#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Enhancing the nucleophilicity of aluminyl anions:

{") Check for updates‘
targeting selective C—H activationy}

Cite this: Chem. Sci., 2025, 16, 10750
3 Claire L. McMullin, @°

*a

@ Gareth R. Nelmes,
¢ and Jamie Hicks

Fabian Kallmeier,
Alison J. Edwards

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry
Anionic aluminium() complexes, or aluminyl anions, are a recently discovered class of main group
compounds that can C-H activate simple aromatic molecules. However, functional group tolerance
remains an issue, with the activation of functionalised arenes often favouring more kinetically accessible
side reactions (e.g. C-O/C—F activation) over the desired C—H activation. Here, we report a new,

electron-rich potassium aluminyl complex, which by DFT has been calculated to be the most
Received LLth April 2025 leophilic diamido aluminyl ani ted to date. The anion sh dented rates of reacti
Accepted 10th May 2025 nucleophilic diamido aluminyl anion reported to date. The anion shows unprecedented rates of reaction

towards the C-H activation of arenes, achieving the C—-H activation of stoichiometric benzene in

DOI: 10.1039/d55c02682b seconds at room temperature. Furthermore, the C-H activation is selective even in a range of
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Introduction

The activation of carbon-hydrogen (C-H) bonds is one of the
most transformative and challenging areas in modern
chemistry.' C-H bonds are ubiquitous in organic molecules,
yet their inherent strength and low reactivity have historically
made them difficult to functionalise selectively.** Over the past
few decades, significant advances in catalysis and synthetic
methodology have enabled the direct transformation of C-H
bonds into more chemically active functional groups, revolu-
tionising the way chemists approach organic synthesis.>*”
However, the field is currently dominated by transition metal
complexes, mainly noble, which are rare and expensive.”"*
Main group compounds are increasingly being investigated
as cheaper, “greener” alternatives to transition metal complexes
for various transformations, including C-H activations.””> A
recently discovered class of compounds that has shown great
promise in this area is the aluminyl anions."**® These anionic
compounds feature an aluminium centre in the +1 oxidation
state and are isoelectronic to a carbene." Due to aluminium's
greater electropositivity and the formal negative charge, alu-
minyl anions are significantly more nucleophilic than carbenes,
and act principally as aluminium-centred nucleophiles.****
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functionalised arenes, including those with C—O and C—-F bonds.

The ability of aluminyl anions to perform selective C-H
activations of challenging substrates has been known since the
initial report by Goicoechea and Aldridge in 2018.*° In this
landmark publication, the C-H activation of benzene by the
diamido potassium aluminium complex K,[Al(®PPNON)], (I)
was reported, leading to the formal oxidative addition product
K,[AIH(Ph)(®PPNON)], (Fig. 1). The reaction occurred under
relatively mild reaction conditions (60 °C, 4 days) and repre-
sented the first example of a single main group centre to
oxidatively add a C-H bond of benzene. In a follow-up publi-
cation, the aromatic C-H activation was shown to proceed
through a nucleophilic aromatic substitution (SyAr) mecha-
nism, and that the selective meta C-H activation of mono-
alkylated arenes was also possible with 1.>*

Several other aluminyl anions have since been reported that
can also achieve the C-H activation of benzene under relatively
mild reaction conditions. In 2020, Harder and coworkers re-
ported that the planar, six-membered potassium aluminyl
anion II could achieve the double, 1,4 C-H activation of benzene
at 35 °C over 7 days (Fig. 1).22 The reaction was also calculated to
proceed by an SyAr-type mechanism, with an initial nucleo-
philic attack on the ring, followed by hydride transfer to the
aluminium centre. Teams led by Coles, McMullin and Mulvey,
and Hill, Mahon and McMullin have also shown that the more
flexible six- (III)** and seven- (IV)** membered diamido aluminyl
anions can C-H activate benzene.?®?® Both studies found that
the accompanying group 1 cation can significantly influence the
rate of benzene activation. However, both studies required
harsher reaction conditions for benzene activation than I and II
(=80 °C), independent of the cation used. Currently, the most
active aluminyl anion towards arene C-H activation is also the
most nucleophilic, the dialkyl aluminyl anion V reported by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (Top) Aluminyl complexes that have been reported to perform

the C—H activation of arenes. (Bottom) Reaction conditions and
products resulting from the C—H activation of benzene. Dipp = 2,6-
diisopropylphenyl; tol = n°-toluene.

Yamashita.'**?®* When dissolved in benzene, V performs the
C-H activation of the solvent at room temperature over 2.5
hours. This is the only reported aluminyl anion to achieve C-H
activation of an unactivated arene at room temperature, but it
still requires the complex to be dissolved in the substrate.

In many cases, the selective C-H activation of benzene by
aluminyl anions is possible due to benzene's simplicity and lack
of alternative sites of reactivity.” Substituted arenes (for
example, toluene, xylenes, aryl ethers or fluorinated arenes)
introduce alternative sites of reactivity, which often lead to side
reactions or mixtures of products.'®'® For example, the reaction
between I and toluene yields a mixture of arene and methyl C-H
activation products, whereas the reaction with anisole (PhOMe)
shuts down the C-H activation, leading to selective C-O
activation.”

The selective C-H activation of aromatic molecules is
a desirable reaction. Therefore, designing an aluminyl complex
that can selectively activate C-H bonds with some functional
group tolerance would be beneficial. Herein, we report [Al("™*
NON)| ", a modified version of I,>* where the flanking aryl groups
of the ligand have been replaced silyl groups, resulting in
a more o-donating ligand. This subtle ligand modification
dramatically increases the nucleophilicity of the anion, making
it much more selective to C-H activation than I

Results and discussion
Optimised synthesis of H,(""*NON)

The xanthene-based disilylamido proligand H,(™*NON) used
in this work has previously been reported by Tilley and co-
workers through the synthesis of the 4,5-diaminoxanthene,
H,(HNON) (Scheme 1).*° However, the two reported routes to
this compound are problematic, either low-yielding (13%) or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Optimised synthesis of proligand H,("PSNON) originally
reported by Tilley and coworkers.3°

requiring an expensive, specialised chiral phosphine and
anhydrous ammonia. We report here a cheaper, multigram
preparation for this compound, obtained through the Buch-
wald-Hartwig coupling between 4,5-dibromo-2,7-di-tert-butyl-
9,9-dimethylxanthene and benzylamine, giving H,(BnNON),
followed by a Pd/C catalysed hydrogen reduction of the
compound (Scheme 1). This gives 4,5-diaminoxanthene,
H,(HNON), in a 60% yield over two steps at >5 g scale. Alter-
nately, the 4,5-diaminoxanthene can also be synthesised by
heating the di-tert-butyl proligand, H,(*BuNON)?! in ortho-
phosphoric acid for 18 hours at 145 °C, giving the diamine in
97% yield (see ESI for further detailst). The diamine can then be
converted to the proligand H,("™*NON) following a modified
procedure to Tilley,*® through the double deprotonation of the
diamine with "BulLi followed by quenching with triisopropylsilyl
chloride (TIPSCI) giving H,("™™5NON) in 91% yield (Scheme 1).

Reduction of AlI[("™NON) in benzene

Following optimisation of the proligand, our efforts turned to
synthesising the desired aluminyl anion [Al("™NON)]". We
recently reported the aluminium iodide complex AlI("™NON)
as a precursor to the heterobimetallic aluminium-iron complex
("""SNON)AIFeCp(CO),.** The same AlI(""NON) starting mate-
rial was used in this work. Following a similar procedure to 1,>
a benzene solution of AlI("™NON) was stirred over an excess of
KCg at room temperature for two days, giving a near-colourless
solution. Analysis of the reaction mixture by 'H NMR

KCg (excess) + +
cl) benzene ({f\\N ’.( (O/{\N ’.< T
N N  25°C,2days / i , .
A » N=A—Z_3 NeaA—Z + H>—A-
= =
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All(TPSNON) 29% yield (crystalline) 13% yield (crystalline)
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N] N,
iPrSi” AT SiPr
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Scheme 2 Reduction of AU(TPSNON) with excess KCg at room
temperature to give benzene C—H activated products 2 and 3.
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Fig. 2 Structures of 2 and 3 as determined by X-ray crystallography.
Displacement ellipsoids set at the 50% probability level. Most hydrogen
atoms have been omitted and selected organic groups have been
shown in wireframe for clarity.

spectroscopy revealed a mixture of three ™ NON-containing
products, K,("™ NON) and two new products in an approximate
2:2:1 ratio (Scheme 2). Workup of the reaction mixture
allowed the separation and isolation of both ™SNON-contain-
ing products as clean, crystalline samples, which were analysed
by X-ray crystallography (Fig. 2).

Neither of the two new reaction products were the targeted
TIPSNON aluminyl anion, instead, both are benzene C-H acti-
vation products. The major product, K[AIH(Ph)("*NON)] (2), is
a benzene mono activation product and the minor, K,-
[{AIH("™SNON)},-1,4-CsH,] (3), a doubly activated product. Both
products are thought to be formed from the transiently gener-
ated aluminyl anion K[Al("™ NON)] reacting with benzene, with
2 being the formal C-H oxidative addition product. The
formation of 3 can be explained by a reaction between 2 and
a second equivalent of the aluminyl anion, giving the two-fold
1,4 C-H activation product. Compound 2 crystallises as a 1D
coordination polymer, with the potassium cations bridging
between [AIH(Ph)("™®NON)] ™~ anions. This is in contrast to the
DIPPNON analogue, K,[Al(H)(Ph)("PPNON)],,*® which is dimeric
in the solid state due to the potassium cations forming inter-
actions with the Dipp groups of the ligand. Compound 3 is
monomeric in the solid state, with the two potassium cations
interacting with both faces of the bridging [C¢H,]*~ ligand in an
inverse sandwich-type arrangement. In both structures, the
coordinated arene lies perpendicular to the plane of the tri-
dentate ™NON ligand and the hydride, leading to aluminium
occupying a distorted square pyramidal geometry.

The formation of 2 and 3 was initially surprising as aluminyl
anions do not typically C-H activate benzene at room temper-
ature. For example, the activation of benzene by the related
aluminyl complex I takes four days at 60 °C,” whereas the

10752 | Chem. Sci., 2025, 16, 10750-10758
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diamido aluminyl anion IV by Hill, Mahon and McMullin takes
between 12 hours (Cs) and 14 days (K) at 110 °C, varying
according to cation.”® The only aluminyl anion that has been
reported to activate benzene at room temperature is the dialkyl
aluminyl anion reported by Yamashita and coworkers, which
has been calculated to be the most nucleophilic aluminyl anion
with the highest energy HOMO." The formation of 2 and 3 at
room temperature suggests that the nucleophilicity of the
transiently generated K[Al("™NON)] complex may be compa-
rable to that of the dialkyl aluminyl anion, which is unexpected
for a diamido aluminyl anion due to the weaker o-donors.

Calculated reaction mechanism for the formation of 2 and 3

To further support that the formation of 2 and 3 proceeds
through a transiently generated aluminyl anion, the reaction
mechanism was investigated computationally. Two possible
mechanisms were calculated using density functional theory at
the  PBE0-D3™-CPCM(benzene)/Def2-TZVPP//PBEO-D3B]/BS1
(see ESI for detailst) level of theory and are shown in Fig. 3.
The calculated mechanism was found to occur by two inde-
pendent C-H activation events, with 2 being an intermediate on
the way to 3. McMullin, Fulton and Coles have reported
a similar stepwise mechanism for the 1,4-activation of benzene
with N/¥q11.%2

To begin the mechanism, a number of solution-state
conformations of the transiently generated potassium alu-
minyl were investigated. The lowest energy of these was found
to be the dimeric, benzene-free complex, K,[Al("™SNON)],,
where the potassium cations bridge the two aluminium centres
(K[Al],, Fig. 3). Accordingly, all energies quoted are in reference
to this complex. However, the corresponding monomeric
complex, K[Al("™ NON)] (K[Al], Fig. 3), was found to be only
+5.5 kcal mol ™" higher in relative energy, suggesting that the
first C-H activation (to give 2) could be proceeding through
either a monomeric or dimeric mechanism. As such, both
reaction pathways were calculated.

The calculated monomeric and dimeric pathways were
found to be similar, both starting with the coordination of
benzene to the potassium aluminyl. In the dimeric pathway, two
different structures of essentially the same Gibbs free energy
(+1.6 keal mol™") were found: one where the benzene coordi-
nates to a single potassium cation of the potassium-bridged
dimer and a second where the benzene inserts into the centre
of the dimer, forming an inverse sandwich complex
(K,[Al],CeHg, Fig. 3). Only the second was found to lead to
a productive pathway. Nucleophilic attack on the coordinated
benzene by the aluminyl anion occurs through TS0-1 (TS0-1,,0n0
for the monomeric mechanism and TS0-14; for the dimeric
mechanism), leading to the Meisenheimer intermediates
INT1h0no and INT1g. Consistent with other reported
studies,*"****3> this step was found to be rate-determining, with
a calculated barrier of +31.7 kcal mol " for the dimeric pathway.
The transition state for the monomeric pathway (TS0-1,,0n0) Was
calculated to be slightly lower at +29.9 kcal mol ™~ in reference to
the solvent-free potassium aluminyl dimer K,[Al],, but only
24.4 kecal mol ™" when referenced to the monomeric aluminyl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Gibbs free energy profile (PBEQ-D3®’-CPCM(benzene)/Def2-TZVPP//PBE0-D3B?/BS1) for the reaction between the transiently generated
KAIAMPSNON)],, (n = 1, 2) aluminyl complex and benzene to give C—H activation complexes 2 and 3. Relative Gibbs free energies are presented

in kcal mol™. Monomeric pathway highlighted in blue.

anion KJAl]. We propose that this latter value is more indicative
of the true activation barrier, as when monitoring the reaction
spectroscopically, the aluminyl anion was not observed, sug-
gesting that the aluminyl anion is truly transient and activates
benzene before dimerising.

From the Meisenheimer intermediates INT10no/ai, DOth
pathways undergo a facile hydride transfer from the [C¢Hg]™ to
the aluminium centre through transition states TS1-2mo0no/di
(with a barrier of <2 kcal mol " in both cases), leading to the
formation of 2 (or INT2 in the dimeric pathway, which can
release an equivalent of K[Al] to give 2). This step is highly
exergonic in both pathways (monomeric —47 kcal mol ;
dimeric —43 kcal mol ).

From 2, the calculated mechanism for the second C-H
activation (giving 3) is very similar to that of the first, but now
only one pathway is available. This involves the coordination of
a second equivalent of potassium aluminyl to 2 (INT2), the
nucleophilic attack at the 4-position of the metallated arene
(TS2-3; AG* = 10.4 kcal mol ), yields a second Meisenheimer
intermediate (INT3), and finally, a hydride transfer (TS3-4; AG*
= 6.9 kcal mol ') gives 3. As with the first C-H activation, the
rate-determining step was found to be the nucleophilic attack
on the arene, but interestingly, this second C-H activation from
2 has a much lower barrier of only 11.4 kecal mol™'. This
suggests the reaction between 2 and a second equivalent of
potassium aluminyl is facile at room temperature. As 3 is only
formed as a minor product of the reaction, this also supports

© 2025 The Author(s). Published by the Royal Society of Chemistry

the transient nature of the aluminyl anion, which preferentially
reacts with the benzene solvent over 2, presumably due to its
much higher abundance.

Synthesis of [K(18-crown-6)][Al("™*NON)] (4)

As the activation of benzene by the ™ NON aluminyl anion is
facile at room temperature, it was clear that isolation of the
anion required avoidance of aromatic solvents. Accordingly, the
synthesis of the aluminyl anion was repeated but in pentane. A
solution of AlI("™™ NON) was stirred over an excess of KCg for
two days at room temperature, but no reaction was observed. It
was only when one equivalent of the potassium sequestering
reagent 18-crown-6 was added that a relatively rapid colour
change was observed, turning the reaction mixture from col-
ourless to bright yellow/orange. Workup of the reaction mixture

KCjg (excess)
18-crown-6

'Bu l ! 'Bu
(@)
|

Nl N
pentane TIPST AT TIPS

25°C, 2 hours

'Bu ! l 'Bu
(@)

R .
N N —00 10—,
TIPS Al TIPS o-- -0
f &o’ \o_)
1 4
56% yield (crystalline)

Scheme 3 Reduction of 1 with excess KCg and 18-crown-6 in
pentane giving the aluminyl anion [K(18-crown-6)][Al("PSNON)] (4).
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Fig. 4 Structure of 4 as determined by X-ray crystallography.
Displacement ellipsoids set at the 50% probability level. Hydrogen
atoms have been omitted and selected organic groups have been
shown in wireframe for clarity.

after two hours of stirring at room temperature gave the tar-
geted aluminyl anion, [K(18-crown-6)][Al("*NON)] (4), as bright
yellow crystals (Scheme 3).

[K(18-crown-6)][Al("™NON)] was characterised by X-ray
crystallography, and the structure is shown in Fig. 4. The
complex is monomeric in the solid state, crystallising as
a contact ion pair, with the aluminium centre of the anion
interacting with the 18-crown-6-complexed potassium cation.
The structure resembles that of the 18-crown-6 sequestered
potassium aluminyl complex IV reported by Hill, Mahon,
McMullin and coworkers,** but with a shorter Al---K interaction
(Al---K: 4 = 3.557(1) A, IV 3.9133(6) A) and a much more acute L~
Al-K angle, where L is the plane of the diamido ligand.

Fig. 5 A side-by-side comparison of the anions [AI(°PPNON)]~ (left)2®
and [AI("PSNON)I™ (right) as determined by X-ray crystallography.
Anions and hydrogen atoms have been omitted, and selected organic
groups have been shown in wireframe for clarity.
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Structural and electronic comparison between the
[AI("™SNON)]~ and [Al("™5NON)]~ anions

Wwith the structure of the [AI("™®NON)]” anion acquired,
a comparison between it and the original [Al(®'PPNON)]~ was
carried out. As no [K(18-crown-6)] salt of the [Al(®*PPNON)]~
anion has been reported, comparisons have been made with the
anion of the charged-separated [K(222-cryptand)][Al(®PPNON)]
complex.”® The solid-state structures of the two anions,
excluding cations, are shown in Fig. 5, with selected bond
lengths and angles in Table 1.

At first glance, the two aluminyl anions appear very similar;
both NON-ligands coordinate to the aluminium centre in a tri-
dentate fashion, causing the xanthene backbone to hinge.
However, close inspection of some bond lengths and angles
(Table 1) reveals some notable differences. In [Al("™SNON)]",
the AI-N bonds are slightly elongated compared with [Al(®'PP-
NON)] (by approx. 0.03 A, Table 1), likely due to higher w-acidity
of the N-bound TIPS groups lowering the m-donation of the
anilides to the aluminium. The more striking difference is the
Al-O bond length, which is 0.17 A shorter in [Al("™SNON)]~ than
in [AI("PPNON)]~ (2.006(3) vs. 2.1752(9) A). This stronger coor-
dination and greater xanthene hinging, decreases the N-Al-N
angle by 10° compared to [Al(®*PPNON)]".

To assess how these structural changes influence the elec-
tronic structure, the [Al("™NON)]™ anion was investigated by
density functional theory (DFT). The anion was optimised at the
PBE0-D3"/Def2-TZVP level of theory, with the optimised struc-
ture closely matching that obtained from crystallography,
including the significant shortening of the Al-O bond length
(Table 1). The level of theory is the same as that we recently used
to investigate the electronic structure of five reported aluminyl
anions (including [Al(°"PPNON)] 7).

Examination of the frontier molecular orbitals of [Al(™*
NON)] ™ reveals an interesting picture (Fig. 6). As is common in
aluminyl anions, the HOMO is calculated to be the Al-centred
lone pair.'®* However, at an energy of —0.63 €V, this is signifi-
cantly higher than all other reported diamido aluminyl anions,
suggesting that [Al("™*NON)]~ should be the most nucleophilic
of all reported diamido aluminyl anions. For comparison, the
HOMO of [AI("'PPNON)]™ is calculated to be —0.97 eV at the
same level of theory.'® This increased nucleophilicity has also
been observed experimentally, with the transient, non-
sequestered ™P°NON potassium aluminyl anion being the
only reported diamido aluminyl anion to activate benzene at
room temperature. Only the two alkyl-substituted aluminyl
anions have calculated higher energy HOMOs,' with Yama-
shita's dialkyl aluminyl anion V the only other aluminyl anion to
report the activation of benzene at room temperature.””

Table 1 Selected bond lengths and angles of the two aluminyl anions from experimental (X-ray) and calculated data

[Al(**PPNON)]~ (X-ray)*

[Al("™SNON)]~ (X-ray) [Al("™™SNON)] " (calc)

Al-0 (&) 2.1752(9)

AI-N (A) 2.0219(10)
2.0489(10)

N-AI-N (°) 126.74(4)

10754 | Chem. Sci., 2025, 16, 10750-10758

2.006(3) 2.096
2.063(3) 2.103
2.071(4) 2.091
116.54(13) 113.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (Left) Calculated HOMO and LUMO+n energies of [Al(°PP-
NON)I~ and [A(™PSNON)]~ at the PBEQ-D3%%/Def2-TZVP level of
theory.** LUMO+n indicates the orbital associated with the aluminium
empty 3p-orbital. Orbital energies displayed in eV. (Right) Calculated
HOMO and LUMO+7 orbitals of [A("P*NON)]~ shown at isovalue
0.100 e~ A3,

The energy of the unoccupied 3p-orbital on the Al-centre is
also worthy of note (Fig. 6). In the previously reported [Al(°PP
NON)], this can be found as the LUMO+3 at +2.61 eV. However,
in [Al("™SNON)]", the corresponding orbital is significantly
higher in energy due to the much stronger O-Al coordination
and appears as the LUMO+7 at +3.41 eV - an increase of 0.8 eV
compared to [AI(°'PPNON)] . This has two major consequences:
(1) significantly lowering the electrophilicity of the Al centre in
the aluminyl anion and (2) increasing the energy gap between
the Al-centred Frontier orbitals (i.e. the HOMO-LUMO+n gap).
As the HOMO-LUMO energy separation is critical for explaining
the reactivity of numerous low-oxidation state main group
compounds,*>* increasing this energy separation by ~0.5 eV in
comparison to [Al("'PPNON)]" is expected to have a significant
impact on the aluminyl's reactivity. A side-by-side comparison
between the Al-centred frontier molecular orbitals of [Al("™
NON)|™ and those previously reported for [Al(®*PPNON)]™ is
shown in Fig. 6.

Reactivity of [K(18-crown-6)][Al("">NON)] (4)

The calculations predict that the "™ NON aluminyl anon should

be more nucleophilic and less electrophilic than the »PPNON
equivalent. Furthermore, with a larger energy separation
between the Al-centred frontier molecular orbitals, the anion
should disfavour reactions that occur through more typical
oxidative addition-type mechanisms (reactions that require
both an occupied and unoccupied orbital in a single step)."* As
the rate-determining step in the C-H activation of benzene is
calculated to be a nucleophilic attack on the carbon atom
(Fig. 3), [K(18-crown-6)][Al("™SNON)] (4) may have both
increased reactivity and selectivity towards arene C-H activation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Reactions between [K(18-crown-6)[[A(™""*NON)] 4 and
benzene, toluene, diphenyl ether and fluorobenzene. All reactions
show selectivity towards C—H activation. Outcomes of reactions
between K,[A(PPPNON)], | and the same substrates are shown in
boxes for comparison.2°2*

ives C-O activation. |
gives activation. Ph 8

than other aluminyl anions. As such, the reactivity of 4 was
initially investigated towards benzene. 2.5 Equivalents of
benzene were added to a solution of 4 in pentane at room
temperature. After less than 1 minute, the solution had changed
colour from bright yellow/orange to colourless. Workup of the
reaction mixture after 10 minutes gave the mono C-H activation
product [K(18-crown-6)]J[AIH(Ph)("™SNON)] (5) as a colourless
solid (Scheme 4), which was additionally characterised by X-ray
crystallography (Fig. 7). Unlike the transient, non-sequestered
complex, which gave a mixture of both mono- and di-
activation products (Scheme 1), only mono-activation of
benzene was observed in this case. This is likely due to the
sequestered cation leading to increasingly charge-separated
anions in the solution, enhancing coulombic repulsion

Fig. 7 Structures of 5 (top-left), 6 (top-right), 7 (bottom-left) and 9-H
(bottom-right) as determined by X-ray crystallography. [K(18-crown-
6)] cations and most hydrogen atoms have been omitted for clarity.
Displacement ellipsoids set at the 50% probability level and selected
organic groups have been shown in wireframe.
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between the mono-activation (aluminate) product and the alu-
minyl anion.

The rate of benzene C-H activation by 4 is unprecedented for
aluminyl anions. All other diamido aluminyl anions require
heat and significantly longer reaction times to C-H activate
benzene.***>**?%%> Only the most nucleophilic aluminyl anion,
the dialkyl aluminyl anion V, has been reported to C-H activate
benzene at room temperature.”” However, even here, the reac-
tion is reported to take 2.5 hours when dissolved in benzene,
not <1 minute with near stoichiometric amounts as in the case
of 4.

with the [Al("™NON)]|™ anion showing enhanced reactivity
rates towards arene C-H activation, the selectivity of the C-H
activation was explored. The previously reported K,-
[AI(°'PPNON)], (I) shows little selectivity towards arene C-H
activation,'®** with reactions between I and mono-
functionalised arenes (e.g. PhX, where X = a halide, methyl or
OR) leading to activation of the X group. With this in mind, the
reactivity of 4 towards the functionalised aromatic molecules,
toluene, diphenyl ether and fluorobenzene, was investigated
(Scheme 4).

Starting with toluene, 2.5 equivalents of toluene were added
to a pentane solution of 4 at room temperature. As for the
benzene reaction, the mixture turned colourless in less than one
minute. Analysis of the reaction mixture by "H NMR spectros-
copy showed selective and complete conversion to the meta C-H
activation product [K(18-crown-6)][AIH(3-Me-CsH,)("™*NON)]
(6), with no evidence of methyl C-H activation observed. The
product was isolated in an 88% yield and further characterised
by X-ray crystallography (Fig. 7). Tolerance towards the aromatic
methyl group is novel for diamido aluminyl anions. For
example, the reaction between I and toluene gives a mixture of
aromatic and methyl C-H activation products,* whereas the
reaction between the seven-membered diamido aluminyl anion
RPry and toluene gives only the methyl activation product. Only
the most nucleophilic dialkyl aluminyl anion V has been re-
ported to selectively activate the meta C-H bond of toluene.*®

Extending the functional group tolerance investigations, the
reactivity of 4 towards diphenyl ether was investigated. Using
similar reaction conditions to those above, the reaction between
4 and diphenyl ether (1.4 equiv.) gave exclusively the meta C-H
activation product [K(18-crown-6)][AIH(3-OPh-CsH,)("™*NON)]
(7) by "H NMR spectroscopy. The product was isolated in a 52%
crystalline yield and additionally characterised by X-ray crys-
tallography (Fig. 7). The reaction is selective towards C-H acti-
vation over C-O activation, which is unprecedented for diamido
aluminyl anions. As the direct comparison reaction between I
and diphenyl ether had not been reported, the reaction was
carried out for comparison. In C¢Dg, no reaction between I and
diphenyl ether was observed at room temperature. However,
heating the reaction solution to 50 °C saw a gradual dis-
colouration of the solution. Analysis by "H NMR spectroscopy
saw a clean conversion of I to the C-O activation product K,-
[AIOPh(Ph)(®'PPNON)], (8), which was additionally charac-
terised by X-ray crystallography (see ESIT). This striking contrast
in reactivity (C-H vs. C-O activation) between these closely
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related aluminyl anions shows how these remarkable reagents
can be easily tailored to target specific bonds.

Finally, tolerance towards C-F bonds was investigated. The
reaction between I and fluorobenzene at room temperature
gives a complex mixture of products (>10 "PPNON-containing
products by "H and "°F NMR spectroscopy). The reaction with 4
is, however, much more selective, giving only two products in
a ~5:2 ratio by "H NMR spectroscopy. The major product was
found to be the meta C-H activation product [K(18-crown-6)]
[AIH(3-F-C¢H,4)("™SNON)] 9-H and the minor the C-F activation
product [K(18-crown-6)][AIF(Ph)("™*NON)] 9-F (Scheme 4).
Analysis by X-ray diffraction found the two compounds to coc-
rystallise in a ~2: 1 ratio, with the structure of 9-H, the major
C-H activation product, shown in Fig. 7. Even though the
reaction is not completely selective, the reaction is the first
example of an aluminyl anion favouring C-H activation over
C-F activation.

Single crystal neutron diffraction

In each of the structures of compounds 2-3 and 5-9 studied by
single-crystal X-ray diffraction, electron density consistent with
an aluminium-bound hydride was observed in the difference
map and could be refined isotropically. X-ray diffraction arises
from the electron distribution (no proton is necessarily associ-
ated with such observed electron density) and deletion of the
hydrides from these models and refining to convergence did not
significantly perturb the structures. To better understand the
structure of the C-H activation products, as well as confirm the
presence of an aluminium-bound hydride, compound 6 was
additionally characterised by single-crystal neutron diffraction.
A crystal of size 3.0 x 1.7 x 1.0 mm was mounted on the
KOALA?2 instrument at ANSTO (Sydney). 13 images of 6000
second exposures were obtained, rotating the crystal 17°
between frames (see ESI for full detailst), yielding neutron

Fig. 8 Structure of 6 as determined by single crystal neutron
diffraction. Most hydrogen atoms and the [K(18-crown-6)] cation have
been omitted for clarity. The TIPS and tolyl groups have been modelled
as two-fold disordered, with only one part shown above for clarity.
Displacement ellipsoids set at the 50% probability level and selected
organic groups have been shown in wireframe for clarity. The Al-H
bond length and H-Al-C bond angle are shown in red.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diffraction data from which the hydride position could be
clearly located in the difference map and refined anisotropi-
cally, subject only to the constraints implicit in the chosen
model (Fig. 8).

The Al-H bond converged to 1.59(3) A and lies coplanar with
the ligand oxygen and the meta-bound carbon atom of the
activated toluene, with an H-Al-C angle of 106.9(15)° and an H-
Al-O angle of 153.8(15)°. The t° parameter® for compound 6 is
0.19, meaning that the aluminium centre is best described as
occupying a distorted square pyramidal geometry.

sp® C-H activation with 4

The ease with which 4 can activate aromatic C-H bonds
suggests that the aluminyl anion may also be able to activate the
sp® C-H bonds of alkanes. This is not the case as it is clear that 4
does not immediately react with pentane at room temperature,
as this is the solvent in which the aromatic C-H activation
studies have been performed. Leaving a solution of 4 in pentane
for a matter of days at room temperature leads to an intra-
molecular sp® C-H activation of a TIPS isopropyl group, giving
10 (Scheme 5). The compound has been characterised by X-ray
crystallography, with its structure shown in Fig. 9. Interestingly,
10 can also be synthesised in the solid state by heating
a powdered sample of 4 to 100 °C for 2 hours. The fact that this

pentane
25°C, 2 days

N l
100 °c 2hrs iPr., \Al/ STIPS
(solid-state) Sx “H
'Pr 5
[K(18-crown-6)]

10

Scheme 5 Intramolecular C—H activation of 4 both in solution and in
the solid state.

Fig. 9 Solid state structures of 10 as determined by X-ray crystal-
lography. Most hydrogen atoms have been omitted for clarity.
Displacement ellipsoids set at the 50% probability level and selected
organic groups have been shown in wireframe for clarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intramolecular activation occurs when dissolved in pentane
shows that it is preferred to alkane activation, so intermolecular
activation of alkanes with 4 is unlikely.

Conclusions

Since their first report in 2018, aluminyl anions have shown the
ability to activate strong C-H bonds under mild reaction
conditions. However, selectivity and functional group tolerance
continue to be known limitations. The [Al(" NON)]~ anion
reported here is an extremely nucleophilic aluminyl anion
which shows enhanced reactivity towards aromatic C-H bond
activation, for the first time allowing for near stoichiometric
activation of aromatic substrates at room temperature. More-
over, functional group tolerance has been significantly
increased compared to the previously reported aluminyl anions,
allowing for selective C-H activation in the presence of aromatic
C-0 and C-F bonds. The reactivity of [Al("*NON)]™ has been
compared with the related aluminyl anion, K,[Al("SNON)], (1),
which typically shows C-X activation (X = N, O, F) over C-H
activation, demonstrating how these reagents can be tailored to
target specific bonds in substrates.
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