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ABSTRACT

The development of bench-stable Ni(0) precatalysts marks a significant turning point in nickel catalysis, offering a practical path
beyond the long-standing dependence on air-sensitive Ni sources, such as [Ni(COD),] (COD = cycloocta-1,5-diene). These next-
generation complexes provide direct access to the catalytically active Ni(0) oxidation state, while remaining stable to air and
moisture. This simplifies their handling and expands their potential for both academic and industrial applications. In this context,
two main synthetic strategies dominate: ligand exchange from [Ni(COD),] and reduction of Ni(II) salts using chemical or elec-
trochemical methods. The success of bench-stable Ni(0) complexes relies on a targeted ligand design, employing strong n-acceptors
and donors, such as electron-deficient dienes, carbenes, and fluorophosphines, to balance catalyst stability with a high catalytic
activity. At the same time, the ligand environment must allow a facile exchange, without the released ligand inhibiting the metal
centre through re-coordination. Beyond their practical advantages, these systems are compatible with high-throughput and data-
driven discoveries, accelerating the development of C-C and C-heteroatom cross-coupling reactions. As nickel catalysis continues,
bench-stable Ni(0) systems are thought to open up a new generation of sustainable and scalable homogeneous catalysts for many
organic transformations.

1 | Introduction 100-fold greater than that of palladium [6], and its substantially
lower cost make it an attractive choice for large-scale and indus-

Nickel catalysis has gained significant attention in recent decades . .. . . . .
trial applications, where economic considerations are critical.

as a cost-effective and mechanistically versatile alternative to pal-

ladium-based systems [1]. While palladium has long dominated ~ In contrast to palladium, which is typically encountered as low-

cross-coupling chemistry, due to its exceptional activity, selectiv-
ity, and well-understood two-electron redox behaviour [2, 3], the
growing demand for sustainable and earth-abundant catalysts
has shifted focus towards first-row transition metals, particularly
nickel. Despite remarkable progress, Ni-based catalysts still lag
behind Pd in terms of reliability and operational robustness
[4]. Comparable yields and selectivities across certain substrate
classes often require higher reaction temperatures, increased cat-
alyst loadings, expensive additives, or extended reaction times
[5]. Also many nickel salts and compounds exhibit significant
toxicity, and certain species are recognized as carcinogenic when
inhaled. Nevertheless, nickel’s high natural abundance, roughly

spin, diamagnetic Pd(0), Pd(II), or Pd(IV) species during cataly-
sis, nickel accesses a broader range of oxidation states from Ni(0)
to Ni(IV) [7] and more frequently adopts open-shell electronic
configurations, such as Ni(I) and Ni(III). This tendency is com-
monly linked to nickel’s higher d-electron pairing energy relative
to palladium, which makes unpaired-electron configurations
comparatively favourable. This finding is consistent with nickel’s
more compact valence orbitals and the increased repulsion asso-
ciated with electron pairing [8]. For instance, the one electron
reduction of tetrahedral Ni(II) can be comparatively facile rela-
tive to square-planar Pd(II), thereby enabling pathways that
proceed via radical intermediates alongside the conventional
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two-electron oxidative addition [9]. In general, nickel undergoes
oxidative addition more readily, due to its lower reduction poten-
tial, smaller size, and lower electronegativity [10] in comparison
to Pd, and shows a lower tendency for f-hydride elimination in
alkyl-nickel intermediates. These features allow the activation of
challenging or inert substrates, such as aryl chlorides and alkyl
halides, which often resist oxidative addition to Pd(0) [11-17].

However, the high oxidative sensitivity of Ni(0) species, which typi-
cally serve as entry points and key intermediates in catalytic Ni(IT)/
Ni(0) cycles, remains a major challenge. Ni(0) complexes are readily
oxidised by common oxidants, such as molecular oxygen [18],
prompting the widespread use of air-stable Ni(II) precatalysts.
These are typically reduced in situ by strong reductants, including
Zn [19], KCq [20], or NaBH, [21], to generate the active Ni(0) species
(Figure 1). Also the in situ electroreductive synthesis of nickel(0)
complexes starting from [Ni(acac),] (acac = acetylacetonate) has
been reported [22]. While the reduction is an effective approach
in many cases, such reductive reaction conditions can induce cata-
lyst degradation and undesired side reactions, which limits the
scope, controllability and reproducibility of the catalytic reaction
[23]. To address this, modular Ni(II) precatalysts, such as
[(TMEDA)Ni(o-tolyl)Cl], (TMEDA = tetramethylethylenediamine)
have been developed. The lability of TMEDA in such complexes
facilitates substitution by diverse ligands, including mono- and
bidentate phosphines, diimines, and N-heterocyclic carbenes [24].

To circumvent the complexities of an in situ reduction, direct
Ni(0) sources are highly desirable. A key milestone was
Wilke’s 1960 discovery of the 18-electron olefin complex
[Ni(COD),] (COD = cycloocta-1,5-diene, Figure 1), first reported
at the Hauptversammlung der Gesellschaft Deutscher Chemiker
in Stuttgart [25]. This compound became a cornerstone reagent
in organonickel chemistry [26, 27] and remains the standard
Ni(0) source, serving as an effective precatalyst with a wide range
of ligands, including phosphines [28, 29] and N-heterocyclic car-
benes (NHCs) [30, 31]. However, [Ni(COD),] remains highly sen-
sitive to air, light, and temperature, and the liberated COD ligands
can inhibit catalysis, complicating handling and scale-up [18, 32].
These limitations, together with its relatively high cost, have moti-
vated the search for new Ni(0) precursors and ligand frameworks
that combine stability, activity, and controlled activation, while
unlocking previously inaccessible reactivity.

An innovative approach by Garg and coworkers encapsulated
[Ni(COD),] in paraffin capsules containing auxiliary ligands,
which melt under reaction conditions to release the active
[Ni(COD),]/L (L = ligand) species. This strategy enables diverse

coupling reactions, including esterification, Suzuki-Miyaura and
Negishi couplings, under ambient conditions without the need
for stringent air- and moisture-free synthesis techniques
[33, 34]. Beyond such encapsulation, the targeted ligand design
has emerged as a central concept to enhance the stability of
Ni(0) complexes by replacing either one or both cyclooctadiene
ligands. Hereby, the tailoring of the electronic and steric proper-
ties enables the stabilisation of reactive intermediates, modula-
tion of catalytic pathways, and suppression of undesired side
reactions. Advances in this field have allowed nickel catalysts
to rival or even surpass palladium systems in several (novel) cat-
alytic transformations, providing more sustainable and econom-
ically viable catalytic alternatives. The resulting methodologies
now span polymerisation, cross-coupling, carbonylation, reduc-
tive coupling, C—H activation, and hydrogenation reactions [11].

Ultimately, the development of accessible and well-defined Ni(0)
sources that balance stability, cost, and reactivity, while ensuring
precise reaction control, remains a central challenge in advanc-
ing nickel catalysis. Effective systems must not only be air-stable
and easy to handle but also enable the controlled ligand dissoci-
ation under catalytic reaction conditions to provide open sites for
substrate binding, while avoiding re-coordination of the dis-
placed ligand, a well-documented issue for [Ni(COD),]. Key
developments in this area, particularly those focused on cross-
coupling applications, will be discussed in this Concept Article.

2 | Design Principles of Air-Stable Ni(0)
Precatalysts

Air-stable Ni(0) complexes are stabilised by carefully designed
ligands that combine kinetic protection with sufficient lability to
enable catalytic turnover in cross-coupling reactions. Common
ligand classes include electron-deficient olefins, quinones, phos-
phines, and N-heterocyclic carbenes, alongside more recently
developed or ‘exotic’ ligand systems. These ligands fulfil several
critical functions:

« Shielding the Ni(0) centre from oxygen and moisture: bulky
or electron-deficient ligands provide steric and/or electronic
protection, allowing complexes to be handled under ambi-
ent conditions.

« Modulating the electronic properties of nickel: ligands, such
as NHCs, phosphines, and electron-deficient olefins fine-
tune the electron density at the metal centre, thereby con-
trolling reactivity and selectivity.

= Facile ligand exchange
Soluble in organic solvents

— y
L \ .“\‘\‘\_ <\\/;// .
_ N~ | A 4 » Broad reaction scope

Approach 1:
In-situ reduction of Ni(ll) to Ni(0)

. ) ) " Approach 2:
[Ni(COD),] x = Air- and moisture-sensitive Development of bench-stable
Wilke, 1960 * Not thermally stable Ni(0) pre-catalysts
= Expensive
FIGURE1 | To circumvent the use of air-sensitive [Ni(COD),] as a precatalyst in catalytic cross-coupling reactions, alternative strategies have been

developed. These include the in situ reduction of Ni(II) complexes or salts in the presence of suitable ligands, as well as the application of bench-stable

Ni(0) precatalysts. This concept article focuses on the latter approach, whereby a targeted ligand design is central for tuning catalyst stability and catalytic

selectivity as well as activity.
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« Facilitating ligand exchange to generate the active catalyst:
the appropriate lability of stabilising ligands is essential for
the efficient catalyst activation. For instance, electron-defi-
cient alkenes or TMEDA can be readily displaced to allow
coordination of catalytically relevant donor ligands or
substrates.

« Preventing inhibition by liberated ligands: once displaced,
the original stabilising ligand must not re-coordinate or
block the active site, as strongly binding or nonlabile liber-
ated ligands can inhibit catalysis by occupying active sites
and reducing turnover frequencies

« Enabling modular optimisation of precatalyst perfor-
mance: the modularity of these ligand frameworks, for
example through a systematic exchange of functional
groups within the ligand, allows the tuning of stability,
activity, and substrate scope across different catalytic
transformations.

« Ensure sufficient stability of the molecular species: the
agglomeration of the Ni(0) species leading to the formation
of metal nanoparticles has to be avoided.

Recent advances have delivered air-stable Ni(0) complexes that
are both robust and tuneable, designed to minimise ligand or
product inhibition, while supporting a broad range of cross-cou-
pling and other catalytic transformations under operationally
simple reaction conditions.

[Ni(4-CF3-stb),]

[Ni(COD)(DQ)]

[Ni(4-Bu-stb)s]

3 | Nickel(0) Complexes with Electron-Deficient
Olefins

Remarkable efforts in the field of air stable Ni(0) precatalysts
come from Cornella and coworkers, who developed a family
of 16-electron, stilbene-based complexes [Ni(4-R-stb)s;] (stb =
tris(stilbene)), which can be handled under ambient conditions.
In 2019 Cornella first reported the synthesis and catalytic
activity of a unique 16-electron Ni(0)-olefin complex, namely
[Ni(4-CF;-stb);] (Scheme 1) [35]. The p-CF;-stilbene ligands
of the complex render the nickel centre remarkably stable under
aerobic conditions and contribute to the bench stability. In con-
trast, the use of unsubstituted stilbene ligands resulted in complex
decomposition, due to insufficient steric protection and weaker z*
backbonding. [Ni(4-CFs-stb);] was found to undergo ligand
exchange with common donors, such as diamines, phosphines,
and NHCs to afford well-defined Ni(0)-L species. When combined
with auxiliary ligands, [Ni(4-CF;-stb);] showed superior catalytic
performance relative to [Ni(COD),] in heteroaryl Suzuki cou-
plings, C—H activation, Buchwald-Hartwig C—N coupling,
C—O0 arylation of acetals, hydroarylations, and C-SMe reduc-
tion with silanes (Scheme 1b) [35]. Only recently, Cornella
et al. have applied [Ni(4-CF;-stb)] as catalyst without the addi-
tion of any ligands for the heteroaryl-heteroaryl Suzuki
Miyaura cross-coupling reaction under mild reaction condi-
tions. This ‘naked nickel’ catalysed transformation gives access
to a broad scope of heterobiaryl compounds with multiple Lewis
basic heteroatoms [36]. In 2020, the Cornella group reported

Bu o
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N

[Ni(COD)(TO)] [Ni(dtbbpy)(DQ)]
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SCHEME1 | (a)Development of air-stable Ni(0) complexes with electron-deficient olefins. DQ = duroquinone, stb = trans-stilbene, TO = thiophene
oxide. (b) Selected catalytic reactions reported by Cornella [35] and (c) selected catalytic reactions reported by Engle [39].
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[Ni(4-'Bu-stb);] as second-generation catalyst, which exhibited
faster reaction kinetics and broader substrate scope, outper-
forming its CF3 analogue in multiple Ni-catalysed transforma-
tions (Scheme 1). This work underlined the remarkable
influence of the substituents at the para position of the stilbene
unit on the compound’s thermal stability, oxidation behaviour,
and degradation in solution [37]. [Ni(4-‘Bustb);] can also be
employed as ‘naked nickel’ catalyst, without any additional
ligands, for C—N bond formation reactions between (hetero)
aryl bromides and N-based nucleophiles [38].

Contributions to the development of novel and stable Ni(0) sour-
ces have also come from Engle and coworkers, who investigated
the replacement of COD ligands in [Ni(COD),] with olefins or
cyclic dienes bearing electron-withdrawing groups in early 2020
(Scheme 1) [39]. The role of the electron-deficient olefin is hereby
twofold. First, during the reductive elimination transition state,
the negative charge that forms on the metal centre can be delo-
calised into the low-lying LUMO (lowest unoccupied molecular
orbital) of the olefin. Second, such ligands alter the coordination
environment of nickel, allowing access to five-coordinate inter-
mediates that facilitate a facile reductive elimination [40].
Many of these electron-deficient olefins are intentionally steri-
cally encumbered to promote their dissociation and generate
vacant coordination sites on the metal centre. In this context,
a notable example is [Ni(COD)(DQ)] (DQ = duroquinone), orig-
inally reported by Schrauzer in 1962 [41], and later revisited by
Engle and coworkers as a robust, air-, moisture-, and bench-stable
18-electron Ni(0) precatalyst. The complex features a tetrahedral
coordination geometry with orthogonal COD and DQ ligands and
exhibits remarkable thermal stability both in the solid state and
in solution. [Ni(COD)DQ)] can undergo facile in situ ligand
exchange with phosphines, diamines, or N-heterocyclic carbenes,
and has demonstrated broad catalytic utility in catalytic reactions,
such as aryl halide borylation, C—H activation/alkyne annulation,
directed hydroarylation of unactivated alkenes, and decarbox-
ylative cycloaddition to quinazolinediones (Scheme 1c) [39].
Engle and coworkers expanded this concept into a modular ligand
toolkit, introducing quinones, cyclopentadienones, thiophene-S-
oxides, and fulvenes as stabilising ligands, which all resulted in
bench-stable Ni(0) complexes [42]. A comprehensive review of
these developments was published by Engle in 2024 [43].

Xue and coworkers further advanced this field by replacing
COD with 4,4'-di-tert-butyl-2,2’-bipyridine (dtbbpy) to afford
[Ni(dtbbpy)(DQ)], which was found to exhibit distinctive photo-
physical properties. Under 620-630nm light irradiation, it

E
Cavell, 2006
E = COOMe

Hazari, 2012

efficiently catalysed the etherification and amination of aryl
bromides, acting simultaneously as a photocatalyst and as active
metal-based catalyst [44].

4 | Ni(0) Complexes with N-Heterocyclic
Carbenes

Beyond the extensive development of Ni(0) precatalysts stabilised
by electron-deficient olefins, N-heterocyclic carbenes have emerged
as another important class of stabilising ligands (Scheme 2).
Whereas Ni(0)-NHC catalysts were traditionally generated
in situ from [Ni(COD),], recent efforts have focused on the isola-
tion of discrete, well-defined Ni(0)-NHC complexes. Early attempts
to synthesise bisqtNHC) complexes of the type [Ni(NHC),] revealed
that these species were often too stable for efficient catalytic turn-
over in cross-coupling reactions, as the strongly donating NHC
ligands occupied all available coordination sites, therefore pre-
venting substrate binding [7]. To address this limitation,
mixed-ligand complexes of the general form [Ni(NHC)L,], fea-
turing a labile coligand (L =phosphine, olefin, isonitrile, or
CO) were developed. These auxiliary ligands provide kinetic sta-
bilisation under ambient conditions, while allowing facile ligand
dissociation during catalysis under reaction conditions [45].

For example, Ni(0)-NHC-(1,5-hexadiene) complexes were
shown to undergo oxidative addition with allyl chloride deriva-
tives to form (s*-allyl)Ni-NHC intermediates, potentially serving
as entry points to Ni(0)/Ni(I) catalytic cycles [46]. The concept of
NHC-olefin-stabilised Ni(0) species was subsequently expanded
to systems bearing a single NHC and two dimethyl fumarate
(DMFU) ligands by Cavell and coworkers. These complexes
exhibited exceptional long-term stability, showing negligible deg-
radation even after several months [47].

In 2018, Montgomery and coworkers advanced this area by intro-
ducing a family of Ni(0)-NHC precatalysts stabilised by electron-
withdrawing alkenes. Through careful pairing of the carbene
ligand with fumarate or acrylate coligands, they achieved air-stable
Ni(0) complexes whose catalytic activity could be tuned via mod-
ification of the olefin component. These systems demonstrated
excellent performance in reductive couplings of aldehydes and
alkynes, as well as N-arylation reactions of amines, underscoring
the importance of ligand cooperativity in controlling both stability
and reactivity [48].

Beside NHC-based Ni(0) complexes, also cyclic (alkyl)(amino)
carbenes (CAACs) have been considered as ligands for homogeneous

Montgomery, 2018
R' = H, CHj; R? = H; R = CO,Me,
COZEt, COziPr, COZIBU, COZtBU;
R* = Me, Ar

SCHEME 2 | Air-stable Ni(0) precatalysts incorporating N-heterocyclic carbene ligands. The systems developed my Montgomery show a highly

modular character and can be tuned not only via the NHC ligand but also via the coordinating olefins.
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transition metal catalysts [49]. In the field of nickel, [Ni(CAAC),Cl,]
was for example reduced to [Ni(CAAC),] and employed as
catalysts for the homocoupling of various unactivated aryl
chlorides/fluorides. Although this is a robust catalyst, the com-
plex had to be handled under inert conditions [50]. Also,
[Ni(MeBICAAC),] (BICAAC =bicyclic (alkyl)(amino)carbenes)
has been reported as catalyst for Negishi cross-coupling reac-
tions, but again the complex had to be handled under inert
conditions [51].

5 | Ni(0) Complexes with Phosphites

In the search for air-stable Ni(0) catalysts, nickel phosphite com-
plexes have emerged as an important class of systems over the
past two or three decades (Scheme 3). As early as 1997, complexes
such as [Ni(P(OPh);),] and [Ni(P(OEt)s),] were shown to cata-
lyse the Heck-type coupling of aryl and vinyl halides with olefins
and alkynes [52]. Building on these pioneering studies, Stewart
and coworkers reported the synthesis of [Ni(dppf)(P(OPh)s),]
(dppf = (ferrocene-1,1'-diyl)bis(diphenylphosphine)) via the
reaction of nickel tetrakis(triphenyl phosphite) with dppf. This
complex exhibited excellent catalytic activity in C—N bond-form-
ing amination reactions between aryl chlorides and various ani-
lines or alkylamines [53].

To overcome the low yields typically obtained with less reactive pri-
mary alkylamines, the group later developed [Ni(BINAP)(P(OPh);),]
(BINAP = ([1,1’-binaphthalene]-2,2-diyl)bis(diphenylphosphine)) a
complex notable for both, its exceptional air stability and its ability
to couple primary alkylamines in good to excellent yields. The
enhanced reactivity of this BINAP-based system was attributed
to its P-Ni-P bite angle of ~94.5°, which induces geometric strain
and thereby promotes the partial dissociation of the BINAP ligand,
generating the catalytically active bisphosphite Ni(0) species.
Despite these advantages, a key limitation of this system lies in
its dependence on strong bases, which constrains its applicability
to substrates lacking base-sensitive functional groups [54].

Ph,
(PhO)P_ _P(OP), & P
(PhO) P/NI\P(OPh) o o
P
° & ph,

lyer, 1997

_P(OPh),

~
P(OPh); OO Ph,

Stewart, 2014

6 | Nickel(0) Complexes Stabilised by Other
Ligands

Recent developments in nickel catalysis have expanded beyond
traditional olefins, N-heterocyclic carbenes, and phosphite
ligand systems to explore a broader range of ligand frameworks
(Scheme 4). Notably, the successful stabilisation of Pd(0) cata-
lysts with diazabutadiene (DAB) ligands [55] has inspired par-
allel innovations in Ni(0) chemistry. Building on this concept,
N,N’-bis(2,6-dimethylphenyl)diazabutadiene (DMPDAB) and
its bulkier analogue N,N’-bis(2,6-diisopropylphenyl)diazabutadiene
(DIPPDAB) were combined with [Ni(COD),] to afford the com-
plexes [Ni(DMPDAB)(COD)] and [Ni(DIPPDAB)(COD)]. The pri-
mary motivation behind these studies was to generate soluble,
air-stable Ni(0) precursors that can be readily deployed in
in situ catalyst formation under high-throughput experimentation
(HTE) conditions. These complexes excel in this role: when paired
with phosphine coligands such as dppf, CyJohnPhos ((2-biphenylyl)-
dicyclohexylphosphine), PCys, or DPEPhos (bis[(2-diphenylphos-
phino)phenyl] ether), they deliver robust catalytic performance
in Suzuki-Miyaura and C—N coupling reactions. Their combina-
tion of air-stability, solubility, and compatibility across solvent sys-
tems has made them powerful tools for accelerating HTE
workflows and catalyst discovery pipelines [56].

A conceptually distinct yet equally impactful innovation involves
Ni(0) fluorophosphine complexes, exemplified by [Ni(PFPh,),]
[57]. This complex presents a new candidate of air- and mois-
ture-stable precatalysts, synthesised through a one-pot in situ
reduction-fluorination process [58] that stabilises the otherwise
labile fluorophosphine ligands. Thus far, only a handful of fluo-
rophosphine complexes have demonstrated sustained stability in
solution, typically achieved through sterically demanding or
strongly electron-withdrawing substituents at the phosphorus cen-
tre, like ‘Bu or CF; [59-61]. The unique balance of strong z-acceptor
and o-donor properties imparts exceptional electronic stabilisation
to the Ni(0) centre in [Ni(PFPh,),], resulting in unprecedented
bench-stability without compromising catalytic activity. This

CC

PP _P(OPh)s

|
P~ P(OPh),

Stewart, 2015

SCHEME 3 | Development of air-stable phosphite-based nickel(0) precatalysts applied in C—C and C—N cross coupling reactions.

(@) (b)

(c)
> Ni(d) to ligand* backbonding [kcal/mol]:

PFPh,
,\|“ [Ni(PFPhy)4]: 26
PhoFP™" / “SPFPh, [Ni(COD),]: 80
Ph,FP [Ni(COD)(TO)l: 75
[Ni(4-CF3-stb);]: 79
Leitch, 2025 Hanf, 2025
SCHEME 4 | Recent developments have focused on other ligand sets beyond electron-deficient olefins, N-heterocyclic carbenes and phosphites, for

example (a) diazabutadienes (R = CHs, ‘Pr) and (b) fluorophosphines. (c) The sum of the Ni(d) to ligand* backbonding, obtained from second order

perturbation analysis, is shown. Numbers adapted from [57]. TO = 2,3,4,5-tetraphenylthiophene-1-oxide.
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becomes also obvious from the electron back-donation from the
Ni d-orbitals to the ligand* orbitals and underlines the unique
role also in comparison with complexes with electron-deficient
olefins (Scheme 4) [57]. When combined with ancillary ligands,
such as dppf, [Ni(PFPh,),] exhibits remarkable efficiency across
diverse cross-coupling reactions, including Suzuki-Miyaura,
Kumada-Tamao-Corriu, and Buchwald-Hartwig aminations,
often outperforming the conventional Ni(0) source [Ni(COD),].
This superior reactivity is further enhanced by the photolabile
nature of the fluorophosphine ligands, whose UV-induced decom-
position mitigates catalyst inhibition.

7 | Bonding and Stability

To enable the rational design of Ni(0) (pre)catalysts in organic
and organometallic chemistry, it is essential to understand how
the bonding situation controls both reactivity and stability.
This is particularly evident because many Ni(0) complexes
undergo rapid ligand exchange reactions in solution, however,
their robustness towards air and moisture differs dramatically.
For example, both [Ni(COD),] and [Ni(4-CF3-stb);] complexes
show facile olefin exchange, or more precisely partial olefin dis-
sociation, in solution, however, [Ni(COD) ,] is highly air- and
moisture-sensitive, whereas [Ni(4-CF5-stb);] can be handled
under ambient conditions.

These contrasting properties and their underlying origins were
analysed indetail by Mondal et al. in 2022 using (EDA-NOCV)
energy decomposition analysis-natural orbitals for chemical
valence calculations [62]. EDA-NOCV is particularly well suited
for this purpose because it provides a chemically intuitive bond-
ing model at the equilibrium geometry [63, 64]. Their calcula-
tions indicate that the Ni-olefin interaction in [Ni(COD),] is
largely electrostatic, whereas the replacement of one COD by
one DQ ligand in [Ni(COD)(DQ)] increases the covalency of
the interaction. For [Ni(stb);], the electrostatic and orbital
terms contribute equally, and importantly, the para-CF; substi-
tution on the stilbene ligands does not substantially change the
intrinsic nature of the Ni(0)-olefin interaction [62]. Notably,
Mondal et al. also found that the Ni-COD dissociation energy

in [Ni(COD),] is lower than the Ni-DQ dissociation energy in
[Ni(COD)(DQ)]. In line with this, the z-backdonation is
predicted to be~16% higher in [Ni(COD)(DQ)] than in
[Ni(COD),], which reflects the electron-withdrawing, z-accepting
character of DQ [62]. Closely related conclusions were reported
by Hanf et al. for Engle’s [Ni(COD)L] complex (L =2,3,4,5-
tetraphenylthiophene-1-oxide) [57].

Beyond bond metrics, Mondal et al. highlighted that the highest
occupied molecular orbital electron density in [Ni(COD)(DQ)] is
largely ligand-centred, whereas in [Ni(COD),] it is more metal-
centred, which may increase the susceptibility of the latter
towards reactions with air and water [62]. Overall, these stud-
ies highlight that the nature of the metal-ligand interaction,
the localisation of the frontier orbitals, and the extent of
n-backdonation are key parameters that govern not only the
reactivity of Ni(0) complexes, but also their stability under
ambient conditions.

8 | Summary and Outlook

The development of bench-stable Ni(0) precatalysts has advanced
significantly towards systems that are both operationally simple
and highly reactive under ambient reaction conditions. While
traditional nickel sources, like [Ni(COD),], remain widely used,
their sensitivity to air and moisture requires specialised handling
under inert reaction conditions, and high costs, which challenges
the industrial adoption. Recent progress has therefore focused on
air-stable Ni(0) complexes that maintain catalytic efficiency
across a wide range of organic transformations. Current research
reveals that no single Ni(0) system is universally applicable and
ligand-substrate matching and activation conditions remain cru-
cial. Mechanistic challenges, such as off-cycle Ni(I) species and
competing pathways, complicate the catalyst optimisation but
also highlight opportunities for the design of novel Ni(0) sources
and their reactivities. Promising ligand frameworks include elec-
tron-deficient dienes, simple olefins, N-heterocyclic carbenes,
phosphites, diazabutadienes and fluorophosphines, which bal-
ance the stability of the Ni(0) complex with its reactivity in
cross-coupling reactions (Table 1).

TABLE 1 | Representative examples of air stable Ni(0)-based precatalysts for cross-coupling reactions.
Ni,0 source Ligand Representative cross-coupling application = References
[Ni(4-CF3-stb)s] Electron-deficient olefin C—C and C—N cross coupling, oxidative [35, 36]
cyclisation, C—H activation
[Ni(4-'Bu-stb);] Electron-deficient olefin C—C and C—N cross coupling [37, 38]
[Ni(COD)(DQ)] Electron-deficient olefin ~ C—C and C—N cross coupling, borylation, C—H [39, 42]
activation
[Ni(NHC)(bis(acrylate/fumarate))] N-heterocyclic carbene C—N cross coupling, reductive coupling of [48]
aldehydes and alkenes

[Ni(dppf)(P(OPh);),] Phosphite C—N cross coupling [53]
[Ni(BINAP)(P(OPh);),] Phosphite C—N cross coupling [54]
[Ni(DMPDAB)(COD)] Diazabutadiene C—C and C—N cross coupling [56]
[Ni(PFPh,),] Fluorophosphine C—C and C—N cross coupling [57]

Abbreviations: BINAP = ([1,1'-binaphthalene]-2,2-diyl)bis(diphenylphosphine), COD = cycloocta-1,5-diene, DMPDAB = N,N’-bis(2,6-dimethylphenyl)diazabutadiene,
dppf = (ferrocene-1,1’-diyl)bis(diphenylphosphine), DQ = duroquinone, NHC = N-heterocyclic carbene.
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The future development of bench-stable Ni(0) precatalysts will
increasingly focus on creating universal, robust, and tuneable
systems that operate under ambient conditions without the need
for glovebox handling. One major direction is the rational expan-
sion of ligand architectures to fine-tune reactivity, selectivity, and
activation profiles. Hereby, a special focus will be on the modular
design of ligands to enable a facile modification potential. Another
particularly promising avenue is the integration of high-throughput
experimentation and machine learning to accelerate the (pre)cata-
lyst discovery. By systematically screening combinations of Ni(0)
sources, ancillary ligands, substrates, and reaction conditions,
HTE platforms can rapidly generate large datasets that capture
structure-activity relationships. Machine learning algorithms
can then analyse these datasets to identify predictive patterns
and optimal parameter spaces, guiding the rational design of
new Ni(0) systems. Such data-driven approaches will not only
enhance catalyst performances but also improve reproducibility
and scalability. Through these strategies Ni(0) precatalysts that
are cost-effective, recyclable, and compatible with sustainable syn-
thesis paradigms, will be developed. These efforts will help to inte-
grate nickel catalysis seamlessly into industrial and automated
synthesis workflows, ensuring that nickel continues to evolve as
a complementary and essential element of modern catalysis,
rather than merely a palladium substitute.
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