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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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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
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CLAI-R = KIRCI(THF)AI-Cr(CO)g]
R =Cl, Et -78°Ctort, t not isolated
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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-

Ph Q\

[Et,N] Ph._\‘AI+3— o | A—Fo.
) “co : ¥ % \COo
LI : ¢ to |

CO | .
31 ! 32 :
Burlicht and Hughes, 1979 i ]
tm, c
P / | Q}NM% :
Al— "o ' Al 1
tmp/ \CO ) & _-Q
34 5 1 /o :
Néth, 1997 } ~ 0CCO ocCO™
| 33 i
Me . '
Me ¢o Braunschweig and Miiller, 1996
Me Gfm”— CO e ,
- | . !
Me OC CO Me /D|pp :
Me N\ <l |
35 : Al Q\ :
Fischer and Frenking, 1998 ' / ) i
| \ , '
N, 1Me Dipp éd}O !
PP : 36 !
PiPr, ! |
PR ‘ ) 3 Cy :
WAy : AN @ :
AN @ :
(B 1 S A
i LT
1 c :
| y 37 '
38 N e e ’
Lu, 2011 Jones and Aldridge, 2006
Cy
co THE, g N
I \ ,B(DAB)
OCr Fe0—c=0—Al* AN <
OC(| (P\C AI\ >
I+1_o:c_ CO Ph N/ o
DAB B | \CO | v /CO
(DAB)B” Ty co Cy co
39 40

Jones and Aldridge, 2017 Nakata, 2022

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
Me' Me  yAlllFe)=2.3272(14)-2.3686(15) A

N4
a1
Toluene "
8o°c,2h | SCP
Cp*
*Cp ‘ Me
/‘ ‘ Me Me
e :H—l Me
Me i Hc_. \ Me
Me i s._CH;
My S 42, 75%
g N Moy SFAI) =25 ppm
Hy (Al-Fe) = 2.2124(15) - 2.2419(15) A
Me Me .

AIZ_ CH,
M7 Y 43,25%
Me C Meﬂ Me d(Al-Fe) = 2.210(2) - 2.213(2) A
H, d(Al'-Fe) = 2.333(2) - 2.373(2) A
Me'  Me
Scheme 11 First example of C—H bond activation mediated by an Fe—
Al complex.
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treated with Cp*Al, complex 44 was obtained in 38% yield
(Scheme 12). In this case, SC-XRD analysis also shows
different Fe-Al bond lengths of 2.269(1) A (Fe-AlCp*) and
2.469(2) A (Fe-AlBr,-Ph), in agreement with the previously
reported values for Fe(0)-All) and Fe(0)-Al(m) bonds,
respectively.”*'?*'3% [n this example, formation of 44 can be
rationalised by a Csp®>~H bond activation of the phenyl residue
from the phosphine ligand after formation of putative [FeCp*
(AlCp*)(AlBr,)(PPh3)] species, which were not observed. This
unique reactivity of Fe-Al bonds towards C-H activation,
which was not observed when using Ga/In Cp* analogues, can
be attributed to the higher acidity of Al, which leads to more
reactive ambiphilic systems.

Taking advantage of the steric protection that bis-NHC
ligands provide, Driess and co-workers focused on the syn-
thesis of low oxidation state Al(1)-H species embedded in a Fe-
Al unit."*® To this end, a salt elimination-reduction strategy
was employed starting from CNCPPAIBr; (45) and Collman’s
reagent analogue K,[Fe(CO),], resulting in a heterobimetallic
Fe(0)-Al(1) complex 46 (Scheme 13A). With the goal of achiev-
ing Al-H species, different hydride sources were employed
(Scheme 13B). Surprisingly, when KH was added to 46 in tetra-
hydrofuran (THF) or tetrahydropyran (THP), Al(1)-H species 47
were not detected (Scheme 13B, pathway 1). However, com-
plexes 48a-b were formed in high yields. This transformation
is a good example of a-metalation of O-heterocycles with con-
comitant H, extrusion, as evidenced by spectroscopic and
computational studies. Usually, a-metalation processes with
organolithium or organopotassium reagents lead to the clea-
vage and polymerisation of the heterocycle,"**"'** which makes
this reaction particularly interesting. On the contrary, when K
[H(BR3)] species were employed as hydride sources a ring-
opening reaction of THF was observed, yielding complex 55
(Scheme 13B, pathway 2). This transformation, which rep-
resents a pioneering example of C-O cleavage with heterobi-
metallic Fe-Al species, is proposed to start by THF coordi-
nation to the Al(f) LUMO, followed by hydride-mediated ring-
opening of THF.

Over the past year, Crimmin and co-workers made impor-
tant contributions to the development of heterobimetallic Fe—
Al species and their application in C-H activation. In 2022,
they successfully synthesised and studied the reactivity of
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Scheme 13 C-H metalation and C-O bond cleavage mediated by Fe—
Al species.

novel low-spin «’>-hydride Fe(u)-Al() complexes.”>® These
species are readily accessed in excellent yields via a two-step
procedure (Scheme 14A) that involves a first ligand exchange
with FeBr, with NacnacAlH, and phosphine ligands (50a-b)
followed by reduction with Mg turnings (51a-b). SC-XRD ana-
lysis unveiled Fe-Al bond distances close to the sum of their
covalent radii for 50a-b (2.453(1)-2.459(1) A vs. a covalent radii
of 2.43 A),”® prompting the authors to define these systems as
o-alane iron(u) complexes. When reduced with Mg, Fe-Al bond
significantly shortened in species 51a-b (2.2176(13)-2.194(1)
A), which indicates a reduction of the Al centre to a +1 oxi-
dation state. Computational studies of species 51a-b show
these entities reside in an intermediate state between an alu-
minylene-Fe(n) complex and a highly polarized system com-
prising a cationic Al unit and an anionic Fe dihydride frag-
ment. Additionally, SC-XRD analysis revealed that the Fe
centre possesses a distorted octahedral geometry, in which the
aluminyl ligand bends away from the axial position by 45°.
This results in an unusual ground state destabilisation that
strongly impacts their chemical behaviour.

In contrast to traditional, fully saturated d® low spin Fe
complexes, which tend to be stable and unreactive, it was
found that complexes 51a-b were capable of performing C-H
bond activation. Indeed, when 51a is heated in toluene solu-
tion, cyclometalated product 52 is formed via Csp®-H acti-
vation (Scheme 14B, pathway 1). More remarkably, complexes
51a-b were able to selectively activate the C,-H bonds of pyri-
dines with a variety of para-substituents, leading to k*-trihy-
dride Fe-Al species 53 (Scheme 14B, pathway 2).
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Computational studies indicate that the key step for such C-H
bond activation pathways involves a cooperative reductive
deprotonation reaction in which the Fe-Al bond behaves as a
frustrated Lewis-pair (FLP), where the HOMO (Fe-Al c-bonding
orbital) acts as donor and the LUMO (p-orbital on Al) as
acceptor.

In a subsequent study, Crimmin and co-workers further
tested the reactivity of species 51 towards meta- and ortho-sub-
stituted pyridines.'*® This investigation unveiled that meta
substituents hamper C,-H bond activation, leading to Ce-alu-
minated heterocycles. Interestingly, these complexes are not
stable upon heating, which leads to a nucleophilic attack of
the organometallic Al-Cpyigine bond to the Nacnac ligand and
the formation of a tricoordinated Al fragment (54). On the
other hand, when 2-alkyl pyridines were used (Scheme 14B,
pathway 3), Csp®>-H activation occurs under mild conditions,
leading to species 55 after nucleophilic attack on the ligand.
The thermal stability of complex 55 was also investigated.
Interestingly, these studies revealed a series of rearrangements
(when R = H) and deprotonations (when R = Me) involving the
Nacnac ligand, with concomitant extrusion of the initial
2-alkyl pyridine and formation of the corresponding «*-
hydride Fe-Al complex 56. This mechanism was supported by
computational studies, showing a feasible energy activation
barrier of 25.3 keal mol™ for the process depicted in pathway
3. More recently, Gorgas and Crimmin reported a double
Csp®-H activation of CH3CN using 57 (Scheme 14B, pathway
4)."%® SC-XRD analysis exhibited a p*kckn[CHCN]*~ bis-anion
as a bridging unit through the Al atoms (57). Computational
studies indicate that the monodeprotonated acetonitrile
complex acts as intermediate, while the distorted octahedral
geometry of the Fe species contributes towards making poss-
ible this unique reactivity.

3.6.2 Small molecule activation. Given the ability of tripo-
dal, tetradentate Fe-B species to catalyse N,-to-NH;
reduction,'® Peters and Fajardo decided to investigate the
impact of heavier Al congeners in N, activation reactions.'*’
Thus, starting from FeBr, and ligand 58 scaffold in the pres-
ence of Na(Hg) amalgam, complex 59 was achieved in 67%
yield (Scheme 15A). Remarkably, the Fe-Br remained intact in
59, in contrast to metal-aluminium complexes in which
halogen abstraction by the Al centre takes place."®® In 59,
SC-XRD analysis unveiled an Fe-Al bond length of 2.6619(1) A,
slightly longer than the sum of covalent radii. The reduction of
59 using Na(Hg) under N, atmosphere led to the formation of
complex 60, which shows an Fe-Al bond length 2.5393(5) A,
suggesting that 59 induces a closer proximity between the two
metal atoms compared with AltraPhos (depicted in Scheme 10,
complex 38)."*> The Fe-Al bonding in 59 and 60 was described
as a dative Fe — Al(w) interaction, where aluminium acts as a
Z-type ligand that stabilises the o-(Fe-Br/N,) orbital of Fe d,.
parentage. For this reason, further reduction of 60 with Na(Hg)
leads to a well-defined Fe(-1)-Al(m) species 61, which shows an
even shorter Fe-Al bond length (2.485(1) A). This clearly
suggests a stronger stabilising donor-acceptor interaction with
the Al centre, as aforementioned. After characterisation of

This journal is © The Royal Society of Chemistry 2023
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A. Synthesis of NacNacAl-Fe complexes
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A. Synthesis of Fe-Al complexes with tripodal phosphine ligand
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complex 61, its ability to catalytically activate N, was studied
(Scheme 15B). Cyclic voltammetry and FT-IR experiments were
conducted to identify the extent of N, activation in species 61
and its corresponding analogues containing group 13
elements B and Ga. The results revealed a comparable degree
of N, activation among these species, suggesting that the pres-
ence of the group 13 element bonded to the Fe centre has
minimal impact. However, the efficiency of 61 towards N,
reduction was found to be lower compared with the B ana-
logue with two different sets of proton source and reductant
combinations. The authors attributed this lower activity to a
higher preference of species 61 for competing Hydrogen
Evolution Reaction (HER), particularly when the reductant
employed was milder (Cp,Co vs. KCg), preventing the regener-
ation of the active species. It is noteworthy to mention that, to
the best of our knowledge, this process represents the sole
reported reaction wherein an Fe-Al system functions as a
catalyst.

Similar reactivity towards N, activation was described by Lu
and co-workers using AltraPhos-supported Fe-Al species 38
(Scheme 16)."*° After one-electron reduction in THF, species
62 is readily prepared. As expected, spectroscopic and SC-XRD
studies indicate that species 62 presents a weaker N-N bond
compared with 38 due to stronger n-back donation. In
addition, sizeable changes also occur in the Fe-Al bond, which
shortens 0.23 A upon reduction. These features suggest that
reduction occurs at the Fe centre, which adopts a formal oxi-
dation state value of —1. Species 62 allowed functionalisation
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employed in catalytic N»-to-NHsz

of the bound dinitrogen by reacting it with 1,2-bis(chlorodi-
methylsilylJethane in the presence of KCg. The reaction occurs
smoothly, and generates diamagnetic Fe(u) species 63 in a
transformation that involves double substitution of the distal
nitrogen atom as well as four-electron reduction of the N-N
bond. Contrary to the previous example, catalytic functionali-
sation was not explored, but 63 represents an exceptional
opportunity to explore complete N-N bond scission with
release of amines.

Recently, Mankad and co-workers described the synthesis
of a novel Fe-Al heterobimetallic complex, and extensively
investigated its reactivity.'*® By reacting a Nacnac Al(m) iodide
complex with K[FeCp(CO),], complex 64 could be obtained
through a salt elimination route (Scheme 17A). SC-XRD ana-
lysis exhibited a tetracoordinated Al centre with distorted tetra-
hedral geometry, and the Fe-Al bond length was comparable
to the Fe-Al species reported by Aldridge (Scheme 10, species
36 and 37)."”° Computational insight into the atomic charge
and bonding nature of species 64 unambiguously determined
a +3 oxidation state for Al and a zero oxidation state for Fe.
Regarding its reactivity, 64 generates adduct 65 upon reaction
with CO, under mild reaction conditions (Scheme 17B,
pathway 1), representing the first example of Al(m)-base-metal-
mediated CO, activation. Interestingly, irradiation of complex
65 with UV light triggered a formal 1,3-methyl shift, leading to
the formation of species 66. Species 64 is also able to ring-
open epoxides, such as cyclohexene oxide, yielding product 67
(Scheme 17B, pathway 2). Such reactivity studies were comple-
mented with a computational analysis of the reaction profile,
aiming at the elucidation of the cooperative pathways govern-
ing CO, and C-O activation. Surprisingly, computational
studies revealed a low energetic barrier for the homolytic dis-
sociation of the Fe-Al bond in complex 64, which at the same
time is similar to the experimental barrier obtained. Based on
this, a mechanism in which the Fe-Al bond dissociates to
generate a highly reactive metalloradical Fe(i)-Al(u) pair was
proposed. Further evidence of the intermediacy of a metallora-
dical Fe(1)-Al(u) pair was gathered when 64 was mixed with
benzophenone (Scheme 17B, pathway 3), leading to the for-
mation of the NMR-silent species 68. It is worth noting that
the origin of the low energetic barrier for homolytic Fe-Al clea-
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vage is attributed to the significant steric hindrance of the
Nacnac”'PP ligand. In contrast, the less bulky [Nacnac™"Al(Me)-
FeCp(CO),] displays an absence of reactivity towards CO, acti-
vation, further underscoring the influence of the NacnacP'PP
ligand’s steric hindrance.

This first study prompted Mankad and co-workers to
further explore the reactivity of complex 64 under thermal and
photochemical conditions.’®* The more intricate cooperative
ring-opening reaction of THF was subjected to testing
(Scheme 17B, pathway 4), yielding species 69 where Fe and Al
moieties were found to be connected by a linear four-carbon
chain. This transformation represents an uncommon radical
cleavage of C-O bonds of THF, as typical mechanisms with
other Al or Fe complexes involve cationic intermediates.'®*®!
When an episulfide was reacted with 64, rather than forming
ring-opening product, the reaction resulted in a sulfur atom
transfer into the Fe-Al bond (70, Scheme 17B, pathway 5).
Species with weak and labile bonds, such as TMS-Nj3, were
also activated, yielding 71 with concomitant dimerization of
the [FeCp(CO),] metalloradical fragment (Scheme 17B,
pathway 6). Finally, dimerization reaction and CO insertion
into the Fe-Al bond was also observed when 64 was irradiated
with UV light, forming species 72, which can be formulated as
having a Fe=Fe double bond (Scheme 17B, pathway 7).

3.6.3 Miscellaneous reactivity. In 1994, Fischer and
Priermeier reported a collection of heterobimetallic complexes
featuring an Fe-Al bond, aiming at the synthesis of Al-contain-
ing thin films for microelectronics."*® Using a salt metathesis
approach, distinctly substituted haloalumanes were reacted
with K[CpFe(CO),], obtaining species 73-R and 74 in moderate
to excellent yields (Scheme 18A). The structure of such hetero-
bimetallic complexes was unambiguously assigned by SC-XRD
analysis (73-iBu), showing an unsupported Fe-Al unsupported
bond. The Fe-Al distance (2.456(1) A) in 73-iBu was similar to
the distance reported for the adduct [Ph;Al-FeCp(CO),]” 31,7
which led the authors to suggest a Z-type donor-acceptor inter-
metallic bond. Nonetheless, in this case no formal oxidation
states were unambiguously assigned to the metal centres.
Albeit these species were not tested towards small molecule
activation, complex 73-Br can undergo ligand exchange at the
Al centre with alkyllithium reagents or LiBH,, resulting in the
formation of the corresponding alkyl or borohydride derivative
(Scheme 18B). Additionally, species 74 can also undergo Al-
centred ligand exchange transformations to form alumacycles
73-R when mixed with Li-(CH,);-NMe,. As mentioned above,
these heterobimetallic Fe-Al species were employed to obtain
thin films based on Al and Fe, and their reactivity towards
small molecule activation and cooperative cleavage of strong
bonds was not explored.

All the reported heterobimetallic Fe-Al species described so
far, with exemption of N6th’s'*® and Crimmin’s"®® examples,
include a four-coordinated, fully saturated Al centre. An
example of unsaturated Fe-Al species was recently introduced
by Tokitoh and co-workers.'**'*® To do so, Tbb-AlBr,-OEt, 75
was employed as precursor (Tbb = 2,6-bis(bis(trimethylsilyl)
methyl)-4-(tert-butyl)phenyl), which was treated with the

This journal is © The Royal Society of Chemistry 2023
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A. Synthesis of Me-stabilised NacNacAlI-Fe complex
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Scheme 17 Stoichiometric small molecule activation by a heterobimetallic Fe—Al complex via metalorradical pairs.

A. Synthesis of cyclometalated Al-FeCp complexes
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B. Reactivity of cyclometalated Al-FeCp complexes
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Scheme 18 Salt-metathesis-based synthesis and derivatisation of Al-
Fe systems.

This journal is © The Royal Society of Chemistry 2023

anionic carbonyl salt K[FeCp(CO),] to obtain complex 76 in
48% yield after salt elimination (Scheme 19A). Analysis of this
complex after reaction completion by *’Al NMR revealed no
signal, suggesting a tricoordinated structure of the Al centre
that was unambiguously confirmed by SC-XRD analysis."'®*
Although the nature of the Fe-Al bond was studied by means
of computational techniques, no discussion about the formal
oxidation states of each metal was provided. Regarding its reac-
tivity, when 76 was mixed with EBr; (E = Al, Ga) in toluene, a
formal exchange of the aluminyl moiety occurred, generating
Br,Al-Fe complex 77 (Scheme 19B, pathway 1) and Br,Ga-Fe
complex 80 as dimeric species (Scheme 19B, pathway 3), in
both cases with subsequent formation of Al(m) species 78.
When the reaction with AlBr; was performed in a coordinating
solvent such as diethyl ether, monomeric complex 79 was gen-
erated (Scheme 19B, pathway 2). Contrarily, reaction of 76 with
GaBr; in diethyl ether led to dimeric complex 80, which can be
explained invoking the higher Lewis acidity of the Al centre,
making a better acceptor for weakly coordinating ligands. It is
worth mentioning that 77 and 79 were analysed in depth,
including AI*” NMR and characterisation by SC-XRD. Fe-Al
bonds (77: 2.304(1) A, 79: 2.3487(8) A) were revealed to be
similar to parent Fe-Al species 76 (2.319(1) A), and both com-
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Scheme 19 Synthesis of bulky Al-Fe system and its reactivity with
Lewis acids.

plexes were completely NMR silent. Computational studies of
the intermetallic bond in 76 were performed using Natural
Bond Order (NBO) analysis, and although formal oxidation
states were not explicitly assigned, they strongly suggest the
existence of an Fe(u)-Al(1) bond, where aluminium functions
as an X-type donor ligand.

Overall, heterobimetallic species containing an Fe-Al bond
have undergone extensive study since their discovery in the
late 1970s. Initially considered structural curiosities, their reac-
tivity did not attract significant attention until recent years.
Notably, Driess, Crimmin, Mankad, Peters, and others have
demonstrated the potential of these species in small molecule
activation, including the cleavage of strong C-H bonds,
leading to their application in crucial processes such as cata-
lytic N,-fixation reactions. Nonetheless, taking into account
the importance of Fe in organic synthesis,"® chemists have
just scratched the surface of the actual potential of heterobi-
metallic Fe-Al species in small molecule activation.
Considering the abundance and environmentally benign pro-
perties of both Fe and Al, the combination of these elements
in heterobimetallic species capable of performing cooperative
catalytic transformations represents a promising avenue that is
likely to garner increasing attention in the future.

3.7 Cobalt

Steiger and Schwarzhans pioneered the field of heterobimetal-
lic aluminium-base-metal complexes in 1972 with the first
example of a Co complex containing an Al-based ligand (81,
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Scheme 20)."** While this represented a milestone in the field,
the full characterisation of a heterobimetallic species featuring
a Co-Al had to wait more than 20 years, when Schneider and
co-workers reported a SC-XRD analysis of species 84 and 85."
Furthermore, it is worth noting that the majority of the Co-Al
systems reported subsequent to these pioneering
examples,”>73124:125,135,142,1647166 qanjicted in Scheme 20, have
predominantly remained as structural curiosities without sig-
nificant exploration in the realms of small molecule activation
and catalysis. Among these complexes, only 81 and 83 were
synthesised through salt elimination, prevailing the use of
direct coordination of low-valent Al species and ligand substi-
tution reactions.

Recently, heterobimetallic species featuring a Co-Al bond
have received attention from the organometallic community,
and their reactivity has been explored in C-H bond and small
molecule activation. However, it is worth noting that the cata-
Iytic application of such species remains very limited, as Co-Al
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Scheme 20 Structurally characterised Co—Al complexes.
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complexes find application as catalysts in CO, hydrogenation
and oxidation of alcohols (see below).

3.7.1 Oxidation of alcohols. Taking advantage of a double-
decker ligand, Lu and co-workers synthesised a heterobimetal-
lic Al(m)-Co(i) complex for MOF functionalisation.'®” Starting
from H;(pystren), the Al-Co complex 91 was readily obtained
in a 2-step procedure (Scheme 21A). The structure of 91 was
unambiguously confirmed by SC-XRD experiments, featuring a
Co-Al bond length of 2.4671(8) A, 5% shorter than the sum of
Al and Co covalent radii (2.60 A),”® indicating a donor-accep-
tor interaction. Transmetallation reaction with MeLi results in
the formation of organometallic Co-Me species 92. This
complex was anticipated to be a good precursor for the func-
tionalisation of metal organic frameworks (MOF), since its
reaction with -OH residues on the MOF surface (94) was antici-
pated to be straightforward. In this process, organometallic
species 92 was reacted with phenol, producing phenoxide
complex 93 under mild conditions. Encouraged by these
results, 92 was mixed with MOF 94, obtaining Co-Al single
sites on a MOF (Scheme 21B, 95, simplified structures).

A. Synthesis of Co-Al complexes ?l A\
N _J
/ \N \7/ =
1. AlMejs, toluene, reflux — ’ /N
Ha(pystren) NN
2. CoCI(PPh3),, THF N— \.N
&NJJ
91, 84%
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N N— /NB MelLi
N—Col) PhOH /’ \/ eLi
< ’ N/N THF <Me N THF
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B. Anchoring Co-Al complexes in MOF material
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Scheme 21 Catalytic oxidation of benzyl alcohol performed by Co—-Al
systems anchored in MOF material (simplified structure drawn for
clarity).
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Species 93 and 95 were tested in alcohol oxidation reactions,
and albeit they present similar activity towards the formation
of benzaldehyde, species 94 decomposes to an ill-defined
structure and is not amenable for catalyst recycling.

3.7.2 C-H activation. Heterobimetallic species featuring a
Co-Al bond have also been involved in the activation of rela-
tively inert C-H bonds. Fischer and co-workers recently
reported how low valent ECp* (E = Al, Ga) species trigger Csp’-
H activation of -Me residues when mixed with Co(btsa), salts
(Scheme 22), resulting in complex 98.”> SC-XRD analysis of
this heterobimetallic complex presents a Co-Al distance of
2.402(2) A, slightly longer than the previously described
examples'**1%>1% byt shorter than reported AlCo alloys,'®®
while the Co-Cp* distance (1.709 A) is in agreement with a Co
(1) oxidation state (1.714 A for Cp*,Co vs. 1.623 A for
[Cp*,Co][PF,]).**>”® Formation of species 98 can be rational-
ised by a sequence of events, which is illustrated in
Scheme 22. The reaction starts with the insertion of Cp*Al into
a Co-N bond (96), followed by Cp* migration from Al to Co
leading to 97 and a subsequent C-H activation of the one of
the methyl groups of the btsa ligands, resulting in the for-
mation of 98 in 85%. This example illustrates the still underex-
plored ability of systems featuring a Co-Al bonds to cleave and
functionalise C-H bonds.®* Taking into account the ability of
Co to perform such transformations,'”*"”* together with pre-
cedents with heavier group 9 elements,”®®° intensive investi-
gation of Co-Al systems will be crucial to develop novel
methods for functionalizing C-H bonds.

3.7.3 Small molecule activation. Lu and co-workers
exploited the use of AltraPhos in heterobimetallic Co-Al
species containing a Z-type Co — Al interaction
(Scheme 23A)."*> Indeed, such interaction allowed the syn-
thesis of stable Co-Al species 99 with a formal Co(-1) centre
after one-electron reduction of complex 88 with KCg.'*°
Similarly to its Fe analogue (see Scheme 16), the bonded dini-
trogen molecule in 99 also presents an enlarged N-N bond
compared with its precursor as a result of stronger m-back
donation. In addition, the Co-Al bonds in 99 is 0.12 A shorter
than in 88, thus indicating a Co-centred reduction event that
yields a reduced Co atom in a formal oxidation state value of
—1. In this case, and in contrast to highly reduced Fe species

(TMS)N,.H,
Al —— CO*Z—Cp
Co(btsa), /
Cp*Al TMS—N_ /
Toluene S‘
80°C Mme Me 98 85%
(TMSEN 2
| -~
Al \N(TMS)2 (TMS),N » ,
Me I Me Al *C\o*
Me Me (TMS),N Co
Me
9 97

Scheme 22 Formation of Co-Al
mechanism.

species via a C-H activation
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A. Synthesis of reduced Co-Al species

N, K(18-crown-6)
|

Co—p;j
iPrzP( ' PiPry
KC
% —_ \ Al—N
d(Co-Al) = 2.6202(9) A 18-crown-6 N

d(Co-Al) = 2.505(2) A

B. Catalytic hydrogenation of carbon dioxide
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Scheme 23 Synthesis of reduced Co—Al species and their use in cata-
lytic reduction of CO,.

62, the bound dinitrogen molecule could not be functionalised
with 1,2-bis(chlorodimethylsilyl)ethane as this reaction led to
an intractable mixture of products. Nonetheless, the highly
reduced Co-Al species 99 proved to be excellent at binding
dihydrogen, a property that was exploited in catalysis to hydro-
genate CO, (Scheme 23B)."”> The mechanism of CO, hydro-
genation was only studied in depth for the Ga analogue 99-Ga,
resulting in an unprecedented Co(-1)/Co(i) catalytic cycle with a
key oxidative addition of Co(-) into the H-H bond.
Hydrogenation with species 99 is proposed to proceed through
an analogous mechanism, representing a unique catalytic
hydrogenation example of a heterobimetallic Co-Al species.
The activation of E-H bonds using Co-Al species has also
been explored by Nakao and co-workers.'”® Using a PAIP
pincer and following a salt metathesis approach, Al(ur) chloride
precursor 100 was reacted with K[Co(CO),], yielding heterobi-
metallic complex 101 in 73% yield (Scheme 24A). SC-XRD ana-
lysis indicates that the Al and Co centres adopt tetrahedral and
bipyramidal configurations, respectively. In addition, Co-Al
(2.3472(8) A) and Al-Ngpiqe (1.826(3) A) distances in 101 are
similar to previously reported Co(i)-Al(1) complexes, suggesting
a low oxidation state Co centre. Two main transformations
were studied with heterobimetallic complex 101. Firstly, the
coordination ability of 4-dimethylaminopyridine (4-DMAP) was
found to be reversible, illustrating the high Lewis acidity of the
Al centre (102, Scheme 24B, pathway 1). SC-XRD analysis of
102 shows an expected elongation of Co-Al (2.545(1) A) and
Al-Namide (1.885(4) A) distances after coordination of DMAP, as
well as a trigonal bypiramidal Al centre. Inspired by a recent
report from Ozerov,'”” the ability of 101 for O-H bond acti-
vation was tested with H,O and tBuOH. This resulted in the
isolation of dimeric complex 103 (Scheme 24B, pathway 2) and
complex 104 in 91% yield (Scheme 24B, pathway 3). It is
important to note that in both cases, the integrity of the Co-Al
bond was lost, as evidenced by the long Co-Al distances after
O-H bond activation (4.0191(7) A for 103 and 3.3731(9) A for
104), generating an Al alkoxide and a Co hydride. In complex
104, AI-H and Co-H bond lengths suggest that the p-H ligand
is a Co hydride, with partial coordination to the Al centre. It is
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A. Synthesis of Al-Co complex
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Scheme 24 O-H bond activation by a PAIP Co—Al complex.

important to note that treatment of complex 101 with PhNH,
or n-BuNH,, in contrast to Ozerov’s work, did not afford N-H
bond activation products. This fact indicates that the O-H acti-
vation by complex 101 does not proceed via a cooperative
mechanism and can be described as a protonation of the low
oxidation state Co centre.

Contrary to heavier heterobimetallic M—-Al (M = Rh and Ir)
group 9 analogues,® >*%"178 cooperative small molecule acti-
vation with heterobimetallic Co-Al species needs further inves-
tigation if these species are to be applied to catalytic trans-
formations. This is an exceptional opportunity to unlock the
full potential of the field and pave the way for the development
of predictable and efficient transformations using inexpensive
and benign elements of the d and p blocks.

3.8 Nickel

A long story of success is shared by Ni and Al when combined
together, starting with their role in polymerisation reactions
and the so-called “Nickel effect”,'”® which almost one century

This journal is © The Royal Society of Chemistry 2023
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ago set the basis for the discovery of the Ziegler catalysts in
Miilheim an der Ruhr.”>'®° Despite this early discovery and
the potential intermediacy of Ni-Al species in hydro-
alumination reactions and polymerisation,"®"'*> well-defined
heterobimetallic species with Ni-Al bonds remained elusive
until 1995, when Schnockel and co-workers described species
105 (Scheme 25)."®® While Ni has also been extensively used in
combination with Al additives in catalytic processes, the syn-
thesis and reactivity of heterobimetallic species with Ni-Al
bonds has not received the same attention. Pioneering
examples of heterobimetallic species with Ni-Al bonds whose
reactivity has not been studied are depicted in Scheme 25. As
shown, Ni centres coordinated to AICp* fragments have domi-
nated this realm from 1995 to 2014 (105-109),”"'%37'87 with
major contributions by Fischer and co-workers.

The reactivity of Ni-Al bonds has been studied in a more
systematic manner over the past five years, and relevant works
are exemplified below. Among the transformations investi-
gated, stoichiometric small molecule activation has been the
most extensively reported. Notably, a recent report highlights a
unique example in which a heterobimetallic complex featuring
two Ni-Al bonds is used as catalyst for the dearomatisation of
N-heterocycles.

3.8.1 C-H activation. The cleavage of C-H bonds has been
an extensive area of research in heterobimetallic aluminium-
base-metal complexes. In 2004, Fischer and co-workers discov-
ered several E-H (E = C, Si) activation transformations aiming
to synthesise species 106, which represented innovative reactiv-
ity examples of Ni-Al complexes.’® As previously reported,
treatment of Ni(COD), with 4 equivalents of AICp* in hexane
results in the formation of [Ni(AlCp*),] 106 (Scheme 26,

Cp* Cp*
\ / *
AL, Al jiee
i AL Ni
/Ni NI\ *CpAl \ ‘AlCp’
Cp Cp AICp*
105 106
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Fischer, 2004
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' i N 7
; et AN \AI/ Z
' | |
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( Pr)ZP/ | ~p(pr,
", ! \5
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Scheme 25 Structurally characterised Ni—Al complexes.
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Scheme 26 Reactivity of Ni—Al complexes towards E-H (E = C, Si)
bonds.

pathway 1). In an attempt to improve the yield of this trans-
formation, the authors employed benzene as solvent, observ-
ing no traces of 106 but quantitative formation of 111
(Scheme 26, pathway 2). This product results from C-H bond
cleavage of the benzene, which illustrates the ability of Ni-Al
bonds to perform this transformation. SC-XRD of 111 exhibits
a Ni-Al bond distance of 2.2105(11) A (AICp* fragment) and
2.2912(11) A (for HAIPhCp* fragment), which suggest a +3 and
+1 oxidation state for the Al centres in the H-bridged Al atom
and the AICp* ligands, respectively. Alternative control experi-
ments indicate a 16-electron complex with chemical formula
[Ni(AlCp*);] as intermediate, as tetracoordinated Ni species
106 was found to be chemically inert. Interestingly, when 3
equivalents of Et;SiH were added to the mixture of Ni(COD),
and AICp*, complex 112 was obtained in high yield after a
reversible Ni-centred Si-H bond insertion (Scheme 26, pathway
3). SC-XRD analysis of 112 reveals a distorted trigonal bypira-
midal geometry, with Ni-Al distances between 2.180(7) and
2.208(10) A. In a later wok by the same authors, this reversibil-
ity was employed for the selective synthesis of [Ni(PEt;)
(AlCp*);] 107, which cannot be accessed through conventional
one-pot procedures.'®®

3.8.2 Small molecule activation. Complexes bearing a Ni-
Al bond have also been applied to small molecule activation,
albeit most of their reactivity so far involves ligand exchange
studies. An example of such processes was reported by Lu and
co-workers using AltraPhos as ligand (Scheme 27),"** similarly
to Fe and Co complexes 38 and 88, respectively. Reaction of Ni
(COD), with AltraPhos yields a diamagnetic, formally Ni(0)-Al
(m) complex 113.'%® Interestingly, >’Al NMR studies together
with a Ni-Al distance of 2.450(1) A suggests direct Ni-Al
bonding, presumably via a Ni — Al dative bond. A complex
recently reported by Ozerov and co-workers (109, Scheme 25)
displays similar features compared with 113, although in this
work a tris(N-pyrrolyl)aluminium ligand was used.'®” Contrary
to its Ga and In analogues, 113 was shown to be inactive in
catalytic olefin hydrogenation. In a subsequent study from Lu
and co-workers, reduction of Ni-alane species 113 with KCg
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A. Synthesis of Al-Ni complexes based on AltraPhos
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Scheme 27 Synthesis and reactivity of Ni-alane species based on
AltraPhos.

resulted in a dark red solution containing radical anion
114,'®° which was crystallised in the presence of cryptand
crypt-222. SC-XRD studies revealed that the Ni-Al bond dis-
tance in 114 contracts to 2.389(1) A as a result of a Ni-centred
reduction and a subsequent stronger Ni — Al donation.
Furthermore, combined experimental and computational
studies of such species support its formulation as formally Ni
(-)-Al(m), with an unexpected stabilisation arising from a one-
electron polar ¢-(Ni-Al) and a two-electron (3d,.) — Al dative
bond. The reactivity of this open-shell Ni-Al species towards
CO, activation was then tested.'®® Stirring 114 under a CO,
atmosphere yielded K,CO; and a 1:1 mixture of 113 and CO
adduct 115 via a disproportionation reaction. Formation of
such species was rationalised via a nucleophilic attack of
metalloradical 114 to CO,, followed by a reduction mediated
by another molecule of species 114 to generate a formally dia-
nionic nickel diolate. The latter species is proposed to insert a
second CO, molecule to generate a Ni di-CO, intermediate,
which decays to CO;>~ and heterobimetallic complex 115. This
species was independently synthesized by treatment of 114
with ethyl formate, confirming its structural features. SC-XRD
analysis resulted in a Ni-Al bond distance of 2.626(1) A, which
suggests the Ni-Al bond in 115 is weaker compared with 114,
probably due to the strong n-acceptor ability of CO as ligand.
In the example depicted in Scheme 27, the Al atom is
buried, and its role is limited to indirectly adjusting the reac-
tivity of the Ni centre. In a recent example, Lu and co-workers
designed a Ni-Al system featuring a ligand platform that
enables substrates to interact with both Ni and Al centres
(Scheme 28), and promote cooperative activation of sub-
strates.'®’ Treatment of the corresponding Al-based metalloli-
gand 116 with Ni(COD), yields a dimer heterobimetallic pincer
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species (117) bridged by cyclooctadiene (Scheme 28A).
Complex 117 has been fully characterised, and its SC-XRD ana-
lysis revealed an intriguing Ni-Al distance of 2.5805(8) A,
which is longer than the sum of covalent radii. This bond
length, together with the observed pyramidalization of the Al
centre suggest a weak Z-type Ni — Al interaction.”®'* After
characterisation of heterobimetallic species 117, its reactivity
towards ligand substitution with pyridine and phosphines was
tested, resulting in the formation of species 118 (Scheme 28B,
pathway 1). This species was also fully characterised, revealing
that ligand substitution occurs exclusively at the Ni centre,
showing virtually identical Ni-Al bond lengths compared with
parent complex 117. More interestingly, cooperative activation
of small molecules was investigated taking advantage of the
open coordination environment of the bimetallic Ni-Al unit.
As the authors point out in their study, it is important to note
that the Ni — Al interaction breaks after substrate activation as
a consequence of Ni(0) being oxidised to Ni(u). As an example
of C-X activation, Ph-Br was reacted with 117, furnishing
species 119 (Scheme 28B, pathway 2). This example, which rep-
resents the first Ph-Br oxidative addition into an aluminium-
base-metal bond, shows ligation of the halide to the Al centre,
while the phenyl group coordinates the Ni atom. Addition of
H, to 117 generates species 120, which features a bridged Al-
H-Ni and a terminal hydride Ni-H moieties, similarly to pre-
viously reported Ni — B species.’®® Interestingly, complex 120
releases H, upon exposure to vacuum or Ar and converts to
121 when stored under a N, atmosphere (Scheme 28B,
pathway 3). This reactivity shows that the Ni — Al bond inter-
action not only facilitates cooperative activation of substrates,
but also promotes reductive elimination. The open coordi-
nation environment of the bimetallic Ni-Al unit also allows
the Al centre to direct substrates for selective C-H activation at
the Ni site. Indeed, this reactivity was demonstrated by the
reaction of 117 with pyridine N-oxide, which resulted in the
ortho C-H oxidative addition product 122 in 50% yield
(Scheme 28B, pathway 3). Spectroscopic evidence and SC-XRD
analysis is consistent with a Ni centre coordinated by a term-
inal hydride ligand, as well as a C,-cyclometalated pyridine
N-oxide moiety. Importantly, the Al centre engages in a strong
O — Al interaction (1.814(4) A) with the pyridine N-oxide
ligand, which indicates a coordination prior to the C-H oxi-
dative addition event. This transformation is highly relevant,
as it represents a unique example of selective ortho C-H acti-
vation of pyridine N-oxides with well-defined heterobimetallic
complexes pairing a base metal with Al. An intriguing reaction
occurred when species 117 was reacted with weak donors such
as THF or phosphine oxides (123 and 124, respectively;
Scheme 28C). SC-XRD revealed a Ni-Al complex where the
mesityl group shifted from Al to Ni, with a significant contrac-
tion of the Ni-Al distance from 2.5805(8) A to 2.3456(6) A.
These features suggest a ligand-responsive conversion of a Ni-
alane to a Ni-aluminyl complex, which is reversible upon
addition of more COD ligand. Computational analysis shows
that the Ni-Al in 123 and 124 lies in between a Ni(0) — Al(m)
interaction and a polarised covalent Ni(i)-Al(in) bond. Overall,

This journal is © The Royal Society of Chemistry 2023
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Scheme 28 Synthesis and reactivity of PAIP Ni—Al complex.

the rich reactivity in cooperative activation of substrates,
together with its reversible redox processes, represent key fea-
tures that make species 117 a good candidate to be applied in
catalytic transformations.

Very recently, Shoshani and co-workers developed a well-
defined heterobimetallic Ni-Al complex (126) with catalytic
application,'®* which was synthesised through metalation of
the Al(m)-H precursor 125 with Ni(COD), (Scheme 29A).
SC-XRD analysis unveiled a trimetallic NiAl,(p,-H),, in which
both Al atoms are bridged to the Ni centre by a hydride ligand.
In addition, the Ni centre adopts a distorted tetrahedral geo-
metry consistent with an 18 electron Ni(0) centre. In addition,
Ni-Al distances were found to be short (2.3629(7) and 2.3658
(6) A), indicating a strong interaction between both atoms.
Indeed, these distances are consistent with previously reported
Ni-alane species,'**'®” and are shorter than the sum of Ni and
Al covalent radii.”®
dation state of the metal centres was assigned as +3 for Al and
0 for Ni. Considering the importance of hydride species in
hydrogenation and hydroboration of heterocyclic compounds,
the ability of 126 towards the catalytic hydroboration of quino-
line was tested (Scheme 29B). Using HBpin as hydride source
and catalytic quantities of 126 (5 mol%), quinoline was hydro-
genated quantitatively. Catalytic amounts of starting Al(m)-H
125 species or Ni(COD), resulted in lower yields and slower

Based on these structural features, the oxi-

This journal is © The Royal Society of Chemistry 2023

A. Synthesis of Al,Ni complex

QMe Me Q(\Wi Me Me. MON@

/ \
\ I Ni(COD), \ / =N
= H = / \ -
p\ P\ /P

[ en 0 en P I

| |
tBJ tBu tBu
Bu 125 tBu 126, 60% Bu

B. Al;Ni-catalysed dearomatisation of N-heterocycles
Bpin |

N
| N
N R 126 (5mol%) N_H, o
PN hd R
H—Bpin R
/

up to 95% H

Scheme 29 Synthesis and reactivity of Ni-alane species featuring two
Ni—Al bonds.

reaction rates, which highlights the synergistic effect of the
Ni-Al bond and its potential in catalysis. Nonetheless, the
authors highlight that further studies are needed to identify
the responsible catalytically active species and to determine
the true nature of the Ni-Al bond. Albeit the field is still in its
infancy, this pioneering study opens the door to a new horizon
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of catalytic reactivity and the application of heterobimetallic
Ni-Al complexes in organic synthesis and catalytic small mole-
cule functionalisation.

3.8.3 Miscellaneous reactivity. Heterobimetallic Ni-Al
species have also been used to produce metallic clusters. In
2014, Fischer and co-workers described the synthesis of novel
all-hydrocarbon ligand-stabilised binuclear clusters of metal-
core composition Ni,Zn,Al (Scheme 30).”' To do so, species
127, which is synthesised through an unconventional pathway
involving transmetallation, was reacted with 8.0 equiv. of
ZnMe,. After Al/Zn ligand exchange, a 55:45 mixture of
organometallic 128 and 129 species was obtained and pro-
ducts were fully characterised by computational studies, spec-
troscopic techniques and SC-XRD, revealing short Ni-Zn dis-
tances. Furthermore, an open-shell configuration was assigned
to species 129, which makes it an exceptional example within
mononuclear Zn-rich molecules that strictly follow closed-shell
18 valence electron counting. Furthermore, the discovery of
such Ni,Zn,Al species from heterobimetallic Ni-Al complexes
opens the door to new strategies for the synthesis of larger het-
erometallic aggregates.

In summary, the synthesis and reactivity of heterobimetallic
species featuring a Ni-Al bond have opened new avenues in C-
H functionalization, small molecule activation, production of
new metallic clusters, and, importantly, catalytic processes for
the functionalization of organic molecules. It is worth men-
tioning that, although not emphasized in this review, Ni-Al
species have also shown promise as efficient catalysts for
polymerization."®> The pioneering studies reported in this
section have laid the foundation for further exploration. In
fact, we believe future research in this area will likely focus on
developing catalytic systems and exploring the potential of het-
erobimetallic Ni-Al species in synthetic transformations.

3.9 Copper

Forging Cu-Al bonds has attracted increasing attention in
particularly since the discovery of aluminyl
To date, more than a dozen of examples have
been reported, although most of them only contributed to

recent years,
anions.*®*%>!
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Scheme 30 Reactivity of Ni,Alz cluster towards transmetallation with
ZnMe,.
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expanding the collection of structures featuring a Cu-Al inter-
metallic bond, and their reactivity was not further investigated
(Scheme 31). The synthesis of compounds featuring Cu-Al
bonds can be tracked down to a study from 2013 by Bourissou,
Bouhadir, Miqueu and co-workers,"*® who reported two com-
plexes featuring Z-type Cu(r)-Al(m) interactions, 130 and 131.
After this groundbreaking example, a series of complexes fea-
turing Cu-Al bonds was recently synthesised and fully charac-
terised by Crimmin (132 and 135),"*>"*® Power (133),"”” Liu
(134),"*° Lu (135)"°® and Mufioz-Hern4ndez (137)."*° Synthesis
of such heterobimetallic Cu-Al species was achieved through
conventional methods, such as ligand substitution and direct
complexation of neutral low-valent Al(1) species, while salt
metathesis has been more extensively utilised when Cu was
paired to Al starting from Al(i) anions, as reported by Hill and
McMullin and Aldridge.”°**°" While the species depicted in
Scheme 31 were not tested towards small molecule activation,
the reactivity of Cu-Al species with X-type Al(1) ligands has
seen significant advances during the last couple of years (see
below), demonstrating promising potential for catalysis.

3.9.1 Small molecule activation. In 2014, a report on the
synthesis and reactivity of the heterobimetallic CucAls cluster
was published by Fischer and co-workers (Scheme 32).2%%
Species 138, which is synthesised by treating [(PhsPCu)sHs)
with Cp*Al in a 2:3 ratio, was revealed to contain a Cue unit

(iPr), P 1y cl Cl
—~Cu P(iPr Ve
(PP (P NN
s Al 70}]
fep1#3 P P
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Scheme 31 Structurally characterised Cu—Al complexes.
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inside an octahedral Als moiety, with the resulting CugAlg core
being wrapped in a shell of Cp* and H ligands. Interestingly,
species 138 offers the opportunity to investigate the surface
reactivity of the (CueAlg)H, unit towards hydrogenation of
unsaturated organic functional groups. Indeed, 138 was shown
to react with benzonitrile, as depicted in Scheme 32, furnish-
ing 139 in quantitative yield as the 1:1 insertion product. The
reactivity of these clusters was not studied in further detail,
but their hydrogenation ability exemplifies the potential of
complexes bearing Cu-Al bonds in small molecule activation
and functionalisation of chemical feedstock.

McMullin, Hill and co-workers have largely contributed to
this area during the last three years. Inspired by Aldridge’s
breakthrough in the field of anionic Al(1) species,*® the authors
designed a novel seven-membered heterocyclic potassium dia-
midoalumanyl salt (140, Scheme 33) with formula [K{Al
(SINP'PP)1],.29% Through a salt elimination route, anionic Al(1)
species 140 was treated with Cu(i) chloride carbene complexes,
[(NHC™")cucl] and [(M**CAAC)CuCl],>*° which acted as precur-
sors to synthesise heterobimetallic Cu-Al species 141 and 142
in 89% and 79% yield, respectively (Scheme 33A, pathways 1
and 2). In a later work by Hill, Mahon and McMullin, the same
methodology was employed for the synthesis of Cu phosphine
complex 143 in 78% yield.”** The three complexes were iso-
lated and characterised through SC-XRD, unveiling Cu-Al (141:
2.3449(4) A, 142: 2.4028(7) A, 143: 2.3755(3) A) and AI-N (141:
1.8464(10) A, 142: 1.8607(18) A, 143: 1.848(1) A) distances in
agreement with previously reported complexes (Scheme 31),
suggesting a dative X-type Al(1) - Cu(i) bond. The nature of the
Cu-Al intermetallic bond was further studied by testing the
reaction of Cu-Al complexes with heteroallenes. Thus, when
141-143 were treated with N,N'-diisopropylcarbodiimide, com-
plexes 144-146 were obtained in excellent yields (Scheme 33B,
in blue). Noteworthy, as shown in Scheme 36B, the insertion
mode of N,N'-diisopropylcarbodiimide into the Cu-Al bond is
modulated by the ligand attached to the Cu centre, furnishing
a Cu-C bond (145 and 146) or a Cu-N bond (144). Reaction of
heterobimetallic species featuring a Cu-Al bond with CO,

This journal is © The Royal Society of Chemistry 2023
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resulted in 147-149 in good yields (Scheme 33B, in red).
Interestingly, CO, inserts into the Cu-Al bond, which cleaves
after activation with concomitant oxidation of Al(1) to Al(m).
These results highlight the ambiphilic character of the alumi-
nyl-Cu species. Indeed, computational mechanistic insight
into these transformations indicates a polarised Cu’ -Al°*
bond, in which the Al centre acts as an electrophilic site and
the Cu atom as a nucleophile. Decomposition of species 149
results in oxo-bridged species 150, which reacts with another
molecule of CO, to eventually furnish carbonate-bridged
species 151. Further computational studies by Lin, Sheong and
co-workers®® concluded that the rate-determining insertion of
CO, and carbodiimide is followed by several rearrangements,
supporting McMullin and Hill’s work. The insertion, however,
is proposed to be initiated by the nucleophilic attack of the o-
(Cu-Al) bond on the heteroallene coupling partner, providing
valuable insight for developing future Cu-Al-mediated
reactivity.

Indeed, Hill and McMullin recently investigated the reactiv-
ity of Cu-Al species towards terminal alkynes.”’® When
complex 141 was treated with three equivalents of a terminal
alkyne RCCH, bis(alkynyl)aluminate complex 155 or 156 were
obtained with concomitant extrusion of the corresponding
alkene (Scheme 33B, in green). An in-depth study allowed the
authors to determine the sequence of intermediates involved
in this transformation. Thus, after a first insertion of the Cu-
Al bond into the alkyne C-H bond, cuprous (hydrido)(alkynyl)
aluminates 152 and 153 are formed, in a transformation that
could be classified as a Csp-H activation event. This step is fol-
lowed by a hydroalumination reaction of a second molecule of
alkyne, which furnishes (E-alkenyl)(alkynyl)aluminates. These
intermediates could be isolated and characterised crystallogra-
phically only when alkynes bearing bulky aryl substituents
were used (154). Finally, the last RCCH equivalent undergoes
o-bond metathesis with the alkenyl fragment of the (E-alkenyl)
(alkynyl)aluminate via a Cu-acetylide intermediate, releasing
the corresponding alkene and bis(alkynyl)aluminates 155 and
156 after Cu-to-Al alkyne migration. It is important to note
that the experimental study was fully supported by DFT calcu-
lations, which provided further insight into the mechanism of
this unprecedented reaction. The overall process represented a
distinctive scenario of alkyne transfer semi-hydrogenation, in
which the combination of the protic acetylenic C-H bond and
the reducing ability of the o-(Cu-Al) bond furnishes the
necessary hydride source.

Aldridge and Goicoechea took advantage of their ground-
breaking nucleophilic aluminium anion reported in 2018,*®
and together with Zhao and Frenking contributed to the devel-
opment of heterobimetallic complexes pairing aluminium
with Cu. Following McMullin and Hill's work on Cu-Al
species,”®® Aldridge reported the synthesis of xanthene-sup-
ported Al(1)-coinage metal bimetallics and their reactivity
towards CO, insertion reactions (Scheme 34). The xanthene-
supported Al(1) anion 157 was treated with equimolar amounts
of copper-phosphine complex Ph;PCul, affording the bisalu-
minyl cuprate complex 158 in 50% yield after salt elimination
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Scheme 33 Synthesis and reactivity of Cu—Al species reported by Mohan, McMullin and Hill.

and ligand exchange (Scheme 34A, left). The solid-state struc-
ture of 158 features a Cu-Al bond average distance of 2.4046(5)
A, which is shorter than the sum of their covalent radii
(2.53 A) and in agreement with previously reported Cu()-Al(1)
species (vide supra). With the goal of synthesising 1:1 bi-
metallic systems with Cu salts that allow retention of the Cu-P
linkage, phosphines with stronger o-donor abilities were
explored. Indeed, when the reaction was performed with 2.0
equivalents of ¢BusPCul, species 159 was obtained
(Scheme 34A, right). Albeit there was no SC-XRD of this
complex, its structure was unambiguously assigned by means
of spectroscopic experiments and comparison with Ag and Ga
analogues. After structural characterisation studies, the reactiv-
ity of Cu-Al bonds was interrogated with heteroallenes, includ-
ing CO,. Thus, reaction of complex 159 with N,N'-diisopropyl-
carbodiimide led to the formation of species 160 (Scheme 34B,
pathway 1), whereas stirring 159 under a CO, atmosphere led
to carbonate 161 (Scheme 34B, pathway 2). Mechanistic

14278 | Dalton Trans., 2023, 52, 14259-14286

studies unveiled that, similarly to previous examples,**® these
products arise from an initial nucleophilic attack of the o-(Cu-
Al) bond on the heteroallene, which yields species featuring p-
k'(C):x*(E,E') bridging units and Cu-C/Al-E bonds. Formation
of carbonate species 161 was rationalised via a similar mecha-
nism compared with species 151 (Scheme 33), which involves
a rate-limiting CO extrusion and the intermediacy of a reactive
p-oxide Cu-O-Al species.

A follow-up study from Aldridge and co-workers focused on
the reactivity of xanthene-based heterobimetallic Cu-Al
systems towards C-C triple bonds (Scheme 34C).>°” Contrary
to the Cu-Al system reported by Hill and McMullin,>*® when
alkynes are reacted with 159, spectroscopic features of the
product suggest the formation of Z-alkene 162. Indeed,
SC-XRD analysis of the product with R = Et shows addition of
the Cu-Al unit across the alkyne triple bond in syn fashion,
which represents the first example of an (aluminylalkenyl)
copper complex and the first structurally characterised 1,2-

This journal is © The Royal Society of Chemistry 2023
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Scheme 34 Synthesis and reactivity of Cu—Al species reported by Frenking, Goicoechea and Aldridge.

hetero-dimetallation by insertion of an alkyne into a heterobi-
metallic M-M’ bond. Interestingly, if the reaction times are
extended complete consumption of 162 is observed, and spec-
troscopic analysis of the crude reaction indicates formation of
the corresponding anti dimetallated alkene 164. The reaction
mechanism of this isomerisation from Z to E is reminiscent of
a recent report by Yamashita and co-workers describing the
chemistry of B-Au species.”*® Based on this mechanism, iso-
meration from 162 is proposed to occur through Cu-alkynyl
intermediate 163, which can produce formal anti or syn dime-
tallation products after a 1,2-shift of the R group. Evidence of
this mechanism was obtained by isolating the corresponding
(NON)AI-Et complex, whose formation unambiguously demon-
strates that C-to-Al migration is viable. Computational studies
from Sorbelli, Belpassi and Belanzoni provided further insight
into this mechanism and supported the idea of a cooperative
radical-like reactivity of the Cu-Al bond.>*® Reactivity of 162,
which contains a Cu-C and an Al-C bond, was also explored in
the presence of CO. This resulted in an unprecedented copper
acyl complex (165) after insertion of CO into the Cu-C bond,
while the Al-C bond remained intact. It is important to note
that this reaction was observed exclusively with the Z-(aluminy-
lalkenyl)copper complex, which highlights the role played by
Al, which offers additional stabilisation of the acyl unit in 165

This journal is © The Royal Society of Chemistry 2023

via an O — Al interaction. In addition, hydrolysis of such car-
bonylated species results in the formation of a,f-unsaturated
aldehydes 166 via the net hydroformylation of an alkyne.

Overall, the recent eruption of heterobimetallic species fea-
turing a Cu-Al bond has the potential to revolutionise the field
of small molecule activation, as they present unprecedented
reactivity modes. Based on the examples reported in this
section, together with the breadth of application of boryl-
based Cu species in organic synthesis,*® the field of aluminyl-
Cu species is expected to grow in the future, providing new
and unexplored reactivity avenues for the most abundant,
benign and inexpensive coinage metal.

3.10 Zinc

Heterobimetallic complexes bearing a covalent Zn-Al bond
were reported a few years ago by Fischer and co-workers while
studying the reactivity of 1°“row transition metals complexes
bearing btsa ligands towards ECp* (E = Al, Ga) units.”?
Insertion of AICp* into the Zn-N bond of Zn(btsa), resulted in
complex 167, with concomitant reduction of the Zn centre and
formation of the first example of a heterobimetallic complex
featuring a Zn-Al bond. Small molecule activation pathways of
this early example, together with a recent Zn-Al species

Dalton Trans., 2023, 52, 14259-14286 | 14279


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt02722h

Open Access Article. Published on 08 September 2023. Downloaded on 1/24/2026 11:22:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

(TMS),N L N, _Br
“Al——2zn——AlI_ Al IZEN
N N(TMS), \ r
Me Dipp Me Me
167 168
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Scheme 35 Structurally characterised Zn—Al complexes.

reported by Paparo and Jones (168), were not further investi-
gated (Scheme 35).

3.10.1 Small molecule activation. The reactivity of heterobi-
metallic complexes featuring a Zn-Al bond remained unex-
plored until 2018, when Crimmin and co-workers synthesised
a collection of heterobimetallic complexes that included an
aluminium-base-metal complex featuring an L-type Zn-Al
interaction.”*® To do so, neutral Al(1) precursor Nacnac”PPAl
(169) was treated with Nacnac™**ZnEt (170), affording complex
171 (Scheme 36A) after a formal insertion of the Al(1) reagent
into a Zn-C bond. SC-XRD analysis of such species revealed a
Zn-Al bond length of 2.4877(10) A, which was found to be
similar to the Zn-Al distances observed by Fischer (167, 2.448
(2) A).”> The reactivity of these complexes was tested for C-F
bond activation. Contrary to heterobimetallic species featuring
a Zn-Mg interaction, which proved to be active in C-F bond
cleavage, complex 171 remained unreacted when mixed with a
variety of fluorinated (hetero)arenes (Scheme 36B). This inac-
tivity towards C-F bond activation was attributed to two main
factors: the tetrahedral geometry of the Al centre, which dimin-
ished its Lewis acidity; and the steric hindrance of both
Nacnac ligands, which disfavours the required disposition in
the C-F bond activation TS (172). Additionally, computational
studies are in agreement with the experimental results, reveal-
ing a large energetic barrier for this transformation with a
value of AG* = 65.1 kecal mol ™.

A. Synthesis of Zn-Al complex based on MesNacNac ligand

Ve N/Dipp NacnacVesznEt Me N/Dipgt Mes Me
C \, (170) ( % /N:Dé
N Toluene N ‘N
Me \Dipp .t Me \Dipp Mes’ Me
169 d(Al-Zn) 1721.488(2) A
B. Reactivity of xx towards C-F bond activation
B BE:
or 2-Py-CeF5 | Me FoF Me
e Benzene ( N Iw:/_/_/_i \ /Nj "
80°C, t N/ Et ;N
Me \Dipp Mes Me
172

high energy TS (>65 kcal mol™")

Scheme 36 Synthesis and attempted C—F bond activation with Zn-Al
species.
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Me Dipp Me /Dlpp Dipp, Me
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(C @iariD
N N F ;N
\ s Dipp Me
Me Dipp Me Dipp
169 Ph—F 174, crystallised from crude mixture
+ +
Bu_ Dipp 20°C, 5 min By Dipp
N, O B(CoFs) N
@ *2—Ph
7/ /
N N
tBu Dipp tBu Dipp
173 175, 75%

Scheme 37 Successful C—-F bond activation with Zn-Al species via
FLP-type mechanism.

In 2021, Harder and co-workers successfully achieved C-F
bond activation using a heterobimetallic Zn-Al system.>'* In
this work, the synthesis of Zn-Al complexes from 169 and 173
was attempted using fluorobenzene as solvent (Scheme 37).
Instead of the corresponding heterobimetallic species bearing
a Zn-Al bond, the reaction resulted in mixture of a variety of
species, from which Zn and Al complexes 174 and 175 were
identified. These species are the result of a fast C-F bond acti-
vation of fluorobenzene, an unprecedented result with hetero-
bimetallic Zn-Al systems that does not occur with Zn/Ga, Mg/
Al or Ca/Al metal pairs.’>>"*">"® The authors speculated about
the possibility of an intermediate species featuring a Zn-Al
bond as they were able to isolate and characterise the corres-
ponding Zn-Ga analogue. Nonetheless, computational studies
indicate that C-F bond activation does not proceed through a
previously formed heterobimetallic complex. Instead, the
transformation is proposed to proceed via an FLP-type SyAr
reaction in which Al(1) species 169 acts as nucleophile while Zn
cation 173 activates fluorobenzene, making it more
electrophilic.

The synthesis of an unambiguously characterised low
valent Zn(u)-Al(1) complex was recently reported by Aldridge,
Goicoechea and co-workers taking advantage of the practicality
of the salt elimination approach with anionic Al(1) species
158.%'° Indeed, the reaction between 158 and Nacnac™**Znl
(176) results in the formation of a well-defined complex featur-
ing a Zn-Al bond in 85% yield (177, Scheme 38A), the structure
of which was unambiguously confirmed by SC-XRD analysis.
Furthermore, such analysis revealed a Zn-Al bond length of
2.468(1) A, which falls within the range of previously reported
distances for heterobimetallic species with a Zn-Al bond (vide
supra). Complementary computational studies suggest a high
degree of Zn-Al covalency, which was further tested by means
of reactivity towards heteroallenes such as diisopropyl-
carbodiimide and CO, (Scheme 38B, pathways 1 and 2,
respectively). Although in both cases addition into the Zn-Al
bond was observed, furnishing species 178 and 179, only the
CO, adduct could be isolated and fully characterised. As
shown in Scheme 38B, insertion of CO, generates new Zn-C
and Al-O bonds, unveiling the nucleophilic character of the Zn

This journal is © The Royal Society of Chemistry 2023
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A. Synthesis of (NON)AI(I)-Zn(l) complex
tBu
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177,85 %
d(Al-Zn) = 2.468(1) A

B. Reactivity of (NON)AI(I)-Zn(l) complex towards heteroallenes
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Scheme 38 Synthesis and reactivity of (NON)Al-Zn species towards
heteroallenes.

centre, the electrophilic role played by the Al atom and the
ambiphilic character of the heterobimetallic complex.

A similar heterobimetallic Zn(u)-Al(1) complex (180) featur-
ing a SIONOSi backbone has been recently reported by
McMullin and Coles (Scheme 39).>'” Complex 180 presents a
Zn-Al bond length of 2.4860(5) A, almost identical to species
177, and shows the same reactivity pattern with CO,.
Interestingly, McMullin and Coles have been able to isolate
and fully characterise the corresponding p-oxo bridge Zn-O-Al
species (181), which has been previously proposed to partici-
pate as intermediate in the conversion of CO, to carbonate in
bimetallic systems.**" Indeed, when species 181 was treated
with CO,, a carbonate species analogous to 162 was obtained,
demonstrating the intermediacy of p-oxo M-O-Al species.

Me 'e /D|pp Mes, Me Me,, '\v/l_e /Dipp Mes,v Me
O/SI_N\ L N) N2O O/S'_N\ o N )
\ _ ’ N \ . / N
o5 N\ Mes’ Me Me“‘?I N Mes' Me
Me Dipp Me Dipp
180 181

Scheme 39 Reactivity of (SINONSIi)Al-Zn towards nitrous oxide.
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4. Conclusion and prospect

In summary, heterobimetallic complexes pairing abundant
base metals with aluminium are emerging as promising
alternatives to noble metals in small molecule activation,
mainly due to the synergy of aluminium with 3d centres. The
studies showcased in this review demonstrate the potential of
aluminium-based ligands to confer nobility to base metals and
their potential to unveil cooperative catalytic methods for the
functionalisation of organic molecules. Paralleling recent
applications with noble metals (vide supra), implementation of
heterobimetallic Al-base-metal complexes in C-X cleavage (X =
hydrogen, halogen, ether, amine, etc.) and small molecule acti-
vation has gained significant attention, particularly with the
development of X-type aluminyl anions. Such species have
proved to be exceptional ligands not only for transition metal
centres but also for various elements within the main
group.”??1%218 e believe that this field will see further
advancements combining forces through a multi-disciplinary
approach, where the expertise of synthetic and computational
chemists will be key to enhance the understanding of funda-
mental organometallic cooperative events involving heterobi-
metallic AI-BM complexes. Additionally, efforts should be
directed towards expanding the catalytic applications beyond
hydrogenation, exploring the integration of heterobimetallic
complexes with popular sustainable technologies such as
photochemical,®*® electrochemical and mechanochemical
transformations. Furthermore, it is essential to extend the
scope of heterobimetallic sustainable chemistry to encompass
the main group elements and explore the potential appli-
cations of AI-MG (MG = main group) species in small molecule
activation. This expansion would open new avenues for utiliz-
ing abundant resources in catalysis and contribute to the
development of more sustainable chemical processes. By pur-
suing these directions, it will be possible to unlock the full
potential of aluminium-based heterobimetallic complexes and
drive innovation towards a greener and more efficient future in
synthetic and coordination chemistry.
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