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The exploration for noble metals substitutes in catalysis has become a highly active area of research,
driven by the pursuit of sustainable chemical processes. Although the utilization of base metals holds
great potential as an alternative, their successful implementation in predictable catalytic processes
necessitates the development of appropriate ligands. Such ligands must be capable of controlling their
intricate redox chemistry and promote two-electron events, thus mimicking well-established organo-
metallic processes in noble metal catalysis. While numerous approaches for infusing nobility to base
metals have been explored, metal-ligand cooperation has garnered significant attention in recent years.
Within this context, aluminium-based ligands offer interesting features to fine-tune the activity of metal
centres, but their application in base metal catalysis remains largely unexplored. This perspective seeks to
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highlight the most recent breakthroughs in the reactivity of heterobimetallic aluminium—base-metal com-
plexes, while also showcasing their potential to develop novel and predictable catalytic transformations.
By turning the spotlight on such heterobimetallic species, we aim to inspire chemists to explore alu-
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1. Introduction

Noble metals (NM) are privileged elements that enable
straightforward modification of organic molecules, thus estab-
lishing themselves as indispensable workhorses in the chemi-
cal industry. Their dominance stems from their ability to coor-
dinate substrates and undergo well-understood two-electron
organometallic steps, providing controllable and predictable
chemical transformations.’™ Yet, their limited availability,
fluctuating costs and huge carbon footprint related to their
production (e.g., the production of 1 kg of pure Rh metal gen-
erates 32t of CO,) represent major drawbacks to overcome if
chemists aim at developing truly sustainable industrial syn-
thetic processes.” While catalysts based on abundant, in-
expensive, and sustainable base metals (BM) have recently
emerged as promising alternatives,”® their potential to replace
noble metals in catalysis is hampered by their intrinsic differ-
ences in orbital overlap, bonding, and electronic structure.
Contrary to 4d and 5d metals, reactivity on 3d metal centres
often proceeds through one-electron redox events, resulting in
difficulties in fully understanding, controlling and maintain-
ing the function of the catalyst in chemical
transformations.'®™* Fe, Cr, Ni and Co represent attractive
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minium—base-metal species and expand the range of their applications as catalysts.

alternatives to pension off noble metals in key industrial
processes,">™"” yet these metals demand adequate ligands to
tame one of their several catalytically active redox couples.'®
Indeed, fine-tuning their reactivity will certainly enable novel
and challenging reactions that are unachievable with current
technologies. Several strategies have been employed to control
the chemistry of base metals in catalytic setups, including the
use of redox active ligands,"*>' and metal-ligand
cooperation.”>*® It is noteworthy that these approaches with
Earth-abundant metals have been routinely employed by
Nature in enzymes with metallic active centres to perform
transformations that have no parallel in synthesis.>*

A particularly interesting approach that allows control of
redox events in base metal centres is the use of chemical
metal-ligand cooperation, in which actor ligands participate in
bond-forming and breaking events. Combining base metals
with ligands endowed with low-lying LUMOs, spanning from
olefins to Lewis acids,> enables anchoring points for sub-
strates during catalytic cycles, which facilitates their activation
in a cooperative, predictable and fundamentally unique
manner. In this vein, carbenes are a family of ligands endowed
with ideal properties to engage base metals in cooperative two-
electron events: they are strong o-donors and can accept
charge through their low-lying empty p-orbital.”®*’
Nonetheless, their use in cooperative catalysis is prevented by
the stability of the newly formed carbon-element bond after
activation.>®*° Pairing base metals with heavier neighbours
from group 14 is an approach that has been gaining increased
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interest recently,>>* as weaker bonding after activation with
such elements promotes small molecule activation in an
efficient and synergistic manner.?>*® A powerful alternative
that has been recently exploited to overcome the reluctance of
carbene-metal systems to undergo cooperative catalysis is the
use of elements from group 13.”73° Such elements possess
unoccupied p-orbitals, in both high-valent and low-valent
states, and coordination of ligands to such orbitals appears to
be more labile, which facilitates bond scission and, sub-
sequently, catalysis. Particularly attractive is the use of low-
valent group 13 ligands, which are strong c-donors.*® Indeed,
the use of boron-based anionic ligands (boryl-type ligands),**
which can be embedded in pincer scaffolds,”” has enabled
cooperative catalytic processes with base metals,**™” including
Ni, Co and Cu.

The potential of such low valent group 13 species, com-
bined with recent advances in low-valent aluminium (Al)
chemistry,*®>® promoted a shift in interest towards the use of
Al in cooperative catalytic transformations.>® Al, the most
abundant metal in the Earth’s crust, is less electron-negative
compared with B (1.47 vs. 2.01),°> which endows Al(1) centres
with a better o-donor ability, resulting in the formation of
stable, coordinatively unsaturated electron-rich metal centres.
Furthermore, Al species possess highly acidic p-orbitals and a
larger coordination number, key features that enable diverse
substrate-coordination modes. Importantly, Al centres can be
readily installed in a variety of scaffolds, which allows facile
modification of their electronic and steric environment. All
these attractive features have been recently employed to
develop catalysts that pair Al with a noble metal, including
Pd,”® Ir,>” and Rh,”®® (species 1-4, Scheme 1) thus enabling
the catalytic functionalization of C-X bonds and small
molecules.

Despite these pioneering studies, heterobimetallic com-
plexes in which Al is paired and directly bonded to a 3d metal
remain underexplored, and their use in catalysis remains an
uncharted territory. This is surprising considering the existing
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Scheme 1 Catalytically active aluminium—noble-metal species for the
functionalisation of organic molecules.
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synthetic methodologies to functionalise organic molecules
that leverage from the synergistic interaction of base metals
salts with aluminium-based additives.®>®> Thus, in this per-
spective we will highlight the current state-of-the-art regarding
the synthesis and reactivity of main group metalloligands co-
ordinated to base metals,**®® focusing on aluminium-base-
metal species that contain an aluminium-base-metal bond
(Scheme 2). By doing so, we believe this perspective will encou-
rage chemists to gain further insight into the reactivity of com-
pounds that pair aluminium with abundant 3d metals. The
heterobimetallic complexes described in the following section
present an exceptional opportunity to tame and exploit unique
cooperative two-electron processes, endowing nobility to base
metals and take a step towards a more sustainable future.

2. General synthesis of aluminium-—
base-metal complexes

The synthesis of heterobimetallic AI-BM complexes can be
achieved from a wide range of precursors via two main trans-
formations: salt elimination and ligand substitution. The
former method is usually limited to the use of metal carbonyl
salts (e.g., Collman’s reagent)®® together with Al(m) halide pre-
cursors (Scheme 3, route 1a). However, the recent development
of stable Al() anions has boosted the applicability of this
approach using aluminyl salts together with metal carbonyls,
which broadened the scope of BM precursors that can be
employed to achieve heterobimetallic Al-supported species
(Scheme 3, route 1b). The second methodology, ligand substi-
tution, is particularly effective when the synthesis of Al-BM
complexes with bridging H atoms is targeted, and starts from
Al(m) hydride precursors (Scheme 3, route 2a). Neutral Al()
species such as Cp*Al and Nacnac Al() complexes are also
good L-type ligands capable of undergoing ligand substitution
reactions (Scheme 3, route 2b). It is worth mentioning that
substitution usually occurs with metal-carbonyl and metal-
olefin species under thermal or photochemical conditions.
However, several aluminium-base-metal species have been
also obtained following less explored approaches that, despite
being rare and specific, are intriguing from a mechanistic
point of view. These transformations would include a carboa-
lumination reaction of a Cr-Cr quintuple bond,”® a Ga(i)-to-Al
(1) formal exchange,”" insertion reactions of Al(1) species into
TM-N bonds,’” and direct coordination of AlX; species to TM

abundant 3d metals
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relcedfen
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L
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Scheme 2 Heterobimetallic complexes pairing aluminium with base
metals and their potential benefits.
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Scheme 3 Typical procedures for the construction of Al-BM bonds.

complexes.”® As this perspective is focused on the reactivity of
heterobimetallic complexes bearing an aluminium-base-
metal bond, the synthesis of these compounds will be briefly
addressed in the following section, focusing on complexes
whose reactivity has been explored.

Noteworthy, the reported synthetic approaches to forge
intermetallic bonds between Al and first-row transition metals
(TM) have been also employed with heavier group neighbours.
While 4d and 5d metal complexes supported by aluminium-
based ligands can be generated through salt elimination with
anionic Al(1) species or simple coordination, they also present
exclusive routes that are not applicable to 3d metals. These
unique pathways to achieve aluminium-TM bonds include oxi-
dative addition to Al-CI or Al-H bonds, alkane elimination,
addition of trialkylaluminium species to vinylidene complexes,
and simple coordination followed by reduction.”* It is worth
noting that several formal oxidative addition examples have
been reported for base metals and Al-Cl species; however, they
are labelled as salt elimination (Scheme 3, route 1a, bottom)
and limited to the use of supernucleophilic, low oxidation
state metallic centres,®®”>’® in contrast to their heavier
analogues.

3. Reactivity of aluminium—base-
metal complexes

Heterobimetallic aluminium-base-metal complexes exhibit a
wide range of reactivity patterns in small molecule activation
and catalysis. This section will discuss such reactivity, as well
as key structural features of some aluminium-base-metal
species. This will be done following the first-row transition
metals series and classifying reactivity patterns into specific

This journal is © The Royal Society of Chemistry 2023
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transformations, including small molecule activation (e.g. N,
CO,, CO, azides, etc.), C-H activation and oxidation reactions.
Examples are presented in chronological order, except in cases
where subsequent studies complemented earlier ones. It is
important to emphasise that oxidation states will be explicitly
depicted for those species that have undergone extensive inves-
tigation, and authors have unambiguously assigned them in
their respective studies.

3.1 Scandium

Heterobimetallic complexes bearing an Al-Sc bond are still
rare and have received limited attention until a recent report
from Yamashita and co-workers.”” In this work, the authors
synthesised a novel Al(1) anion (5, Scheme 4A), which was used
to furnish two unprecedented complexes featuring Al(1)-Sc(ur)

A. Synthesis of Al(l)-Sc(lll) complexes
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Scheme 4 Synthesis and reactivity of Al(1)—Sc(in) species.
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bonds via salt elimination. Indeed, reaction of 5 with selected
bis-amido Sc(ui) chloride species furnished complexes 6 and 7,
which were isolated in good yields (Scheme 7A). Single Crystal
X-Ray Diffraction (SC-XRD) analysis of such species showed an
Al-Sc bond length of 3.0395(5) and 3.018(1) A for 6 and 7,
respectively, thus lying between the sum of Al and Sc covalent
(2.74 A) and van der Waals (3.95 A) radii.”® This feature, which
was previously observed in Al-Y complexes,”* strongly suggests
a partial ionic character of the intermetallic bond.
Additionally, the Al-N distances in 6 and 7 are essentially iden-
tical compared with aluminium anion 5 (AI-N = 1.849(3) and
1.854(4) A), which supports the +1-oxidation state on the Al
centre.

Regarding the reactivity of such heterobimetallic com-
plexes, 6 was found to be stable in the solid state. However,
when dissolved in benzene, it slowly decomposed to complex 8
(Scheme 4B, top) via C-H bond activation of the methyl group
of the btsa ligand. This transformation was proposed to
proceed through oxidative addition at the Al(1) centre.
Heterobimetallic Al-Sc systems were also tested towards Sy2-
type reactivity. Complex 7, which is stable in solution, was
reacted with alkyl electrophiles (e.g. bromodiphenylmethane,
Ph,CHBI), resulting in the formation of species 9, which exhi-
bits a 1,4-dialuminiumcyclohexadiene motif. In addition,
homocoupling product 10 was obtained in 74% yield
(Scheme 4B, bottom). Interestingly, formation of species 9
does not occur in the absence of alkyl halide or when using
toluene as solvent. Moreover, homocoupling product 10 was
observed when reactions were run both in benzene and
toluene, suggesting that they are not involved in its formation.
Computational studies suggest complex 9 is formed via
exchange of the coordinated THF in 7 for benzene, followed by
a nucleophilic attack of the Al(r) lone pair involved in Al-Sc
bonding. This would yield an Sc-stabilised Meisenheimer
complex (9-int) as the key intermediate of this transformation.
As for 10, computational studies indicate a synergistic acti-
vation of the C-Br bond through a 2e™ process. First, the
halide coordinates to the Sc centre, which triggers a nucleophi-
lic attack of the Al(1) atom that cleaves the intermetallic bond
to furnish a new Al-C bond (10-int). This new organometallic
bond can act as nucleophile and attack a Ph,CHBr molecule,
leading to the formation of 10.

As observed, the chemistry of Al-Sc heterobimetallic com-
plexes is still in its early stages of exploration and requires
further development towards the development of novel small
molecule activation pathways. Nevertheless, the aforemen-
tioned findings reported by Yamashita suggest that combining
Al with Sc holds promise for the development of efficient
systems in cooperative C-H and C-X bond activation and
catalysis.

3.2 Titanium

Since the discovery of the Ziegler-Natta process,”*® Ti com-
plexes have been broadly applied in polymer and synthetic
organic chemistry.®! Due to the significance of such polymeriz-
ation processes and the practicality of Tebbe’s reagent,®* the
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combination of Ti systems with aluminium species has been
an intense area of research.®*''° Although Ti and Al have been
demonstrated to effectively work in synergistic processes, het-
erobimetallic systems featuring a Ti-Al bond remain largely
underexplored,’*" and their application to catalytic transform-
ations is a feature yet to be discovered.

The chemistry of systems featuring a Ti-Al bond has also
received attention from Yamashita and co-workers.'? In this
study, an anionic Al(1) complex (11) was reacted with Ti(OiPr),,
leading to the formation of a system containing a Ti and an Al
atom with no direct Ti-Al bond (Scheme 5). It is worth men-
tioning that, as a possible mechanism for the formation of 12,
two different mechanistic routes were proposed. Pathway 1
involves the formation of an open-shell Al(u) centre, with sub-
sequent release of Ti(OiPr)z;, while pathway 2 entails the inter-
mediacy of a heterobimetallic species containing a Ti-Al bond.
In both cases, the reaction results in a concomitant redox step
that leads to the formation of species 12. Unfortunately, the
reactivity of such species was not studied in further detail.

Jover and Yélamos have recently reported the synthesis of
low-oxidation state Ti species with an intriguing Ti-Al bonding
situation.'™® Reaction of Cp*TiCl; with LiAlH, in the presence
of donor solvents such as THF or diethyl ether results in the
formation of [{TiCp*(p-H)}{(p-H),AICI(L)},] (13, Scheme 6).
Interestingly, this family of mixed Ti-Al heterobimetallic clus-
ters presents average titanium-aluminium distances of 2.644
(10) A, which are smaller than the sum of covalent radii
(2.81 A) and shorter than those reported for heterometallic
complexes with Ti(m)-H-Al units. Indeed, this short distance
is explained by two strong interactions between the Ti-Ti bond
and the empty s orbitals of Al, leading to unprecedented Ti-Ti
— Al interactions in which the Lewis base donor is the pair of
electrons involved in the Ti-Ti bond. The reactivity of such
bonds is yet to be investigated, but holds the promise of
unique transformations exploiting the rich redox ability of het-
erobimetallic Ti-Al species.
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Scheme 5 Reaction between a low valent Al(1) and Ti(OiPr) 4.
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Scheme 6 Synthesis of heterobimetallic Ti—Al clusters featuring Ti-Ti
— Al interactions.

3.3 Vanadium

Similarly to its 3d neighbour from group 4, V salts have found
broad application in polymer chemistry when combined with
Al(m) organometallic additives."***'® However, there is a lack
of examples of heterobimetallic complexes featuring a V-Al
bond, and the study of the reactivity at the interface of such
species is yet to be meticulously explored.

3.4 Chromium

Pioneering examples of heterobimetallic complexes containing
Cr-Al bonds were reported in 1996 by Fischer and co-
workers.""*™"*' As shown in Scheme 7A, reacting common Al
(mr) halide precursors with K,[Cr(CO)s] in THF, the authors syn-
thesised a collection of anionic species K[RCI(THF)AIl-Cr(CO)s]
through salt elimination. These compounds can be isolated as
solvent-free X[RCIAI-Cr(CO);] species (14a-b) through cation
exchange (X = PPh, or Ph;P=N"=PPh;). When DCM is added
to these species together with a bidentate amine (TMEDA), a

A. Synthesis of Al(I)-Cr(l) complexes
Ka[Cr(CO)s]
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Scheme 7 First examples of Al()—Cr(0) complexes synthesised by salt
metathesis.
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second elimination of KCl takes place, yielding [(TMEDA)RAI-
Cr(CO)s] species 15. Unfortunately, the authors were not able
to analyse the structure of such species by SC-XRD, but their
main features were assigned by comparison with its heavier Ga
(1) analogue (R = Me). Spectroscopically, a significant shift
from 210 to 156 ppm was observed by *’AI-NMR when 15 was
compared with Al(ur) species, which indicates the presence of
an Al(1) centre in 15. The reactivity of heterobimetallic Cr-Al
complex 15 was scrutinised towards the oxidative addition of
halogens X,, resulting in the oxidative cleavage of the Cr-Al
bond (16, Scheme 7B, pathway 1). Additionally, ligand
exchange with hydride sources such as LiH and LiBH, pro-
duced hydride and borohydride analogues of complex 17
(Scheme 7B, pathway 2).

Since then, various synthetic approaches for accessing het-
erobimetallic species featuring Cr-Al bonds have been
reported (Scheme 8). Studies from Schnéckel (19),"** Aldridge
(21-23),"**'** Crimmin and Kong (24),"*® and Liu and Zhang
(25)"?® achieved such heterobimetallic species by ligand substi-
tution using low oxidation state Cr carbonyl species. In con-
trast, Kempe and Kaupp synthesised species 20 via carboalu-
mination.”® These works provided key insights into the syn-
thesis and electronic structure of species featuring Cr-Al
bonds, as well as the nature of such intermetallic bond. These
studies have also provided information about the formal oxi-
dation states of Cr and Al, which was unambiguously assigned
to be Cr(0) and Al(1) in species 20, 19, 24 and 25. Noteworthy,
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Scheme 8 Cr—Al complexes structurally characterised.
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and as far as we know, the ability of species depicted in
Scheme 8 towards small molecule activation and catalysis has
not been explored so far. Hence, the chemical characteristics
and reactivity of the Cr-Al bond are yet to be thoroughly inves-
tigated. This aspect is particularly intriguing considering the
remarkable capacity of low oxidation state Cr species to acti-
vate a diverse range of chemical bonds,"””"*® which ensures a
rich redox reactivity for species featuring Cr-Al bonds and
offers the opportunity for future investigations in this field.

3.5 Manganese

The lightest element of group 7, Mn, has been largely underex-
plored in heterobimetallic complexes bearing a direct Mn-Al
bond, and only a handful of examples have been described so
far,”>123125:129,130 gyritch, Hughes and co-workers pioneered
the field, reporting the first complex featuring a direct Mn-Al
bond (26, Scheme 9) in 1979.”% In this species, AlPh; acts as a
Z-type ligand, accepting charge from the anionic [CpMn
(CO),]” fragment. Complexes 27 and 29 were synthesised fol-
lowing salt elimination routes with Mn(1) and Mn(-1) precur-
sors, respectively, while 28 and 30 were accessed via decarbo-
nylative ligand substitution. While the intermetallic bond in
27 and 28 was not discussed in detail, species 29 and 30 were
unambiguously assigned as low oxidation state Al(1)-Mn(1) het-
erobimetallic systems by means of computational and experi-
mental studies. Unfortunately, and similarly to its group 6
neighbour, the reactivity of Mn-Al species towards the acti-
vation of small molecules and strong bonds has not received
attention from the chemical community. Given the abundance
of Mn, its potential to catalyse a wide range of organic reac-
tions, including C-H activation and oxidation,"** "% as well as
its ability to engage in visible-light-induced transform-
ations,"* the use of heterobimetallic Mn-Al species in small
molecule activation and catalysis represents a promising
opportunity towards more sustainable organic synthesis.
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Scheme 9 Mn-Al species structurally characterised.
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3.6 Iron

Iron is the 3d metal that has been more studied in heterobime-
tallic complexes that feature an Fe-Al bond, thus forming
metal complexes containing the most abundant metals in the
Earth’s crust. Nowadays, a plethora of heterobimetallic Fe-Al
complexes have been described (Scheme 10).”*'?%'35713! Thege
complexes attracted the interest of the inorganic community
due to their particular bonding situation, as well as their reac-
tivity in cooperative small molecule activation. To the best of
our knowledge, the first heterobimetallic complex bearing an
Fe-Al (31) bond was reported in 1979 by Burlicht, Hughes and
co-workers.”” Similarly to Mn species 26, this Fe-Al species fea-
tures a Z-type coordination of AlPh;, which acts as acceptor.
The most exploited route to synthesise such complexes is the
salt metathesis approach, which was used by Braunschweig
and Miiller (32 and 33),"*° Noth (34),'*® Jones and Aldridge
(36, 37 and 39),"*>'*> and Nakata (40),"** while ligand substi-
tution has been reported by Fischer and Frenking*” and Lu"*?
for the synthesis of 35 and 38, respectively. While the reactivity
of complexes depicted in Scheme 10 was not investigated, the
potential of Fe-Al bonds in small molecule activation and cata-
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Scheme 10 Structurally characterised Fe—Al complexes.
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lysis has been studied in detail using other heterobimetallic
complexes, including serendipitous transformations. These
reactions, which are detailed in the section below, include C-
H bond cleavage and small molecule activation processes, as
well as catalytic reduction of N, to NH3.

3.6.1 C-H bond activation. Trying to test the limits of Fe(0)
complexes in terms of number of Cp*Al coordinated to the
metal, Fischer and co-workers focused their efforts on the syn-
thesis of [Fe(AICp*)s] complexes, which were predicted to be
stable by DFT calculations.?””**> With this goal in mind, [Fe(n°-
toluene)(n*-1,3-butadiene)] 41 was reacted with a large excess
of Cp*Al (Scheme 11). However, instead of [Fe(AlCp*)s], the
reaction resulted in a 3:1 mixture of two isomers, 42 and 43,
respectively.’*> SC-XRD analysis of 42 showed Fe-Al distances
in agreement with Fe(0)-Al(1) oxidation states for the AlCp*
moieties (2.2124(15)-2.2419(15) A)"*° and Fe(0)-Al(m) oxidation
states for the [HAI(CH,CsMe,)] fragments (2.3272(14)-2.3686
(15) A). SC-XRD analysis of 43 exhibited similar structural para-
meters. The formation of these structures can be explained
through ligand substitution to generate [Fe(AlCp*),] species,
followed by a C-H bond activation step involving methyl
groups of the Cp* ligands. As far as we know, this study invol-
ving the serendipitous Csp’-~H activation of Cp* ligands rep-
resents the first example of the ability of heterobimetallic Fe-
Al species to perform C-H bond activation.

Fischer and co-workers observed a similar transformation
while studying the insertion of Cp*Al into Fe-Br bonds.'*'
While reacting ECp* (E = Ga, In) with [FeBr,(PPhs),] (X = Cl,
Br) resulted in a Cp* transfer process, when [FeBr,(PPhj;),] was

d
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Scheme 11 First example of C—H bond activation mediated by an Fe—
Al complex.
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Scheme 12 C-H bond insertion in the synthesis of a Fe—Al complex
reported by Fischer.

treated with Cp*Al, complex 44 was obtained in 38% yield
(Scheme 12). In this case, SC-XRD analysis also show