isolated Ar*®AIAIAr*™® and
C,H,, while the second addition of C,H, to the 1,2-
dialuminacyclobutane intermediate Ar*®Al(C,H,)AlAr"™®
gives 2 without an identifiable activation barrier. In contrast,
a well-defined transition state (TS-6; AG* =72 kImol ") was
located for the addition of C,H, to :AlAr™ (Figure 7),
giving the aluminacylcopropane intermediate Ar*™Al(C,H,)
in a slightly exergonic reaction (AG=-12kJmol"). The
addition of a second equivalent of C,H, to Ar*™®Al(C,H,)
was calculated to be barrierless and essentially energy
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Figure 7. Calculated mechanism for the reaction of two equivalents of
C,H, with :AIAr™®, Relative Gibbs energies refer to gas phase
calculations at room temperature.

neutral, while the formation of the experimentally observed
aluminacyclopentane 3 from Ar"™™Al(C,H,), is highly exer-
gonic (AG=—199 kImol™") and associated with a very small
activation energy (TS-7; AG*=8 kImol™'"). We note that the
aluminacylcopropane intermediate Ar*®Al(C,H,) can also
react with another molecule of alanediyl :AIAr'"® (Figure 7),
giving the 1,2-dialuminacyclobutane intermediate in a single
barrierless and exergonic step (AG=—100 kJmol ™). Subse-
quent reactivity of this intermediate with C,H, provides
another pathway to 2.

The calculated mechanisms and energies agree with
experimental observations, including the product distribu-
tion between 2 and 3. The addition of two equivalents of
C,H, to 1 can give 2 via [2+2+42] cycloaddition. While this
reaction is straightforward in silico, it is most likely hindered
by steric factors associated with the array of isopropyl
substituents surrounding the AIl-Al bond. Consequently,
even though the reaction between 1 and C,H, is thermody-
namically favorable, the steric environment most likely
suppresses such reactivity at room temperature (cf. reactions
of Ar™GaGaAr™ with internal olefins)."” In a similar
fashion, while the formation of 2 from the aluminacylcopro-
pane intermediate (via 1,2-dialuminacyclobutane
(Ar™™AICH,),) is calculated to be exergonic, this pathway is
sterically more hindered compared to the competitive
reactivity of the same intermediate with C,H, (Figure 7). As
a result, 2 is a minor product from the reaction of :AlAr’*™®
with C,H,. For these reasons, the pathway leading to 3
(Figure 7) is overall the most probable reaction route and it
also gives a product that is thermodynamically the most
favored when comparing the energy gain per equivalents of :
AIAT™® used.

The above results indicate that the digallene
Ar™GaGaAr™® should, in principle, undergo cycloaddition
with C,H,, but the similarity of its steric environment to that
in 1 speaks against such reactivity. Furthermore, there are
no experimental data for the association of :GaAr™™ in
solution. The reluctance of :GaAr™™ to react with C,H, can,
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in turn, be rationalized by frontier orbital arguments as well
as calculated energies. Specifically, the formation of the
gallacylcopropane intermediate Ar'**Ga(C,H,) was found to
be associated with a greater barrier compared to its
aluminum congener (AG*=100 vs. 72kJmol™"), which
implies that its formation is very slow at room temperature.
Furthermore, the HOMO of gallacyclopropane is much
higher in energy than the HOMO of gallanediyl or
ethylene,™ which explains why the formation of gallacyclo-
propane Ar"®Ga(C,H,) is moderately endergonic (AG=
53 mol ™), while that of analogous aluminacyclopropane was
calculated to be exergonic.

Attempted Synthesis of AP AIAIAF™®

The one-coordinate geometry of the aluminum atom in the
alanediyl :AIAr™ is enforced by the very large steric
demand of the terphenyl ligand. Of key importance are the
two isopropyl groups in the meta-positions of the central
aryl ring as they influence the steric properties of the ligand
by pushing the flanking aryl rings forward and limiting their
rotation.’**¥) Tt was hypothesized that the removal of these
groups, that is, using the known Ar*® ligand, could allow
stronger covalent association of alanediyls to the corre-
sponding dialuminene, while at the same time providing
sufficient steric protection to prevent any unwanted reac-
tivity at the Al-Al bond.

The reduction of the etherate Ar*All,(OEt,) with an
excess of Na on NaCl in hexanes gave a dark red solution
within 24 h. Filtration and concentration of the solution,
followed by storage at ca. 5°C, resulted in dark red crystals
that were suitable for X-ray crystallography. Interestingly,
the reduction had yielded the sodium salt of the cyclo-
trialuminene, Na,[AlAr'*]; (4, Figure 2). The structure of 4
(Figure 6) is centrosymmetric with a triangular Al; ring (avg.
Al-Al distance of 2.556 A) oriented almost perpendicularly
(85.4°) to one of the central aryl rings of the Ar™® ligands,
while the two other central rings form an almost half right
angle (49.0°) with the Al; plane. The two disordered sodium
cations are located symmetrically above and below the
centroid of the Al; core (avg. Na-Al; distance of 2.841 A)
and coordinated to the flanking aryl rings of the Ar™™®
ligands. The structure of 4 resembles closely those of
Na,[AIATL,P and Na,[GaAr¥*];*¥ that both employ a
terphenyl ligand with the same substitution pattern but
lower steric bulk. An analysis of metalloaromaticity in these
two m-electron systems has been presented.’) Apparently,
the Al-Al interactions in 4 are sufficiently strong to render
the trimeric structure energetically preferred over the dimer
Na,[AlAr*™®],. For comparison, the reduction of Ar**GaCl,
with excess Na is known to give the digallyne Na,-
[GaAr™®],, with no evidence of the formation of the trimer
Na,[GaAr™],. All attempts to reduce the etherate
Ar™AlL(OEt,) with a stoichiometric amount of Na on
NaCl in hexanes resulted in intractable mixtures.

Recently, the comproportionation reaction between the
dialuminyne Na,[Al(Ar"™-4-SiMe,)], and its precursor io-
dides (Ar"™-4-SiMe;)AlL(OEL,) or (Ar'*-4-SiMe;,)(I)AlAl

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

(I)(Ar*™*-4-SiMe;) was reported to result in the highly
reactive dialuminene (Ar**-4-SiMe;) AIAI(Ar*™“-4-SiMe;) in
situ.!™ Following this approach, the reaction between 4 and
the etherate Ar*™AllL(OEt,) was attempted with the
intention of generating a new neutral aluminum species,
possibly Ar"AIAIAr"®. However, mixing the two com-
pounds in C4Dg did not result in any observable reaction
even upon prolonged heating. It is likely that the three large
Ar'"® ligands in 4 shield its central Al, ring sufficiently,
preventing the desired redox reaction from taking place.

Conclusion

Through meticulous analysis of single crystal X-ray diffrac-
tion data, we have shown that the green crystals formed in
the non-stoichiometric reduction of Ar*™®All, with Na on
NaCl are those of the sought-after solvent-free dialuminene
Ar®AIAIAT™® (1) which forms alongside the yellow-orange
crystals of the alanediyl :AIAr"™™. The X-ray crystal structure
of 1 shows the expected planar, trans-bent C(ipso)AlAIC-
(ipso) core with an Al-Al distance of 2.648(2) A. DFT
calculations reproduce the key structural features of 1 and
describe its Al-Al bond as a weak donor-acceptor inter-
action augmented with diradical character and stabilized by
dispersion interactions. The dialuminene 1 shows extreme
reactivity, with re-solvation of the crystals leading to
dissociation to alanediyl monomers and formation of Al-H
moieties, as shown by spectroscopy.

DFT calculations on the mechanism of the reaction of
the alanediyl :AlAr'™® with dihydrogen identify the dialumi-
nene 1 as the key species. Two competitive pathways are
found, both of which lead to the experimentally character-
ized dialane Ar*SAl(H)(u-H),Al(H)Ar"™®. In contrast, the
direct addition of H, to :AlAr*® is associated with a very
high energy barrier, making this route improbable under
ambient conditions. Based on the results from single crystal
X-ray crystallography and 'H NMR spectroscopy, the
reaction of :AlAr*™™® with ethylene yields 1,4-dialuminacyclo-
hexane Ar*®Al(C,H,),AIAr™™® (2) as the minor product and
aluminacyclopentane Ar'*®Al(C,H;) (3) as the major prod-
uct. Mechanistic modelling by DFT shows that both
products can form from the aluminacylcopropane intermedi-
ate Ar"™AIl(C,H,) upon successive reactions with :AlAr*™®
and C,H, (2) or CH, (3). Even though the [2+2+2]
cycloaddition between 1 and two equivalents of CH, is
calculated to be exergonic, it is most likely hindered by the
protective sphere of isopropyl substituents surrounding the
Al-Al bond. Results from DFT calculations also rationalize
the difference in reactivity of :GaAr*™® with H, and C,H, in
comparison to its lighter aluminum congener.

Attempts to synthesize a less bulky, yet solvent-free
dialuminene Ar™AIAIAr™ through reduction and compro-
portionation routes were unsuccessful, leading to the iso-
lation and characterization of the sodium salt of the cyclo-
trialuminene Na,[AIAr™]; (4). While suitable electronic
and structural modifications to the terphenyl ligand may
yield further examples of isolable dialuminenes in the future,
their inherent reactivity and instability is a consequence of
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their ability to react both as a Lewis acid and a base, with
diradical character playing only a minor role. This allows a
wide variety of transformations to take place, possibly even
ones involving the most inert of chemical species. Mecha-
nistic investigations of reactions involving solvent stabilized
dialuminenes with a wide variety of small molecules are
currently underway.
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