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Reducing hybrid ligand-based alane and chasing
aluminium(i): dialane and unusual transient
dialumenet

Xiaobai Wang,
Nico Graw,

Raphael F. Ligorio, Franziska Ruttger,
Regine Herbst-Irmer, 2 Anna Krawczuk

David M. J. Krengel,
and Dietmar Stalke (2 *

In this work, an alane, [DNIAIH;] (1) (DNI = 3,3-dimethyl-2-[2-methyl-2-(2,6-diisopropyl-aniline)ethenyl]-
3H-indolenine), stabilised by a hybrid ligand was reduced by Jones's Mg() ((M*BDIMg),]) and Roesky's
AL() ([PPPBDIAL]). The resulting dialane compound [{DNI(H)AL,] (2) was characterised using NMR spec-
troscopy, mass spectrometry, DFT calculations and single-crystal XRD experiments. The reaction of alu-
minium dihydride [DNIAIH,] (1) with [PPPBDIAL] at high temperatures gives an intramolecular C(sp?)-H
bond-activated compound 3. To study the monomeric hybrid ligand-based Al(l), characterisations and
computational calculations were performed, which elucidate that compound 5, consisting of two inequi-
valent aluminium atoms in an AlLCN four-membered ring, resulting from the activation of a carbon-nitro-
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Introduction

Recent research on aluminium coordination compounds has
continued to advance the development of aluminium appli-
cations in catalysis and organic synthesis, despite the fact that
the most abundant metal in the Earth’s crust was once histori-
cally very difficult to produce.’ The first milestone structure of
low oxidation state aluminium was Al(u) in [{(TMS),CH},Al-Al
{CH(TMS),},] (Scheme 1, A), published by Uhl in 1988,>* fol-
lowed by Al(1) in [(Cp*Al),] (Cp* = CsMes) (B), published by
Schnockel et al in 1991.* Another landmark structure,
[P'PPBDIAL:] (C), was revealed by Roesky and co-workers in
2000.° This well-designed, bulky BDI compound has gained
widespread interest from main-group chemists owing to its
electronic structure and reactivity toward small molecules.®’
In 2007, Jones and co-workers isolated the first magnesium(i)
compound [(*"PPBDIMg),] based on the BDI ligand.® The
unique properties of [("BDIMg),] (R = Mes, Dipp; Mes = 2,4,6-
trimethylphenyl)*'® and [P'PPBDIAL]"* (C) as mild reducing
agents opened up new options in low oxidation state alu-
minium chemistry. Their abilities to transfer electrons/hydro-
gen atoms efficiently or participate in oxidative addition reac-
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gen bond in the reaction of [DNINa] with [(Cp*Al)4].

tions to form reactive Al(u) centers allow for many further
investigations.

In 2010, the first neutral low oxidation state aluminium
hydrides [{(IPr)(H)Al},] (IPr = :C{(DippNCH),}) (D) and
[{(DippN),}CRAIH,], (R = Me, p-tolyl (G), t-Bu, and Ni-Pr,) were
isolated by Jones and co-workers by treatment with previously
mentioned [(M**BDIMg),] and the corresponding aluminium
(m) hydride precursor.’ This remarkable work provides a mild
way to prepare dialanes. In Nikonov and co-workers’ work, the
reactivity of the aluminium(i) species [PPPBDIAL] (C) was
demonstrated as nucleophiles, which can undergo oxidative
addition reactions with electrophiles [""PPBDIAIH,] to form the
dihydrodialane complex [{"PPBDI(H)Al},] (E)."* A few years
later, Cowley et al. synthesised the amidophosphine ligand
[NR,/PR,] (R; = Mes and Dipp; R, = t-Bu, and N,Si)-supported
dihydroalane (F), which exhibits a reversible reductive elimin-
ation process involving the transfer of electrons. The optional
breaking of the Al(u)-Al(u) bond leads to the formation of
different diastereomers."? Recently, Bakewell et al.'® reported a
series of low oxidation state aluminium compounds using
[PPPBDIAL] (C) as the reducing agent. Their work capitalises
on Al(1), Al(u) and Al(ui) to control the reaction equilibria and
employs precise stoichiometry, resulting in the attainment of a
wide scope of diverse reactions (G). In 2020, our group syn-
thesised the first heteroleptic dihydroalane [*™°Box(H)AI-Al
(H)"PPBDI] (H, *™°Box = [4-methyl-benzoxazol-2-yl]-metha-
nide) by reducing an alane starting material with ["PPBDIAI]
(C).™ In the current work, we present an innovative hybrid
ligand system inspired by the fusion of two established suc-
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Scheme 1 Selected examples of low oxidation state aluminium compounds A-C, and dialane complexes D—H obtained using [(°P°BDIMg),] or

[PPPBDIAL] (C) as reducing agents.

cessful ligand types, P'PPBDI and Box. Our objective is to
explore the reduction reactions of a hybrid ligand-based alu-
minium compound and reveal its potential stabilisation ability
for monomeric aluminium(i).

Results and discussion

While the [PPPBDIAIH,] has been known for quite some
time,"® the starting material [DNIAIH,] (1) was synthesised
according to our recent work.'® We initially started to react 1
with Jones’ Mg(1) complex [(***BDIMg),] according to the lit-
erature method.® The reaction was monitored by '"H NMR spec-
troscopy and extended to 3 days to isolate compound 2 in crys-
talline form from a mixed solvent (benzene : n-hexane = 1:1)
in 23% yield (Scheme 2).

Compound 2 is crystallised in the space group P2,/c with
one molecule in the asymmetric unit. The molecular structure
is depicted in Fig. 1. Compound 2 is a homoleptic dimer with
a noticeable Al-Al bond. Each aluminium atom is coordinated
with one hydrogen atom and one hybrid ligand. The Al-Al
bond of 2.6007(6) A is in the range (2.467 A-2.751 A) reported

Dipp
Ny sH
C Oaig [(*BDIMg),]
N H
toluene
25°C, 3 days
1 2,23%

Scheme 2 Reduction of [DNIAIH,] (1) with [(M**BDIMg),] to yield
dialane [{DNI(H)A},] (2).

15442 | Dalton Trans., 2024, 53, 15441-15450

Fig. 1 Molecular structure of [{DNI(H)AL},] (2). The anisotropic displace-
ment parameters are depicted at 50% probability level. All ligand-based
hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles (°): Al(1)-Al(2) 2.6007(6), Al(1)-H(1A) 1.519(12), Al(2)-H(2A) 1.528
(13), Al(1)—-N(1) 1.9235(11), Al(1)-N(2) 1.9407(11), Al(2)-N(3) 1.9257(11), Al
(2)-N(4) 1.9391(11); N(1)-Al(1)-N(2) 93.27(5), N(3)-Al(2)-N(4) 92.60(5),
H(1A)-Al(1)-Al(2) 107.6(6), H(2A)-Al(2)-Al(1) 125.0(6), C(10)-C(11)-C(12)
125.64(12), C(35)-C(36)-C(37) 125.58(11).

2,12

for complexes with Al-Al bonds.™ * The hybrid ligand induces
significant deviations in the dislocation patterns of the alu-
minium atoms relative to the ligand C3N, plane: d(Al1---C3Nj,)
= 0.0793(15) A and d(Al2---C;N,) = 0.7368(14) A, respectively.
The 'H NMR experiment showed the chemical shift of the

This journal is © The Royal Society of Chemistry 2024
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backbone proton at 5.01 ppm and a broad peak was observed
at 5.15-4.65 ppm, which was assigned to alane hydrides.
Further analyses such as mass spectrometry (LIFDI [+],
toluene) and elemental analysis confirmed the successful syn-
thesis of compound 2 (see ESI).

The inspection of the steric maps of buried volumes (V3)
reveals the used ligand (50.9%) and the two deprotonated
ligands (49.5%, 51.5%) in 2 to exhibit only minimal alterations
(Fig. 2). The DNI ligand has significantly smaller buried
volumes than those of P"PPBDI (61.9%), " P'PPBDI (66.1%)
and P™°"BDI (65.2%, DIPeP = 2,6-diisopentylphenyl).”” The
UV-vis spectrum of 2 shows two absorption maxima at 447 nm
and 352 nm (calculated values = 488 nm and 347 nm,
Fig. S43-S457), where the former one is responsible for the red
colour of the compound. When analysing the frontier mole-
cular orbitals of 2 (Fig. S597), two features stand out.

While the lowest unoccupied molecular orbital (LUMO,
Fig. S59at) is predominantly extended across the ligands and
have a n* character, the highest occupied molecular orbitals
(HOMO and HOMO-2, Fig. S59b and ct) correspond to Al-Al
o-bonding orbitals. The HOMO-LUMO gap is 3.44 eV. It is also
interesting to take a look at the nature of the Al-Al bond using
Bader’s Quantum Theory of Atoms in Molecules (QTAIM)."®

The graphical representation of the second derivative of the
electron density, Laplacian V?p(r), in the Al-Al region is shown
in Fig. 3. The first immediate element that attracts attention is
the presence of two nuclear attractors (Al atoms) connected by
two (3,-1) bond critical points (BCPs, green spheres) and one
(3,-3) point (magenta sphere) that is not related to the nuclear
position. A non-nuclear attractor (NNA) is found. This rather
unique arrangement has been already observed in several
metal complexes with close interatomic distances and is con-
sidered to be an ‘electronic glue’ binding together the metal
ions.*® The value of electron density at the NNA is relatively
low (0.059 e~ Bohr™®); however, it corresponds well to pre-
viously reported metal-metal bonds with NNA present.”" The
electron densities associated with the two BCPs are smaller
than the one for NNA, however the difference is less than
0.001 e~ Bohr™>. The Laplacian operator of the electron density
at the NNA is negative, indicating the local concentration of
electron density.

The large negative region of V?p(r) around the Al center not
only points at the covalent character of the Al-Al chemical

V, = 50.9%

V, = 49.5% V,=51.5%

Fig. 2 Calculated buried volumes V; for the free DNI ligand (left)!® and

that at All (mid) and Al2 in 2 (right) (3.5 A sphere around A, the right side
of each map is the Dipp group, Dipp = 2,6-diisopropylphenyl).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Laplacian operator of the electron density in a plane containing
both Al nuclei of [{DNI(H)Al};] (2). Contours are drawn in a logarithmic
scale: positive as solid blue lines and negative ones as dashed red lines.
The non-nuclear attractor (NNA) is depicted in a magenta box, bond
critical points (BPCs) are given in green box, and AIM charges are given
in red boxes for both Al ions and charge density magnitude at both
bond critical points and the NNA are given in blue boxes (e~ Bohr~3).

bonding but also suggests the c-orbital origin, exactly as the
frontier molecular orbitals (FMOs), discussed earlier. The
summary taken from DFT single-molecule calculations is
shown in Table S7.}

Recently, Bakewell” has reported a series of low oxidation
state aluminium compounds through the reductive elimin-
ation reaction of the AlI-H bond in aluminium dihydride com-
pounds using the aluminium(i) species [PPPBDIAL] (C). To
obtain further information on this reactivity, compounds
[DNIAIH,] (1) and C were reacted in a 1: 1 ratio (Scheme 3).

In benzene at 25 °C, it led to an immediate colour change
of the mixture, indicating the formation of an envisaged new
dialane [{DNI(H)AI}-{Al(H)"'PPBDI}]. The reaction was moni-
tored by 'H NMR spectroscopy, and after 24 hours, most of the
solvent was removed under reduced pressure. This way, after
leaving the saturated mixture in benzene overnight, identical
red crystals of dialane 2 were obtained in very good yield
(88%). It is highly likely, therefore, that dialane 2 is the most
stable compound in the equilibrium of all possible formed
homo- and heteroleptic Al(1)/Al(u) species. To find out whether
the transient dialumene equilibrium [Al(1) = Al(1)] is present

113

benzene,
< H N\ overnight, r.t.
i s (C O
N\
Dipp Pipp
N H
1 c G =
N H” N
| ./
Dipp  Dipp

Scheme 3 Reduction reaction of [{DNI(H)Al},] (2) through oxidative
addition reaction of [PPPBDIAL] (C).
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during the reaction, the aluminium dihydride compound 1
was heated with excess [P'PPBDIAL:] (C) and a rare example of
C(sp®)-H cleavage by the transient dialumene was observed in
the reaction (Scheme 4). Notably, DFT calculations (see
Theoretical section) indicate an endergonic reaction, AG =
12.8 kcal mol ™, hence justifying the formation of 3 occurring
above room temperature. In respect to the first step, the for-
mation of the heteroleptic dimer suggests an endergonic reac-
tion, AG = 12.8 kecal mol™, with a subsequent exergonic dispro-
portionation of the dimer, AG = —11.7 kcal mol™. The for-
mation of 3* indicates an unfavourable reaction, AG = 31.1 kcal
mol ™", while the last step occurs at a favorable intramolecular
C-H activation, producing 3 (AG = —19.4 kcal mol ™).

A deep red colour was observed immediately by solving
both substances in benzene-dg. The reaction was monitored by
"H NMR spectroscopy and after one day it showed complete
consumption of C (see ESIf). Crystallization from n-hexane
yielded colourless crystals first, which were identified by 'H
NMR and SC-XRD experiments to be [P'PPBDIAIH,] (4). The
remaining red solution was completely dried and the residue
was recrystallised from benzene. The crystals of 3 suitable for
SC-XRD experiments were obtained from a saturated mixture
at room temperature after one day. However, the formation of
colourless crystals of 4 still occurred as well. The NMR spectro-
scopic data in C¢Dg confirms the formation of both 4 and 3 in
a ratio of roughly 1/0.6. Here, 4 shows a 'H backbone chemical
shift of 4.87 ppm, while both backbone signals of 3 are shifted
to lower fields (5.02 ppm for H28 and 5.07 ppm for H11, for
numbering see Fig. 4). One carbon signal in the ">C NMR spec-
trum at 141.6 ppm is significantly broadened and very likely
belongs to the C-H bond-activated aromatic carbon C2 of the
DNI ligand.

The crystal structure of 3 is shown in Fig. 4. This C-H
bond-activated compound crystallises in the monoclinic space
group P2,/c with one molecule in the asymmetric unit. The Al-
Al bond distance is 2.6044(6) A, which is very close to that in 2

Di
e Ipp PP Diep %
AN N, H B
/ “H ( A + N—A|—— I/N
CoDs, 85°C N TH / 1\
v N\ H  Dipp
D'PP Dipp Dipp
4 3
AG=0

D|pp Pipp
N N
N, .7
LR ey Chml'Y |os
./
Dlpp Dlpp }Dipp Dipp
3¢
AG =128 AG =11 AG =322

possible intermidate

Scheme 4 Possible dialumene intermediate 3* for the reaction of 1
with excess [PPPBDIAL] (C). Intramolecular C—H activation forms com-
pound 3 at 85 °C after 1 day. Free energies (AG), given in kcal mol™, are
relative to the initial reactants, [°PPBDIAL:] + [DNIAIH,] (C + 1).
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Fig. 4 Molecular structure of intramolecular C—H bond-activated (C2-
H2) compound 3. The anisotropic displacement parameters are depicted
at the 50% probability level. All ligand-based hydrogen atoms and dis-
orders are omitted for clarity. Selected bond lengths (A) and angles (°):
Al(1)-Al(2) 2.6044(6), Al(2)-C(2) 2.0172(12), C(1)-C(2) 1.3947(17), C2)-C
(3) 1.4103(17), C(1)-N(1) 1.4220(15), Al(1)-N(1) 1.9046(10), Al(1)-N(2)
1.9422(11), Al(2)-N(3) 1.9303(11), Al(2)-N(4) 1.9149(11), Al(1)-H(2) 1.538
(15); C(2)-Al(2)-Al(1) 88.65(4), C(1)-C(2)-C(3) 112.77(11), C(1)-C(2)-Al(2)
115.52(8), C(1)-N(1)-Al(1) 122.31(8), N(1)-Al(1)-Al(2) 86.09(3), N(1)-Al
(1)-N(2) 91.31(5), N(3)-Al(2)—-N(4) 95.58(5), H(2)-Al(1)-Al(2) 112.6(6).

(2.6007(6) A). Thus, the reduced steric impact of the dimethyl-
indole moiety is evident, given that the “PPBDI ligand is
notably bulkier than DNI. The hybrid ligand system creates
space for intramolecular reactions within the possible inter-
mediate 3* (see Scheme 4) and is believed to cleave the
Cac(sp®)-H bond, rather than undergoing addition to the aro-
matic solvent as the Birch-type reductions (e.g. benzene or
toluene).?* The bond distance d(Al2-C2) = 2.0172(12) A shows
good agreement with the most published Al-C,/(sp?) bond
lengths by Power,>* Tokitoh,>* Bakewell,"* Braunschweig®” and
Roesky.?® The distances d(C1-C2) = 1.3947(17) A and d(C1-N1)
= 1.4220(15) A are marginally elongated due to the formation
of a five-membered ring (Al1-N1-C1-C2-Al2). On the contrary,
the bond length of Al1-N1 decreases (1.9046(10) A), compared
with 2 (1.9235(11) A). It seems worthy to note that we found
approximately 6% dialuminoxane in the solid-state aligning,

/ *
N_ [Cp*All4 N

( Na  ———————— Na

-Cp*Na, | N
toluene, 90°C, Di
1h PP
5,21.3%

Scheme 5 Reaction of solvent-free [DNINa] with [(Cp*Al)4] (B).

This journal is © The Royal Society of Chemistry 2024
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N1l

Fig. 5 Molecule 1 of structure 5. The anisotropic displacement para-
meters are depicted at the 50% probability level. All ligand-based hydro-
gen atoms are omitted for clarity. Selected bond lengths (A) and angles
(°): N(1)-Al(1) 1.941(2), N(2)-Al(1) 1.927(2), N(3)-Al(1) 1.871(2), Al(1)-C(38)
1.968(2), N(3)-Al(2) 1.871(2), Al(2)-C(38) 2.026(3), C(38)-C(40) 1.521(3),
C(40)-C(41) 1.351(3), N(4)-C(41) 1.414(3), Al(2)—N(4) 1.876(2), Al(2)—-N(5)
1.917(2), Na(1)-C(40) 2.588(3), Na(1)-C(41) 2.718(3), Na(1)-N(6) 2.343(2),
Na(1)-C(129) 3.028(3); N(1)-Al(1)-N(2) 93.45(9), Al(1)-N(3)-Al(2) 89.59
(9), Al(1)-C(38)-Al(2) 82.60(9), N(3)-Al(2)-C(38) 91.98(9), N(4)-Al(2)-N
(5) 108.51(9), C(39)-C(38)-C(40) 111.24(19), C(38)-C(40)-C(41) 121.0(2),
N(6)-Na(1)-C(40) 135.30(8), N(6)—Na(1)-C(41) 123.12(8).

-9.3

+ -12.0 Intermediate

Reactants ’TJ
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which was possibly caused by heating the mixture in glass-
ware. The 2D NMR experiments and LIFDI ([+], toluene)
proved the successful synthesis of 3. Bond lengths, angles and
disorder are shown in the ESL.}

Further attempted reductions of dihydrodialane 2 with Na
or K by using Jones’ Na/NaCl and K/KI'° or deprotonation of
the backbone with [KCH(SiMes),] or [KN(SiMes),],” however,
demonstrated either a certain inertness of 2 or led to total
decomposition. In order to investigate whether monomeric
low oxidation state aluminium can be stabilised in the pres-
ence of only a unilateral bulky protecting group, while increas-
ing the reaction space of the aluminium ion at the other side,
the reaction of [DNINa]*® with [(Cp*Al),] (B) was tested accord-
ing to the synthetic protocols of Schnéckel?” and Kretschmer?®
In anticipation of the successful stabilization of monomeric
low oxidation state aluminium, an interesting structure that
results from the reaction of an aluminium(r) complex inter-
mediate and the sodiated ligand has been determined
serendipitously.

The treatment of the solvent-free sodium compound
[DNINa] with 1.0 eq. [(Cp*Al),] (B) in toluene gave compound
5. The mixture was stirred at 90 °C for 1 hour. The undissolved
[(Cp*Al),] (B) was continuously dissolved into the mixture and
it turned brown rapidly. Formed [Cp*Na] was filtered and the
filtrate was re-dissolved in n-hexane (Scheme 5). In the
absence of the monomeric aluminium(i) compound, the red
crystals of 5 were found after leaving the saturated n-hexane
solution at —30 °C overnight.

TS2
Dipp
e
N JIREION n-Dipp
[ D) Na 2NN ]
N/ | N “l‘ N—
+-11.9 Dipp
D Compound 5

Fig. 6 Reaction path for obtaining compound 5 and corresponding free energies (kcal mol™) of the reactants in the gas phase. Blue lines represent
the gas phase route, whereas the orange lines depict the reaction in the toluene solvated medium. Transition state 2 could not be reliably defined.
The meaning of A, B, C and D paths is described in the ESIf file (see the Computational details section).

This journal is © The Royal Society of Chemistry 2024
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Two molecules in the asymmetric unit crystallise in the
space group P1 with four n-hexane molecules. The structure of
5 is shown in Fig. 5. The two inequivalent aluminium atoms in
5 are four-coordinated by three nitrogen atoms (N1-N5) and
one bridging carbon atom (C38). They both form distorted tet-
rahedra. The whole molecule comprises two entire deproto-
nated DNI ligands (N1, N2 chelating to Al1; N5 pending to Al2)
and one activated fragmented ligand (around N3 and N4). This
ligand, which originally formed the C;N, residue with N3-
C38-C40-C41-N4, was activated and the N3-C38 bond was
cleaved to form a Dipp-amide.

The bridging nitrogen atom N3 shows the same bond
lengths of 1.871(2) A to Al1 and Al2 (for molecule 2: d(Al3-N9)
= 1.870(2) A, d(Al4-N9) = 1.866(2) A), while the Al2-N4 and
Al2-N5 distances are different (for molecule 1: 1.876(2) A and
1.917(2) A; for molecule 2: 1.873(2) A and 1.930(2) A, respect-
ively). The intact part of the C;N, fraction forms with the
second aluminium atom a new five-membered C;NAI ring. The
aluminium-carbon bond Al1-C38 (1.968(2) A, 1.970(2) A) is
shorter than the Al2-C38 distance (2.026(3) A, 2.030(2) A). The
solid-state structure of 5 also reveals the C38-C40, C40-C41
and C41-N4 distances of 1.521(3) A, 1.351(3) A and 1.414(3) A,
hence the second significantly shorter than the first, which
proves C40-C41 to be the double bond (for molecule 2 and
further details, please see ESI{). The deprotonated pendent
ligand around N5 and N6 only coordinates once to Al2 while
the second nitrogen coordinates the sodium atom. Due to the
complexity of the structure posing challenges for characteris-
ation, all other analyses were performed using isolated crystals
of compound 5.

The "H NMR spectrum of 5 is very complex (see ESIf).
Many signals overlap, particularly in the aromatic and methyl
region, preventing unambiguous signal assignment. The
signals of all three variations of the backbone proton can be
identified from the 'H, "N HMBC spectrum at 6.12 ppm,
5.22 ppm and 4.68 ppm, where the first two show a downfield
shift with respect to the ligand backbone (~1.1 ppm and
0.2 ppm, respectively). The >’Al NMR spectrum shows two very
broad signals, but no reliable assignment is possible. Despite
the difficulty of analysing the product by NMR, both elemental
analysis and mass spectrometry (LIFDI [+], toluene) confirm
the existence of product 5.

Based on the above-mentioned discussion and experi-
mental steps leading to 5, we were challenged to define a
mechanism standing behind the formation of this rather
unusual product. The free energy diagram of a possible
mechanism route is provided in Fig. 6. A detailed description
of the reaction path is given in the ESIf file (see
Computational details section).

Conclusions

We successfully synthesised and characterised a hybrid ligand-
based dialane [{DNI(H)AL},] (2) featuring less steric strain by
reducing of the precursor alane [DNIAIH,] (1) with
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[(M*BDIMg),] and [°PPBDIAL:] (C), respectively. Ongoing
research continues to investigate deeper into the properties
and reactivities of [DNIAl(1)]. Treatment of alane 1 with
[P'PPBDIAL] C at high temperature, yields an aromatic C(sp?)-
H bond activation and the heteroleptic dialumene
[P"PPBDIAI—AIDNI] acted as a key intermediate. The existence
and reactivity of the transient monomeric [DNIAL:] was proved
by computational calculations. Further reactivity is outlined in
the ESI.T We are now investigating deeper into the reactivity of
this promising dialane [{DNI(H)AL},].

Experimental section

All manipulations that require processing under inert con-
ditions were carried out in an argon atmosphere using stan-
dard Schlenk techniques or an MBraun Glovebox in an argon
atmosphere. Toluene was distilled from sodium. Toluene-dg,
benzene and benzene-ds were distilled from potassium.
n-Hexane was distilled from the Na/K alloy. Solvents were all
routinely degassed three times by the freeze-pump-thaw
method and stored in a glove box over molecular sieves.
[DNIAIH,],*® [(M**BDIMg),],"* [P'PPBDIAL],® [(Cp*Al),],** and
[DNINa]'® were prepared according to literature methods.
Elemental analysis was performed using an Elementar Vario
EL3 by the Analytisches Labor, Institut fiir Anorganische
Chemie, Universitidt Gottingen. Mass spectra were recorded by
the Zentrale Analytik within the Faculty of Chemistry,
Universitdt Gottingen applying a Liquid Injection Field
Desorption Ionisation-technique using a JEOL accuTOF instru-
ment with an inert-sample application setup in an argon atmo-
sphere. The 'H, >C, >’Al and 2D NMR spectroscopic data were
recorded using a Bruker Avance III 300 MHz, a Bruker Avance
III HD 400 MHz, a Bruker Avance III HD 500 MHz and a
Bruker Avance NEO 600 MHz instrument. The measurements
were carried out at room temperature in solutions of deuterated
solvents. For solubility and comparison reasons, the most used
deuterated solvent for the 'H-NMR spectra is toluene-ds. The
chemical shifts § are given in ppm and the coupling constants J
in Hz. The observed multiplicities are abbreviated as follows: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet. Young-
type Teflon-valve borosilicate NMR tubes and standard NMR
tubes were used throughout this work. The crystals were selected
under cold protective conditions using an X-Temp2 device.>* The
diffraction data were acquired using a Bruker Photon II detector
with Mo Ko radiation. The data were integrated with SAINT.** A
multi-scan absorption correction was performed using SADABS.*?
The structures were solved using SHELXT*® and refined on F*
using SHELXL*! in the graphical user interface ShelXle.*> The
crystallographic information files (CIFs) can be obtained free of
charge from the Cambridge Crystallographic Data Centre (CCDC
2313962 (2), 2313964 (3), 2313966 (4), and 2313965 (5)).

Preparation of 2

Route 1: In an argon atmosphere glove box, alane [DNIAIH,] 1
(453 mg, 1.17 mmol, 1.00 eq.) and [(M*°*BDIMg),] (425.5 mg,

This journal is © The Royal Society of Chemistry 2024
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0.595 mmol, 0.51 eq.) were dissolved and stirred in about
15 mL dry and degassed toluene at room temperature for 3
days. The resulting mixture was filtered, dried and extracted
with cold n-hexane (=30 °C, 1 mL each, several times). The
n-hexane solution was evaporated to dryness and the first crop
of deep red crystals of 2 (176 mg, 0.227 mmol) was obtained in
a mixed solvent (benzene/n-hexane from the liquid-liquid
diffusion). The supernatant was decanted and the crystals were
washed with cold n-hexane. All remaining solutions were col-
lected and dried to completeness. Benzene was added and left
standing overnight. The second crop of crystal of 2 (40 mg,
0.052 mmol) was washed with cold n-hexane and dried under
vacuum. Yield: 216.0 mg, 0.279 mmol, 23.90%. Route 2: In an
argon glove box, [°'PPBDIAL] (C) (20 mg, 0.045 mmol, 1.00 eq.)
was dissolved in 5 mL benzene. Alane 1 (17.5 mmol,
0.045 mmol, 1.00 eq.) was added and a red clear mixture was
stirred overnight at ambient temperature. The red mixture was
concentrated in vacuo to approximately 0.05 mL and left stand-
ing overnight. Deep red crystals of 2 were formed and washed
with cold n-hexane (2 x 0.1 mL). Yield: 15.4 mg, 0.02 mmol,
88%. 'H NMR (298 K, tol-ds, 300 MHz, solvent peak =
2.09 ppm): 7.13-6.90 (m, 10H, Ar-H), 5.01 (s, 2H, 11-H),
5.15-4.65 (br., 2H, Al-H(H1A, H24)), 3.36-3.25 (m, 4H, 20-H,
23-H, 45-H, 48H, J = 7.0 Hz), 1.64 (s, 6H, 13-H, 38-H), 1.36 (s,
6H, 8,9,33,34-H), 1.20-1.13 (d, J = 6.6 Hz, 18H, iPr-H, 1.13 =
8,9,33,34-H), 1.05 (d, 6H, iPr-H, J = 6.9 Hz), 0.79 (br., 6H, iPr-
H). BCc{'H} NMR (298 K, tol-ds, 75 MHz, solvent peak =
20.40 ppm): 180.23 (10-C), 171.59 (12-C), 150.13 (1-C), 144.96
(14-C), 141.28 (6-C), 124.33 (16-C, 18-C), 122.26 (4-C), 121.23
(5-C), 114.93 (2-C), 88.73 (11-C), 49.76 (7-C), 28.15 (20-C, 23-C),
25.38 (8-C, 9-C), 24.74 (21-C, 24-C), 24.61 (22-C, 25-C), 23.76
(13-C). *’Al NMR: not observed. Elemental analysis:
CsoHesAlLN, calculated C 77.49, H 8.32, N 7.23, found C 76.51,
H 8.46, N 7.33. LIFDI-MS ([+], toluene): 389.9(4) [(DNI)AIH, +
H]', 774.5(100) [2]".

Preparation of 3

Compound 1 [DNIAIH,] (15.29 mg, 0.039 mmol, 1.00 eq.) and
[P'PPBDIAL] (C) (21 mg, 0.047 mmol, 1.20 eq.) were dissolved
in a J. Young NMR tube with 0.6 mL C¢Ds. The mixture was
heated to 85 °C and monitored by "H NMR spectroscopy. After
1 day, the '"H NMR spectrum showed the completion of the
reaction. The mixture was filtered and transferred into a glass
vial. The volatiles were removed in vacuo and n-hexane was
added. [P'PPBDIAIH,] (4) was obtained as colourless/pale yellow
crystals and the red residue was isolated and dried. Then, 1-2
drops of benzene were added and the red crystals of 3 formed
at room temperature after 24 h, which was still co-crystallised
with [P"PPBDIAIH,] (4). The isolation of 3 from 4 seems imposs-
ible. The red crystal of 3 suitable for SC-XRD experiments
should be carefully fragmentised from 4 under a microscope.
NMR experiments could be carried out without this purifi-
cation process. Due to the co-crystallisation with 4, the yield
and element analysis could not reliably be determined. 'H
NMR (298 K, C¢Ds, 500 MHz, solvent peak = 7.16 ppm): 8.03
(dd, 1H, 3-H, J = 6.78, 1.51 Hz), 6.95-7.25 (m, 11H, Ar-H), 5.07

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

(s, 1H, 11-H), 5.02 (s, 1H, 1-H), 3.15-3.4 (m, 6H, iPr-H), 2.67
(hept, 'H, iPr-H, J = 6.92 Hz), 1.65 (s, 3H, 30-H/26-H), 1.59 (s,
3H, 13-H), 1.49 (s, 3H, 26-H/30-H), 1.32 (s, 3H, 8-H/9-H), 1.29
(d, 3H, iPr-Me-H, J = 6.88 Hz), 1.26 (d, 3H, iPr-Me-H, J = 6.67
Hz), 1.24 (s, 3H, 8-H/9-H), 1.11-1.13 (m, 6H, iPr-Me-H), 1.10
(d, 3H, iPr-Me-H, J = 6.88 Hz), 1.07 (d, 3H, iPr-Me-H, J = 6.78
Hz), 1.03 (d, 3H, iPr-Me-H, J = 6.88 Hz), 0.98 (d, 3H, iPr-Me-
H, J = 6.88 Hz), 0.92 (d, 3H, iPr-Me-H, J = 6.88 Hz), 0.60 (d,
3H, iPr-Me-H, J = 6.67 Hz), 0.43 (d, 3H, iPr-Me-H, ] = 6.56
Hz), 0.34 (d, 3H, iPr-Me-H, J = 6.88 Hz). ">’C NMR (298 K,
CeDs, 125 MHz, solvent peak = 128.06 ppm): 179.47 (1C, 10-C),
171.41 (1C, 27-C/29-C), 169.43 (1C, 27-C/29-C), 169.38 (1C,
12-C), 160.49 (1C, 1-C), 145.75 (1C, Dipp-C), 145.13 (1C, Dipp-
C), 145.05 (1C, Dipp-C), 143.69 (1C, Dipp-C), 143.60 (1C, Dipp-
C), 142.61 (1C, Dipp-C), 142.55 (1C, Dipp-C), 142.23 (1C, Dipp-
C), 141.90 (1C, Dipp-C), 141.58 (1C, 2-C), 138.52 (1C, 6-C),
136.11 (1C, 3-C), 127.15 (1C, Dipp-C), 126.96 (1C, Dipp-C),
126.43 (1C, Dipp-C), 125.14 (1C, Dipp-C), 124.69 (1C, Dipp-C),
124.45 (1C, Dipp-C), 124.33 (1C, Dipp-C), 123.94 (1C, Dipp-C),
123.72 (1C, Dipp-C), 122.06 (1C, 4-C), 120.61 (1C, 5-C), 98.41
(1C, 28-C), 89.04 (1C, 11-C), 50.20 (1C, 7-C), 29.33 (1C, iPr-C),
28.97 (1C, iPr-C), 28.53 (1C, iPr-C), 28.37 (1C, iPr-C), 28.36
(1C, iPr-C), 27.89 (1C, iPr-C), 26.37 (1C, Me-C), 26.15 (1C, 8-C/
9-C), 26.02 (1C, 8-C/9-C), 25.32 (1C, Me-C), 25.13 (1C, Me-C),
24.81 (2C, Me-C), 24.68 (1C, Me-C), 24.58 (1C, Me-C), 24.52
(1C, Me-C), 24.39 (1C, Me-C), 24.35 (1C, Me-C), 24.07 (1C,
26-C/30-C), 23.86 (1C, 13-C), 23.69 (1C, Me-C), 23.67 (1C, Me-
C), 23.52 (1C, Me-C), 23.35 (1C, 26-C/30-C). "N NMR (298 K,
C¢Dg, 50.7 MHz, relative to CHZNO,): —189.03 (1N, 1-N),
—198.49 (1N, 3-N/4-N), —213.30 (1N, 2-N), —215.48 (1N, 3-N/
4-N). LIFDI-MS ([+], toluene): 389.9 (2) [1 + H], 447.3 (3) [4 +
HJ", 774.3 (42) [2]", 830.4 (100) [3]", 846.4 (3) [3 + O]

Preparation of 5

To a solution of THF, free [DNINa] (471.64 mg, 1.23 mmol,
1.00 eq.) in dry, degassed toluene (15 mL) [(Cp*Al),] (C)
(200 mg, 0.31 mmol, 0.25 eq.) was added and the mixture was
stirred rapidly at 90 °C for 1 hour. Over the course of heating,
undissolved (Cp*Al), was continuously consumed and the
mixture turned brown quickly. As the reaction proceeded, a
large amount of insoluble solid-state material was formed. The
mixture was cooled to ambient temperature and the insoluble
solid was filtered using a syringe equipped with a glass fibre
filter. The volatiles were removed under reduced pressure and
the dark-brown residue was dissolved in n-hexane and filtered
again. Crystals of 5 suitable for SC XRD were grown in a con-
centrated n-hexane solution at —30 °C. Yield: 99.9 mg,
0.086 mmol, 21.3%. The 'H and *C{"H} NMR signals cannot
be assigned unambiguously to the structure. The signal inten-
sity of ">C{"H} NMR is weak due to the poor solubility of the
crystal in most deuterated solvents. >*’Al NMR (104 MHz, tol-
dg): 73.91, —5.75. Elemental analysis: C,5Hq,Al,NgNa calcu-
lated C 78.02, H 8.03, N 7.28; observed C 77.57, H 8.04, N 7.09.
LIFDI-MS ([+], toluene): 1132.6(100) [5 — Na + H]', 1155.5(100)
[5+H]".
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Theoretical section

Electronic structure, topological analysis of electron density
and theoretical UV-VIS spectrum

Gas-phase DFT calculations were performed to get access to
the electronic structure of compound 2 and time-dependent
TD-DFT was employed to model theoretical UV-vis spectra. For
both methods, the PBEO functional and the def2-TZVP basis
sets were used in the Gaussian 16 software.’® Grimme’s
empirical dispersion correction®” with Becke-Johnson
damping (GD3BJ),*® as well as an ultrafine integration grid,
was used. The input coordinates for each calculation were gen-
erated using crystallographic coordinates. Full optimisation of
the structures led to bond lengths and angles to be reproduced
well with good agreement to the experimentally determined
values. The final geometries were confirmed to be minimum
at the potential energy surface (PES) via calculation of the
associated vibrational frequencies, which turned to be all posi-
tive. The DFT-obtained wavefunction was further used to
perform full topological analysis of the electron density
employing the AIMAII software.>”

Transition state and reaction path

In recent investigations, the benchmarking of several density
functional theory (DFT) functionals by Mats and Brinck aimed
to elucidate the accurate prediction of the transition state in
Diels-Alder reactions involving small organic molecules.*® The
study unveiled that both the hybrid B3LYP (h-GGA) and the
long-range corrected wB97X (lc-GGA) functionals exhibited a
systematic overestimation of approximately 5 kcal mol™" in the
activation energy when compared to the highly accurate CCSD
(T) reference method. However, the incorporation of dis-
persion corrections within the wB97X functional (wB97XD)
yielded remarkable improvements, closely aligning the results
with those obtained using the meta-hybrid M06-2x (hm-GGA)
functional, showcasing deviations of approximately 2 kcal
mol ™" relative to the reference. In terms of the basis set
choice, even the inclusion of diffuse functions within small
basis sets, such as 6-31+G(d), demonstrated substantial
reductions in the basis set superposition error, leading to
enhanced precision in the calculations. In our study, despite
exhaustive efforts invested in performing calculations using
the hm-GGA and lc-GGA functionals with a diffuse basis set,
challenges in achieving convergence were encountered, par-
ticularly during the final stages of the reaction. In order to
bypass these limitations, geometry minimisations and energy
calculations were performed using the Gaussian 16 software,®
at the B3LYP/6-31G(d) level of theory, which aligns with recent
studies investigating transition states governed by a similar
mechanism.””® Geometries were initially minimised in gas
phase with further optimization employing the periodic conti-
nuum medium (PCM) model, mimicking a toluene solvated
environment. After optimising the transition state in toluene,
a substantially different geometry was obtained, resulting in
the loss of the unique imaginary mode. Nonetheless, a single-
point calculation was conducted using the geometry obtained
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from the gas phase optimisation. The analysis revealed the
presence of a dissociative mode with a wave number close to
—38 em™, accompanied by a secondary negative frequency of
very low intensity. Despite the presence of two imaginary
modes, we found that the free energy (AG) associated with the
solvation of the reactants and intermediate (=12 kcal mol ™)
remained preserved for the non-optimised transition state in
toluene. Additionally, the geometries were highly similar in
both optimisations for products and reactants. Hence, we con-
sidered to have a reasonable approximation for the energy of
the transition state within the solvated medium.

Oxidative addition reaction of aluminium(x)

To maintain uniformity with the quantum mechanical
approach selected for determining transition state geometries
and energies, we utilized the same theoretical level to compute
the Gibbs energy for the reaction depicted in Scheme 5. Here,
however, the implicit solvent simulated is coherent with the
Experimental section, thus gave benzene. Noteworthily, com-
pounds 3 and 4 were initially subjected to gas-phase minimis-
ation, followed by a subsequent single-point calculation using
the PCM method, due to their difficult energy/geometry con-
vergence employing the PCM method. Notably, all positive fre-
quencies were retained for compound 4, indicating its stability
at the minimum energy structure with and without the simu-
lated solvent. However, in the case of compound 3, a negative
wavenumber of —5 em™" was detected.
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