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The field of multimetallic catalysis is rapidly developing and
some multimetallic complexes catalyze organic transformations
to yield the desired products in more efficient ways owing to
the combined action of different metals in a cooperative
fashion. This Concept article describes the recent advances of
cooperative catalysis playing in multimetallic systems such as
homo-multimetallic complexes with short metal-metal distan-
ces, homo-multimetallic complexes with long metal-metal

distances, hetero-multimetallic complexes and metallocene-
based multimetallic complexes with special attention towards
redox-switchable catalysis. Examples are illustrated in which the
use of multimetallic complexes show clear enhancement of
catalytic outcomes when compared with the sum of their
corresponding mononuclear counterparts. Furthermore, several
examples are discussed showing the effects of electronic
communication in cooperative systems.

1. Introduction

Metal-based catalysts are conventionally prepared and used in
most cases for a specific single step organic transformation. In
contrast to the traditional approach towards organic trans-
formations with a single mononuclear metal catalyst, some
multimetallic catalysts show enhanced catalytic activities owing
to the combined action of different metals. A close proximity of
the metal centers and their consecutive or sequential action
with the substrate molecule in multimetallic systems offers
cooperativity in both homogeneous and heterogeneous catal-
ysis. Therefore, an augmented reactivity can be observed when
the binding affinity of a substrate to the metal increases upon
fixation with another metal. As a result, the multimetallic
catalysts produce an augmented combined effect, which is
greater than the sum of their corresponding mononuclear
counterparts.

The gradually increasing demand of environmentally
friendly and more economical organic transformations to yield
the desired products in more efficient ways need the develop-
ment of multimetallic catalyst systems[1], as this synthetic
strategy could minimize both the product costs and waste
formation. Examples with the rapidly increasing development
of multimetallic catalysts have been demonstrated during the
past few decades. However, the applications of this concept
and its practice could be directly learned from Mother Nature,

which offers a wide range of metalloenzymes possessing more
than one metal center. The metal centers in these metal-
loenzymes interact in a cooperative fashion to achieve efficient
catalytic activity.[2] The natural enzyme urease catalyzes the
conversion of urea to ammonia and carbon dioxide in a
cooperative fashion utilizing two nickel(II) centers, which is
depicted in Figure 1.[3]

A large number of bio-transformations are also known to be
achieved in a single reaction via the subsequent and ingenious
action of more than one enzyme in an ordered fashion.[4]

Therefore, mimicking the natural bio-transformations by en-
zyme catalysts has received tremendous attention by chemists
in both industry and academia. One of such examples is the
industrial preparation of acetic acid from methanol by the
Cativa process involving the carbonylation of methanol by a
promoted iridium/iodide catalyst.[5,6] The Cativa process also
offers remarkable improvements over rhodium based catalysts.
The presence of a ruthenium carbonyl catalyst promotes the Ir-
catalyzed carbonylation of methanol to acetic acid. NMR
spectroscopic data indicates that combination of the ruthenium
and iridium complexes leads to an intermediate, in which both
metals are connected together by a halide bridge.[7] A mixture
of platinum and iridium complexes have also been successfully
utilized for the carbonylation of methanol to acetic acid with a
positive combined effect of dual metals[8] and the activity of
rhodium based systems could be drastically increased by
employing a dinuclear catalyst supported by a macrocyclic
ligand framework (Scheme 1).[9] Bimetallic catalyst systems such
as Mo� Co[10], Re� Pt[11] and Mo� Ni[10] have also been used in
industry for naphtha reforming and hydro desulfurization
processes.

In this context, a wide range of developments have been
initiated on the synthesis and functionalization of multimetallic
catalyst systems to facilitate complicated catalytic transforma-
tions in a more convenient way by combining several catalytic
transformations in a single-pot tandem fashion. However, the
establishment of a method for the quantitative measurement of
cooperativity is still in its infancy. Recent reports demonstrated
the measurement of cooperativity for the simpler systems at
the molecular level could be achieved by energy
consideration.[12,13] Therefore, the measurement of interaction
energies of the entire system with respect to the interaction
energies between all individual subsystems will allow determi-
nation of cooperativity for a system in which no chemical
transformations occur. For the systems where chemical trans-
formations occur, the cooperativity can be measured by
considering the energy of activation in the synergistic system
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Figure 1. Urea hydrolysis assisted by urease enzyme.
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compared with the activation energies of the corresponding
subsystems bearing no such activating moiety. However, for
more complicated systems, cooperativity can be determined in
general only at a qualitative level.[12]

In contrast to monometallic system (Figure 2, A), multi-
metallic systems must be comprised of at least three chemical
entities (substrate and two identical or different metal centers)
to show cooperativity. The substrate gets activated by simulta-
neous or sequential action of at least two functional entities in
a cooperative chemical reaction. The active functional entities
may or may not be part of the same molecule. Cooperativity in
multimetallic systems can be considered to take place when the
combined effect arising from the interaction of the substrate
with the multimetallic system is greater than the combined
individual effects of their corresponding mononuclear com-
plexes. Both electronic and ligand effects may be responsible
for the observed specific reactivity of multimetallic catalysts.[14]

The second metal can either interact directly with the substrate
(C), or only with the other metal center (B), for example by
means of electronic communication or stabilization of inter-

mediates. Binding of the substrate to one metal influences the
interaction of this metal to the other metal center. Alternatively,
the second metal can also be viewed as a ligand on the first
metal, which influences the stereoelectronic interactions of the
first metal with the substrate in comparison to the mononuclear
complex.[14] A more sensitive case arises when the substrate
binds two or more metal centers at the same time (Figure 2, C).
In this particular process the relative participation of ligand
versus electronic effects depends on the nature of the
individual system.[14]

A number of reviews on the topic of cooperativity in
catalysis have already been published,[14,15,16] this article aims to
describe different types of cooperativity in 1.) homo-multi-
metallic complexes with short metal-metal distances, 2.) homo-
multimetallic complexes with long metal-metal distances, 3.)
hetero-multimetallic complexes, and 4.) metallocene-based
multimetallic complexes with special attention towards redox-
switchable catalysis. The scope of this review is to demonstrate
the importance of electronic cooperativity in multimetallic
systems with selected examples and not to give a complete
overview on the advances in this field. Furthermore, ligand-
assisted cooperativity or complexes bearing non-innocent
ligands are not discussed.[17]

2. Cooperative effects in homo-multimetallic
complexes with short metal-metal distances

2.1. Cooperative activation of small molecules

A widespread interest in polynuclear complexes has been
developed since the pioneer work on bimetallic systems by Jack
Halpern.[18] It was assumed that multimetallic systems would
show augmented reactivity patterns compared to those
observed for monometallic complexes.[19] The interest on this
topic was further inspired by the behavior of certain multi-
metallic enzymes acting in a cooperative fashion to reduce
oxygen (Scheme 2).[20,21] Numerous bimetallic complexes of this
kind have emerged afterwards and were studied thoroughly for
their cooperative redox activities.[21,22,23]

There are also several reports demonstrating the applica-
tions of multimetallic complexes towards various organic
transformations.[19,23,24,25] A major difficulty with these complexes
is that the electronic effects have to be precisely controlled to
observe the cooperativity. However, numerous examples of
multimetallic systems bearing transition metals have been
studied well for the above mentioned purpose.

Scheme 1. Carbonylation of methanol catalyzed by dinuclear rhodium(I)
complex.[6,9]

Figure 2. Different interactions lead to cooperativity in multimetallic
systems.[12] Scheme 2. Cooperative binding of dioxygen by hemocyanin.
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Metallobiomolecules are well known naturally existing
catalysts with metal sites working in a cooperative fashion to
activate small molecules by multielectron transformations for
biological function.[26] Similar intermetallic redox cooperation in
bimetallic complexes has potentially been achieved by judicial
ligand design. Nocera and co-workers have demonstrated the
activation of molecular hydrogen by a dinuclear mixed-valence
Ir0/IrII complex 5 through bimetallic cooperative reactivity
(Scheme 3).[27] Their theoretical calculation models have also
established that the flexibility of the supporting ligand frame-
work has a tremendous impact on the observed bimetallic
cooperativity. It was shown that the essential deformation
energy for a metal-metal bond stretching mechanism (from
2.780 to 2.923 Å in possible intermediates) has a strong
influence in the phosphazane-bridged Ir� Ir system. The ligand
thus enables easy and reversible hydrogenation.

Dinuclear complexes bearing halogen bridging ligands,
which could be synthesized from easily available starting
materials, also show augmented reactivity and high structural
variability. The influence of the second metal on the reactivity
of the first metal towards the substrate has also been well
documented.[28] The reaction of the dinuclear rhodium(I)
complex 7 with dihydrogen yields the mixed-valence dirhodium
complex 8, where one of the metals undergoes oxidative
addition reaction and the second one remains unchanged
(Scheme 4). Interestingly, the reaction of this dinuclear RhIII/RhI

complex with dihydrogen even under high pressure does not
show the expected oxidative addition product on the second
metal. This certainly indicates that the rhodium(III) center
regulates the reactivity of the adjacent rhodium(I) center,
probably by the electronic communication through the chlor-
ido-bridging units.[29]

Heterobimetallic complexes of similar type also show
moderate to better activity in different catalytic conversions.[30]

Meyer and co-workers have reported a dinuclear copper(II)
complex 9 based on a pyrazolate framework. The imidazole-
containing ligand scaffold encompasses two copper centers in

close proximity (4.34 Å)[31] to emulate the cooperativity in the
bimetallic system. The complex has been anticipated in the
oxidative C� C coupling reaction in a bioinspired synergistic
approach (Scheme 5).[32]

Pyrazolate-bridged dinuclear iridium(III) complexes have
been known to catalyze the alkyne hydrogenation reactions in
a dinuclear mechanistic fashion (Scheme 6).

The reaction of the dinuclear iridium complex 10 bearing
pyrazolate ligands with excess of diphenyl acetylene yields the
cyclometalated dinuclear complex 11 along with one equivalent
cis-stilbene molecule (Scheme 6).[33] However, the formation of
cyclometallated complex 11 involves many intermediate spe-
cies, of which some have been characterized by spectroscopic
methods. The novelty of these dinuclear compounds is that
each iridium center possesses one labile coordination site, and
both coordination sites are being used for substrate coordina-
tion and therefore the product is released in a concerted way.

The same research group has also investigated bimetallic
cooperative activities with coordinatively unsaturated dinuclear
iridium(III) complexes, which can be synthesized easily from the
dinuclear iridium complex 10. These new dinuclear iridium
catalysts successfully carried out the H� H, C� H, and C� Cl bond
activations in addition to alkene hydrogenation. One example
of C� Cl bond activation using dinuclear complex 12 is shown in
Scheme 6.[34]

Scheme 3. Various cooperative activation of dihydrogen by iridium complex.

Scheme 4. Cooperative activation of dihydrogen by a bimetallic rhodium complex.

Scheme 5. Oxidative C� C coupling by bimetallic copper(II) complex.[31]
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2.2. Transformation of C� O and C� N bonds

Meyer and co-workers have reported the dinuclear nickel(II)
complex 14 based on pyrazolate building block having a resting
state in which the metal binds hydroxide as a H3O2 unit.

[35] The
complex is comprised of similar active metal sites as in the
urease metalloenzyme with a Ni···Ni separation of 4.452 Å and
allows for the transformations of small molecules at the
bimetallic nickel site in a cooperative fashion. Therefore, the
reaction of the dinuclear complex with unactivated amides or
esters results in the hydrolysis of the substrates and leads to
the formation of carboxylato-bridged complexes of type 15
(Scheme 7).

Cooperativity is also observed in the hydroformylation
reaction catalyzed by dinuclear rhodium(I) complexes bearing
phosphine donor ligands.[36] It is worth mentioning that the
billion kilograms of aldehydes and alcohols are being produced
each year by the world’s largest industrial processes using the
hydroformylation reaction.[37] The process involves the reaction
of alkene together with hydrogen and carbon monoxide to
yield either linear or branched aldehydes.

Two different dinuclear rhodium(I) complexes with con-
formational flexibility have been prepared with both rac-et,ph-
P4 and meso-et,ph-P4 ligands (Figure 3).[38] Both dinuclear
complexes show superior activity compared to the industry

dominating mononuclear rhodium triphenylphosphine (Rh/
PPh3) catalysts. Interestingly, the dinuclear complex with rac-
phosphine donor ligand shows greater activity compared to the
complex with the meso-phosphine donor ligand. To be precise,
the rac-phosphine donor complex shows ~40 times faster
reaction rate and has a higher linear to branch aldehyde
regioselectivity when compared with the commercially available
catalysts (Rh/PPh3). Bimetallic complexes and cluster complexes
showing less hydroformylation activity compared to the
commercial Rh/PPh3 catalysts have also been demonstrated in
literature.[36] The dinuclear complex rac-16 contains no Rh� Rh
bond and the two rhodium centers are separated by a distance
of 5.505 Å.[39] The close proximity of the two rhodium centers is
responsible for the observed cooperative catalysis with dinu-
clear rhodium complexes rac/meso-16. This conclusion was
further confirmed by comparing the activity of this complex
with two other similar complexes 17 and 18. In both complexes,
the two rhodium centers are separated further apart by utilizing
1,3-propylene or rigid p-xylene spacers. Both complexes show
poor activity, which is comparable to their mononuclear
counterparts. This evidence again supports the bimetallic
cooperativity in complexes having shorter metal-metal distan-
ces.

The ability of zinc(II)-containing catalysts to promote the
hydrolytic cleavage of ester bonds has been studied for

Scheme 6. Various cooperative actions of dinuclear iridium complexes.

Scheme 7. Hydrolysis of unactivated amides and esters by dinuclear nickel(II) complex.
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decades. However, improvement of the catalysts to accelerate
hydrolysis of special phosphate esters has drawn much
attention.[40] A promising approach to augment the efficiency of
either the catalysts or the hydrolytic agents is the use of
polymetallic systems. One of the early examples of synthetic
bimetallic catalysts for the mentioned purpose was demon-
strated by Breslow in 1995.[41] In these bimetallic catalysts each
zinc(II) center is coordinated to a tridentate macrocyclic ligand
and which are connected to each other by different spacer
units (Figure 4). The reactivity of a specific type of complex can

be controlled by varying these spacer units. When using a
flexible alkyl linker, the reactivity of the catalyst remains the
same as the mononuclear zinc(II) complexes. However, employ-
ing a rigid 4,4’-biphenyl spacer leads to an decreased reactivity
of the bimetallic catalyst compared to the monometallic
counterpart (Figure 4).[41]

The influence of the ligand scaffold on cooperative
reactivity has also been investigated.[42,43] Bencini, Bianchi,
Paoletti and co-workers synthesized dinuclear zinc(II) complex
bearing a macrocyclic [30]aneN6O4-ligand.

[44] This dinuclear zinc

Figure 3. Dinuclear rhodium(I) complexes for hydroformylation reaction.

Figure 4. a) Structure of ligand scaffold; b) The proposed mechanism of the bimetallic catalysis.
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(II) complex 21 is ~10 times more active compared to the
corresponding mononuclear complex (Figure 5). Although in
both complexes (19 and 21) the substrate binds to both zinc(II)
ions, in the latter the two zinc(II) centers stay in close proximity,
leading to augmented cooperative activity compared to
complex 19. In contrast to 19, both metals in complex 21 form
the reactive hydroxo complex and the resulting dihydroxo
species, which is also responsible for the substantial increase in
reactivity compare to the bimetallic monohydroxo complex 19.
The monohydroxo complex is less reactive as it has a great
tendency to undergo the unreactive μ-hydroxo bridge
formation.[42,43] A large number of reports demonstrating
cooperative catalysis using bimetallic zinc(II) complexes based
on different ligand scaffold and spacer units.[45]

Zinc complexes have also been employed in enzyme-like
catalytic transesterification reactions. The tetranuclear cluster
Zn4(OCOCF3)6O (22) was able to transform methylesters with a
variety of alcohols with high chemoselectivity,[46,47] as well as
the conversion to oxazolines (Scheme 8).[48] The addition of a
base, such as DMAP, drastically improved catalytic activity.
Investigations into the mechanism showed that the catalytically
active species seem to be dinuclear and trinuclear zinc
complexes, while equivalent mononuclear species showed
virtually no activity.[47] For manganese and cobalt, two structur-
ally similar dinuclear systems were synthesized and employed

in the transesterification of amides and esters, respectively.[49]

These complexes feature two octahedral coordinated metals
chelated by a bidentate N,N-ligand and a carboxylato- or
acetylacetonato moiety, as well as two bridging alkoxides.
Similar to the zinc complex, the catalytic activity of comparable
mononuclear complexes was remarkably lower than that of
those bimetallic systems.

One forward step towards the highly challenging design of
suitable ligands to pursue enhanced bimetallic catalysis has
been taken by Bera and co-workers,[50] who have investigated
the catalytic activity of a dinuclear palladium(II) complexes
having a direct Pd� Pd bond. An amide-linked naphthyridine-
ferrocene hybrid building block was used to accommodate
both palladium atoms in close proximity within the same
molecule (Scheme 9). The dinuclear palladium(II) complex
appeared as an excellent catalyst for various organic trans-
formations such as phosphine-free Suzuki cross-coupling and
Heck-coupling reactions. The distance between two palladium
centers in the dinuclear palladium complex measures 2.395 Å.[51]

A bimetallic cooperative mechanism on the same di-palladium
platform operating with substrate addition and product elimi-
nation has been proposed to explain the enhanced catalytic
activity of complex 25. Dinuclear ruthenium complexes of type
26 bearing NHC-functionalized 1,8-naphthyridine ligand have
also been investigated by the same research group.[50,52] These
dinuclear ruthenium complexes show both metal-ligand and
with metal-metal cooperation in the formation reaction of imine
from respective alcohols via dehydrogenative coupling
(Scheme 9).

Cooperative activity of complexes is not only restricted to
bimetallic systems. Polynuclear complexes with a precise ligand
design are also known in literature, showing synergistic
mechanism during catalysis. The tetranuclear ruthenium-oxo-
hydroxo-hydride complex 27 (Scheme 10) shows tremendous
activity in nitrile hydration reactions.[53] The enhanced activity is
due to the effective cooperative action of four metal centers
and the mechanism is also supported by Hill inhibition kinetics

Figure 5. Structure of macrocyclic ligand scaffold[30] aneN6O4 and the
proposed mechanism of the bimetallic catalysis.

Scheme 8. Multimetallic complexes for transesterification catalysis.
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for the hydration reaction of benzonitrile.[53] Interestingly, the
reaction of acetonitrile with the tetrameric ruthenium complex
at 0 °C yields the mono acetonitrile coordinated tetranuclear
ruthenium complex 28, which is even more active than the
tetranuclear ruthenium complex 27 for the same catalytic
hydration reaction. It is believed that the relaxed core geometry
of the acetonitrile-coordinated tetranuclear ruthenium complex
promotes the substrate binding to the other ruthenium centers
in a cooperative manner. The Ru� Ru distances in complex 28
fall in the range 2.70–2.87 Å.

2.3. Transformation of carbon-carbon multiple bonds

Uyeda and co-workers successfully synthesized a dinuclear Ni-
complex based on a naphthyridine-diimine framework.[54] The
complex features two Ni-atoms with a relatively short metal-
metal distance of 2.496 Å, and it has been shown that it is
capable of an impressive amount of cooperative activation
reactions, as well as catalysis (Scheme 11).[55,56] In the cyclo-

trimerization of alkynes, efficient transformation via a pathway
that is not accessible by its monometallic counterparts was
observed,[56] which elegantly highlights the scope of coopera-
tive catalysis.

A number of bimetallic early d-block complexes featuring
metal-metal multiple bonds have been found to catalyze the
cyclotrimerization of alkynes. An early example is a series of
tantalum and niobium chloride complexes bearing organic
sulfur or selenium ligands.[57] These catalysts are more selective
than their monometallic counterparts, as they exhibit a
preference for the 1,3,5-substituted product. While the mecha-
nism is not fully understood, preliminary reactions of niobium
catalyst 30 with two equivalents of alkyne gave rise to a
complex in which both metal atoms underwent cyclometalla-
tion with one alkyne. This suggests that the following reactions
of alkyne occur independently on both atoms, to furnish the
trimerization products (Scheme 12).

In contrast to the niobium catalysts, in the bimetallic
chromium and molybdenum systems featuring metal-metal
quintuple bonds, alkynes are activated along this bond,

Scheme 9. Dinuclear palladium(II) and ruthenium complexes in catalysis.

Scheme 10. Tetranuclear ruthenium complexes in cooperative nitrile hydration reactions.
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allowing for high regioselectivity.[58] The corresponding [2+2]
and [2+2+2] intermediates could be identified, showing that
both metals cooperatively activate the triple bonds
(Scheme 13).

Complexes containing Mo� Mo quadruple bonds have
further been utilized in the activation of haloalkanes. Mashima
and co-workers demonstrated that this reactivity allows for
catalytic hydrodehalogenation, addition and polymerization
reactions.[59] Experimental as well as quantum chemical
studies[60] show that the quadruple bond undergoes one-
electron reductive abstraction of the halide allowing for
subsequent radical pathways.

While the molybdenum and chromium complexes furnish
the 1,3,5-substituted cyclotrimerization products, cobalt and
nickel complexes have been found to give rise to the 1,2,4-
substituted products with high selectivity (Scheme 14).[56,61]

Detailed considerations of the mechanism have been discussed
in another review[15]; it can be summarized that the activation of
the triple bond does not occur in a similar symmetric fashion
along both metals as in the group 6 complexes.[56,62] The first
equivalent of alkyne coordinates to both metals perpendicular

to the metal-metal bond (Scheme 14). A second equivalent
then reacts to give a cyclometallated complex, in which one
metal is part of the five-membered ring and the other is
coordinated by the π-system. The third equivalent then
furnishes the cyclotrimerization product and the catalyst is
regenerated.

Compared to mononuclear complexes, the Ni2 system
performs far better and with higher regioselectivity. This again
demonstrates that cooperative activation can lead to improved
catalytic activity. When compared to the Nb, Mo and Cr
systems, it also shows that no generalization of catalytic
systems in “seemingly” similar transformations can be made
and a variety of different reaction pathways are possible.

Further transformation reactions of alkenes by a dinuclear
ruthenium(II) complex 35 comprised of a bis-NHC ligand on 3,6-
disubstituted pyridazine platform have also been reported in
literature.[63] The complex has been prepared by the deprotona-
tion of the corresponding bis-imidazolium salt, followed by the
addition of [Ru(p-cymene)(Cl)2]2. The dinuclear complex 35
exhibits excellent catalytic activity in the alkene oxidation
reaction depicted in Scheme 15, which can be ascribed to

Scheme 11. Dinuclear Ni-catalyst and selected catalytic reactions.

Scheme 12. Cyclotrimerization with a dinuclear niobium catalyst.
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Scheme 13. Cyclotrimerization with dinuclear Cr and Mo catalysts.

Scheme 14. Cyclotrimerization catalyzed by Ni and Co complexes.

Scheme 15. Oxidation of alkenes by a dinuclear Ru(II) complex.

Scheme 16. Bimetallic complexes for cooperative asymmetric aldol conden-
sation reaction.
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Ru···Ru cooperation during the catalysis. The Ru···Ru distance in
the dinuclear ruthenium complex was measured to be 3.785 Å.

2.4. Cross-coupling reactions and transformation of C-H
bonds

Shibasaki and co-workers have presented a number of dinuclear
Schiff-base complexes as catalysts for various organic trans-
formations. Some of the examples are shown in Scheme 16
with the dinuclear nickel(II) and cobalt(III) complexes (36 and
37) catalyzing an asymmetric aldol reaction between β-keto
ester and formaldehyde.[64] The reactions show excellent yields
owing to the proposed cooperative mechanism where both
substrates are coordinated with the dinuclear catalyst (each
substrate coordinated to one of the metal centers) through the
carbonyl moieties. Many other dinuclear Schiff-base complexes
have also been developed afterwards not only for the
cooperative catalysis but also to catalyze the reactions with less
active substrates.[65,66]

In 2010, Ritter and co-workers reported a palladium
mediated C� H functionalization, catalysed by dinuclear complex
38, which forms in the reaction mixture by self-assembly
(Scheme 17).[67] The Pd···Pd distance in the dinuclear complex
38 was measured to be 2.8628 Å. When investigating the
mechanisms of Pd catalysis, the literature oftentimes discusses
Pd(II/IV) cycles. In this case, oxidation occurs on both Pd atoms
affording a Pd2(II/III) cycle. This study represents a powerful
example of cooperative catalysis and shows that previously
assumed monomeric reactions might actually undergo different
reaction pathways.

Examples have already been shown in this review that
dinuclear ruthenium(II) complexes bearing one NHC-coordi-
nated ruthenium depicts enhanced catalytic activity

(Scheme 15). Following the same strategy of holding two metal
centers in a shorter distance, Chen and co-workers prepared
dinuclear nickel(II) complexes 40 and 41 with bis(NHC) ligands,
showing expected enhanced catalytic activity in C� C cross
coupling reactions due to bimetallic synergetic effects (Fig-
ure 6).[68] It is worth mentioning that the Ni···Ni distances (3.255–
3.216 Å) in both dinuclear complexes (40 and 41) are shorter
than the sum of their van der Waals radii (3.3 Å) of nickel(II).
Therefore, the electronic interaction among two nickel(II)
centers is expected to play a significant role in the observed
cooperative catalysis. Surprisingly, the similar dinuclear palla-
dium complexes bearing pyridazine-functionalized NHC ligand
failed to show the expected enhanced catalytic activity. These
complexes showed good catalytic activity for C� C coupling
reactions with variety of aryl chlorides and aryl bromides.[69]

2.5. Polymerization reactions

Convincing evidence of bimetallic complexes having aug-
mented catalytic activity has been made by Grubbs et al.
Complex 42 shows significantly higher activity (approx.

Scheme 17. Dinuclear Pd-catalyzed C-H transformation.

Figure 6. Dinuclear nickel(II) complexes showing enhanced catalytic activity.
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20 times) compared to the corresponding mononuclear com-
plex [(Cl)2(PCy3)2Ru=CHCHC(Ph)2] in ring-opening and ring-
closing olefin metathesis reactions (Scheme 18).[70,71] The hetero-
bimetallic analogues of these dinuclear complexes, however,
show an even more dramatic increase (up to 80 times) in
activity, which is discussed later in this review.

The enhanced reactivity of the aforementioned bimetallic
complexes towards olefin metathesis can also be explained on
the basis of the associative mechanism. The ancillary metal
center in the bimetallic complex might be acting as hemilabile
chelating group and renders the dissociation of tricyclohexyl-
phosphine during the metathesis reaction.[71]

Ring opening polymerization (ROP) catalysed by dinuclear
complexes are well known in literature and have been
extensively discussed in another review.[72] Nonetheless, we
want to exemplify some complexes showing enhanced reac-
tivity due to cooperative behavior. Wang and co-workers
generated dinuclear aluminum complexes bearing amino bis-
(phenolate) ligand 43 (Figure 7).[73] The bimetallic complexes
show higher activity compared to their mononuclear analogues
in the ring opening polymerization (ROP) reactions, suggesting
cooperation between metal centers. It is suspected, that one
aluminum atom serves as the Lewis acid, while the alkoxy
group bound to the second metal center attacks the incoming
carbonyl moiety of the lactide substrate. A related dinuclear
aluminum complex 44 possessing imino bis(phenolate) ligand
was reported by Carpentier, Kirillov, and co-workers (Fig-
ure 7).[74] This ligand scaffold is more rigid and possesses a
higher rotational barrier around CAr� CAr bond than those

mentioned in amino bis(phenolate) aluminum alkyl complexes.
The catalytic activity of this complex in ROP was also higher
than the analogous mononuclear complex.

3. Cooperative effects in homo-multimetallic
complexes with long metal-metal distances

Although it is well accepted that the close proximity of two
metal centers (3.5–6 Å)[24] leads to enhanced cooperativity,
cooperation between the metal centers has also been observed
in multimetallic complexes with large metal-metal separations.
A significant enhancement in the reaction rate has been
achieved for dihydroalkoxylation of alkyne diol with bimetallic
iridium(I) and rhodium(I) complexes (45 and 46); (Scheme 19).[75]

In these complexes, each metal center is coordinated with two
carbonyl donors and with two pyrazolyl donor moieties. A series
of complexes based upon the different spacer units have been
synthesized for the comparative study in catalysis. The catalytic
activity was found to be highest for the complexes comprising
of an anthracene spacer unit when compared with the 1,3- and
1,4-substituted phenylene spacer units.

Mirkin and co-workers have synthesized allosteric
supramolecular metallosalen catalyst by connecting two Cr(III)-
salen units via phosphine and thioether bonds to two rhodium
(I) centers (Scheme 20).[76]

The supramolecular assembled Cr(III)-salen catalyst 47
shows ~20 fold increase in reaction rate compared to the

Scheme 18. Dinuclear ruthenium complexes and their application in olefin metathesis reactions.

Figure 7. Examples of dinuclear aluminum complexes showing cooperativity in the ROP of lactides.
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monomeric system in the Cr-catalyzed ring opening reaction of
cyclohexene oxide with azide.[76] These catalytic results are also
consistent with the cooperativity observed by Jacobsen and co-
workers with a oligomeric Co(III)-based catalyst.[77] Cooperativity
in multimetallic salen complexes has also been observed in
immobilized metallosalen systems on dendrimers containing
long-chain polymers. For instance, Jacobsen and Breinbauer
developed catalysts comprised of dendrimeric Co(III)-salen
units, which show superior activity in hydrolytic kinetic
resolution (HKR).[66,78] Although it is well accepted that the metal
centers should stay in close proximity to show the enhanced
cooperative catalysis, a significant cooperative effects have also
been observed with large metal-metal distances in many others
macromolecular multimetallic structures known as dendrimer
effect.[79]

Peris and co-workers have demonstrated pyracene-linked
bis-imidazolylidene-coordinated dinuclear palladium(II) com-
plexes 48 and 49. In both complexes, the presence of more

than one metal enhances the catalytic activity of the dinuclear
complex instead of having a large Pd···Pd separation (~13.9 Å).
More pronounced effects in the catalytic activities of these
complexes have been observed in the Suzuki-Miyaura cross
coupling reactions, and the dinuclear complexes appeared to
be more active compared to their mononuclear counter parts
(Scheme 21).[80] A plausible explanation for the enhanced
activity of the dinuclear complexes is assumed to be either due
to the reflection of the higher local concentration of the metal
in the catalytic cycle or to the presence of non-covalent
interactions between substrate and catalyst through the
conjugated π system.

The same research group has also prepared the trinuclear
palladium(II) complexes (50 and 51) bearing tris-NHC ligands. In
both complexes, each palladium center is coordinated with one
NHC donor, one chloride and one η3-allyl ligand. Albeit of the
large Pd···Pd separation, both complexes show good to
excellent activity in α-arylation of propiophenone with aryl
bromides (Scheme 22). In all the cases, the trinuclear complexes
delivered better yield compared to the similar mononuclear
palladium complex.[81]

Sarkar and co-workers have also presented dinuclear iridium
(III) complexes bearing either triazole or cyclometallated NHC
ligands showing enhanced catalytic activity compared to the
similar mononuclear counterparts in the transfer hydrogenation
reaction (Scheme 23). Two newly formed iridacycles in the
dinuclear iridium(III) complex 52 and 53 are almost coplanar
with the central phenyl ring. This planarity is presumed to
conduct the electrochemical communication between two
iridium centers and finally results the cooperativity during the
catalysis.[82] Complex 52 comprising of cyclometallated bis-NHC
ligand appeared as more active compare to the complex 53. In
both complexes, the Ir···Ir separation is almost 7 Å. A similar
trinuclear iridium(III) complex 54, comprising of 1,3,5-triphenyl-
benzene derived triply cyclometallated tris-MIC ligand, has also
been tested for the same catalytic transfer hydrogenation
reaction. The triply cyclometallated complex 54 shows less
activity compare to the doubly cyclometallated complex 52,

Scheme 19. Dihydroalkoxylation of alkyne diol using dinuclear Rh(I) and Ir(I)
catalysts.

Scheme 20. Supramolecular dinuclear chromium(III)-salen complex for cooperative catalysis.
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however, appeared as more active precatalyst than the cyclo-
metallated mononuclear counterpart.[83]

The corresponding trinuclear non-cyclometallated iridium
(III) complex 55 bearing tris-aNHC ligand featuring a 1,3,5-
substitution pattern of the central phenylene ring has also been
synthesized by the same research group. The trinuclear
complex (average Ir···Ir separation: 8.36 Å) delivers conversions
in the transfer hydrogenation reactions, which are almost two
times more than the cyclometallated mononuclear
counterpart.[84] The catalysis results are in agreement with the
dependence of cooperativity with metal-metal separation in the
complexes.

The 1,3,5-triphenylbenzene derived tris-MIC ligand platform
has also been used for the preparation of a trinuclear palladium
PEPPSI (pyridine-enhanced precatalyst preparation stabilization
and initiation) type complex 56. The trinuclear palladium(II)
complex 56 displays possible signs of cooperative effects for
the homogeneous intermolecular α-arylation reactions

(Scheme 24)[83] and gave much higher yield of α-arylation
products when compared with the equivalent yields obtained
by using the corresponding mononuclear complex.

The Pd···Pd separation in this complex measures 14.07 Å,
however, the observed intermolecular π···π interactions be-
tween two central aryl rings might bring the palladium centers
in close proximity to show the observed cooperativity.

Cooperative catalysis with the octanuclear samarium com-
plex 57 bearing large metal-metal separation has also been
documented for N2 activation reaction (Figure 8).[85] In the
activation process, four divalent samarium centers are acting in
a cooperative fashion and each samarium atom is donating one
electron towards the four electron N2 reduction process.[85]

Different multimetallic complexes have also been demonstrated
in literature for cooperative activation of N2.

[86]

Scheme 21. Dinuclear palladium(II) NHC complexes in Suzuki-Miyaura cross coupling reactions.

Scheme 22. Trinuclear palladium(II) NHC complexes for α-arylation reaction.
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4. Cooperative effects in hetero-multimetallic
complexes

Heterometallic catalysts possessing more than one catalytically
active metal center on a single ligand frame, potentially
facilitate complicated catalytic transformations by combining
different catalytic reactions into a single-pot tandem process.
The ligand design is a very logical approach for the synthesis of
heterobimetallic complexes. Examples are demonstrated in
literature where these complexes show augmented catalytic
activity compared to the combined action of their mononuclear
counterparts.

4.1. Cooperativity in early and mid transition metal systems

Thomas and co-workers developed a series of dinuclear Co/Zr
complexes featuring significant metal-metal interactions. These
compounds exhibit unexpected reactivity that is not observed
in their monomeric counterparts. In the Kumada coupling, a
better performance than for comparable monomeric cobalt

complexes was observed (Scheme 25). Furthermore, alkylchlor-
ides could be used as a coupling partner, which is usually not
possible for Co-catalyzed cross-couplings.[87] Computational
studies revealed that the Co� Zr interaction allows for the
reduction to the two-electron-reduced active species. The
reductive elimination step is also facilitated by an intra-
molecular phosphine-dissociation pathway due to the electron
withdrawing capacity of the Zr atom.[88]

A structurally similar complex was able to catalyze the
hydrosilylation of ketones (Scheme 26). In this example, the Zr
atom seems to serve as the reactive site undergoing a ketyl-
radical pathway, while the Co center serves to stabilize the
active Zr(III) site.[89] These two examples show the effect of
electronic communication in multimetallic systems, allowing for
unusual reaction pathways of both metal centers.

Recently, the same group published the semihydrogenation
of alkynes, utilizing another Zr/Co complex. The system
contains a formal Zr� Co triple bond and is able to cooperatively
activate dihydrogen. Mechanisms of the subsequent hydro-
genation are not yet fully understood, and at present exper-

Scheme 23. Multinuclear iridium(III) complexes in transfer hydrogenation reactions.
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imental data suggests two simultaneous pathways
(Scheme 26).[90]

Recently, Marks, Delferro and co-workers have demon-
strated heterobimetallic TiIV/CrIII complexes showing very large
cooperative effects in the ethylene polymerization reactions
(Figure 9).[91]

These heterobimetallic complexes proved to be more active
compared to a mixture of TiIV and CrIII tandem catalyst.
Interestingly, it has also been found that the activity of the
heterobimetallic polymerization catalysts diminished with in-
creasing the Ti···Cr spatial separation (Ti···Cr distances: 4.67 Å for
Ti� C0� Cr

SNS (64) and 6.34 Å for Ti� C2� Cr
SNS (66)). Therefore,

complex 64 yields polyethylenes with greater activity and
branch density than the heterobimetallic complexes Ti-C2-Cr

SNS

and Ti-C6-Cr
SNS under identical reaction conditions. The close

Scheme 24. Trinuclear palladium(II) complex for α-arylation reactions.

Figure 8. Multinuclear SmII complex for cooperative N2 activation.

Figure 9. Heterobimetallic complexes showing very large cooperative effect
in ethylene polymerization.
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Ti···Cr separation along with weak C� H···Ti and C� H···S inter-
actions have a tremendous impact on enchainment and chain
transfer rates, which has also been supported by DFT
calculations.

Williams and co-workers reported a series of heterobimetal-
lic CoIII/MI (M=group I metals) complexes bearing macrocyclic
ligands (Scheme 27). These complexes show high efficiency and
outstanding yields of PPC (polypropylene carbonate) polyols in
the ring-opening copolymerization reaction of CO2 and
propylene oxide.[92] The Co···K separation measures 3.698 Å,
which fall in the range to show metal-metal cooperation in
ring-opening intermediate and transition state.[93] Further exam-
ples of cooperativity in transition metal/alkali metal systems
have recently been reported by Garden and co-workers.[94]

4.2. Cooperativity in mid and late transition metal systems

As halide-bridged heterobimetallic complexes are both thermo-
dynamically and kinetically unstable, these complexes show
advantages in catalytic applications owing to their intrinsic
reactivity.[28] Although several examples of the aforementioned
complexes are demonstrated in literature, synthetically useful
complexes to show cooperative effects are still rare. The
heterobimetallic RhIII/RuII complex showed exceptional activity
over the monometallic counterpart in the oxidation of secon-
dary alcohols (Scheme 28).[95]

It has already been discussed that the dinuclear ruthenium
(II) NHC complex shows enhanced catalytic activity towards
olefin metathesis reaction (Scheme 18). However, Herrmann
and co-workers found that the related heterobimetallic Rh(III)/
Ru(II) NHC complex shows dramatically enhanced activity in the
ROMP of 1,5-cyclooctadiene to yield polyoctadienamer
(Scheme 29). This heterobimetallic complex 69 is known to be
one of the most active catalyst precursors developed for olefin
metathesis reactions. It is also believed that the rhodium(III)
center has a drastic interaction with the ruthenium(II) center
during catalysis.[96]

The heterotrimetallic catalyst PdCl2(PPh3)2� Co2(CO)8 (70, Pd/
Co atomic ratio: 1/1) shows high activity in the hydroformyla-
tion reaction of di-substituted alkynes. The catalyst also shows
synergistic effects during catalysis and leads to the formation of
the unsaturated aldehyde with 49% yield after 24 h, whereas
PdCl2(PPh3)2 or metal carbonyls result in low yield. An excellent
yield of the unsaturated aldehyde (95%) was obtained by a
modified heterotrimetallic PdCl2(PCy3)2� Co2(CO)8 catalyst under
the same reaction conditions (Scheme 30).[97] Nickel/magnesium
bimetallic cooperation has also been demonstrated in literature
for various cross-coupling reactions.[98]

Scheme 25. Cooperative cross-coupling with a dinuclear Zr/Co complex.

Scheme 26. Catalytic Hydrosilylation and Hydrogenation with Zr/Co complexes.
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A well-defined molecular heterotrimetallic Pd2(II)/Pt(II) cata-
lyst 71 was also found to be highly active for the widespread
palladium(II)-catalyzed Heck-type C� C coupling reactions

(Scheme 31).[99] The complex showed superior activity com-
pared with the similar type mononuclear palladium(II) complex
in the formation of stilbene from styrene and iodobenzene by
Heck reaction.[91]

A complex containing bis-palladacycles with tosylate as the
anion, which can be generated in situ from the corresponding
complex 72, catalyzes the C� C coupling reaction between α-
phenyl-substituted cyanoacetate and methyl vinyl ketone with
excellent yields (Scheme 32).[100,101] The Pd···Pd distances in these
complexes fall in the range of 3.15 to 5.27 Å.

It has been proposed that both metal centers act in a
cooperative fashion to activate the electrophile and nucleo-
phile. The coordination of the nitrile group to the palladium(II)
center (73) facilitates the enolization reaction and the enone
group is concurrently activated by another palladium(II) center
present in the bimetallic active-precatalyst (Scheme 33). The
bimetallic cooperative mechanism operating in this reaction has
also been confirmed from the absolute configuration of the
reaction product.[100,101]

Similar heterotrimetallic complexes Ru(II)/Pd2(II) and Fe(II)/
Pd(II)/Pt(II) have also been successfully synthesized, and used
for the different cooperative organic transformations.[102] Peters
and co-workers have also synthesized heterobimetallic Ni(II)/
Pd(II) complexes using salen bis-NHC hybrid type ligands using
a stepwise synthetic protocol. The heterobimetallic complexes
showed moderate activity in the 1,4 addition reaction of
oxindole and 2-nitrostyrene, however, the activities are greater
compared to the homodimetallic palladium complexes
(Scheme 34).[103] The intermetallic distances in the complexes
are in the range 3.057–6.169 Å.

Peris and co-workers have prepared varieties of heterobime-
tallic complexes depicted in Figure 10. In all the complexes,
both metals are active in a wide range of organic trans-
formations. Therefore, the combination of both metals on same
ligand platform makes the catalysts active towards various
tandem organic transformations performed in a single reaction
pot. In addition, these complexes afforded significantly higher
yields of final products compared to the yields obtained from
mixture of homodimetallic complexes used in same catalytic
ratio under the same reaction conditions.[104,105] Therefore, these
results provide a key piece of evidence of catalytic cooperativity
operating between two different metal centers. The metal-
metal separations in these heterobimetallic complexes measure
around 6 Å for complexes bearing 1,2,4-triazolyl-3,5-diylidene
ligand, and around 6.7 Å in the complexes bearing Y-shaped
tris-NHC ligand.

The heterobimetallic Pd(II)/Ir(III) complexes 78 and 79
showed excellent activity in the tandem Suzuki-Miyaura/transfer
hydrogenation reactions in a single reaction pot and the
catalyst also afforded an improved yield of the biphenyl alcohol
83 when compared with the mixture of similar dinuclear
complexes (Scheme 35).[105]

The heterobimetallic Ir(III)/Pt(II) complex 84 has been found
to be highly active in the preparation of functionalized indole
ring by the reaction of amino alcohol with alkynyl alcohols
through multistep synthetic procedure.[106] The iridium(III) center
is responsible for the oxidative cyclization of amino alcohol to

Scheme 27. Heterobimetallic catalyst for ring opening polymerization.

Scheme 28. Catalytic oxidation of alcohols by heterobimetallic Rh(III)/Ru(II)
complex.

Scheme 29. ROMP of 1,5-cyclooctadiene by heterobimetallicRhIII/RuII NHC
complex.
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yield indole, which further reacts with alkynyl alcohols in the
presence of platinum(II) catalyst to result the final cyclized C� C
coupling product 85 (Scheme 36).

Carbon-fluorine bonds, which are documented[107] as most
passive organic functionality, have also been activated using
heterobimetallic complexes under mild reaction conditions. A
heterobimetallic complex bearing a ruthenium(II) and a cyclo-
metallated palladium(II) has been employed for the catalytic
dehalogenation of aryl halides and the dehalogenated products
have been obtained with excellent yields.[108] The heterobime-
tallic Ru(II)/Pd(II) catalyst 86 also appears to be a better catalyst
compared to the combined action of the corresponding homo-

dinuclear complexes, and therefore, shows cooperative inter-
action of two different metal centers in the catalytic cycle
(Scheme 37). A wide range of other bifunctional organic trans-
formations have been successfully carried out with good to
excellent yields using these heterobimetallic complexes with a
combined action of both metal centers. The interaction
between two hetero metal atoms is also supported by cyclic
voltammetry studies. Both homodinuclear ruthenium(II) and
heterobimetallic Ru(II)/Ir(III) (80, Figure 10) complexes show
electronic coupling in the cyclic voltammetry studies.[109]

The synthesis of different types of heterobimetallic com-
plexes, which could act as potential catalysts in cooperative

Scheme 30. Heterotrimetallic complex for synergistic hydroformylation reaction.

Scheme 31. Heterotrimetallic Pd2(II)/Pt(II) catalyst.

Scheme 32. Multinuclear PdII complex for cooperative C� C coupling reaction.

ChemCatChem
Concepts
doi.org/10.1002/cctc.202001951

2356ChemCatChem 2021, 13, 2337–2370 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 11.05.2021

2110 / 198527 [S. 2356/2370] 1

https://www.iac.uni-stuttgart.de/en/research/aksarkar/


tandem catalysis have also been demonstrated in literature.
Some of the potential candidates are depicted in Figure 11
(metal-metal separation: 7.240 Å in 88). The heterobimetallic
complex 91 (metal-metal separation: 6.14 Å) bearing bis-NHC
donor ligand shows much higher yields in tandem Suzuki-
Miyaura coupling/transfer hydrogenation reactions when com-

pared to the equimolar mixture of their mononuclear Pd(II) and
Ir(III) counterparts. Interestingly, the heterobimetallic complexes
87 and 88 have been synthesized in one-pot depending on the
regioselective preferences of two different metal centers (Pd(II)
and Ir(III)).[110]

Scheme 33. Catalytic cycle for the cooperative C� C coupling reactions.

Scheme 34. Synthesis of oxindole spirocycle by heterobimetallic complexes.
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Very recently, Ghosh and co-workers have demonstrated
heterotrimetallic Cu2/Mn complex 92 showing cooperative
catalysis in the biomimetic oxidase activities[111]. The hetero-
trimetallic complexes comprise of doubly condensed tetraden-
tate Schiff base ligands derived from 1,3-propanediamine, o-
hydroxyacetophenone and salicylaldehyde. The labile coordina-
tion of the H2O to the Mn(II) center in complex 92 facilitates its
catalytic activity (Scheme 38). This is one of the first examples
showing mechanistic insight of biomimetic oxidase reactions
with well-defined molecular heterotrimetallic complex.[111]

Figure 10. Heterobimetallic complexes for cooperative catalysis.

Scheme 35. Tandem Suzuki-Miyaura/transfer hydrogenation reaction cata-
lyzed by Pd(II)/Ir(III) complex.

Scheme 36. Heterobimetallic Ir(III)/Pt(II) complex for functionalized indole
preparation.

Scheme 37. Heterobimetallic Ru(II)/Pd(II) complex for cooperative tandem
catalysis.

Scheme 38. Heterotrimetallic complex showing cooperative oxidase activity.
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5. Cooperativity in metallocene-based
multimetallic systems

Since its discovery in 1951, ferrocene has become an ubiquitous
building block in chemistry. A variety of substitution reactions
on ferrocene allow for access of rigid and robust bidentate
ligands and allow for introduction of chiral information by
utilizing its planar chirality. Especially bidentate phosphines
such as 1,1’-bis(diphenylphosphino)ferrocene (dppf) have found
widespread application as ligands for catalysis with late
transition metals.[112] While these properties are certainly the
main interest in the usage of ferrocene-based systems in
catalysis, its electronic properties should not be neglected.
Ferrocene and its derived ligands can oftentimes easily be
oxidized predesignating this class of compounds for applica-

tions in the emerging field of redox-switchable catalysis.[113,114]

Furthermore, observations of ferrocene acting as a non-
innocent ligand have been made.

As already mentioned, ferrocene-based systems, in which
donor moieties are fused directly to both Cp-rings, have
become popular ligands and find a variety of applications. For
example, [Pd(dppf)Cl2] and similar complexes are commercially
available and are used as catalysts in cross-coupling reactions.

The ferrocene moiety is generally used as a stable backbone
with a desirable bite angle, allowing for chelation of a catalyti-
cally active metal center. However, examples for “unusual”
structures with direct Fe� M bonds have also been known for a
long time.[115] The k2D-coordination mode (D=donor atom) in
these complexes is extended with the ferrocenyl-moiety now
acting as a k3-ligand (Figure 12). Although compounds with
such Fe� M interactions are not uncommon and could be
imagined as intermediate species in catalytic cycles, surprisingly
little research has been done in this area of chemistry
considering the ubiquitous application of bidentate ferrocene
ligands in transformation reactions.

These complexes are usually accessible from the parent
tetracoordinated complex by anion exchange with a non-
coordinating anion or by reaction of the ferrocene ligand with a
suitable weakly chelated metal precursor.[116]

It has also been shown that Pd(II) complexes of bidentate
ferrocene ligands cannot always simply be formulated as the
k2-tetracoordinated species. As such, [(dtbpf)PdI2] (dtbpf= [1,1’-
bis(di-tert-butylphosphino)ferrocene] actually has a structure of
[(dtbpf)PdI][I] (95).[117,118] Similar observations have been made
for [(dtbpf)PdBr2] in chloroform solution[118] (94, Figure 13). For
[(dtbpf)Pd(C6H4� 4� CN)X] (X=Br, O� C6H4� 4� OMe,
O� C6H3� 3,5� (t-Bu)2) it was shown that in nonpolar solvents the
complexes exist as k2-tetracoordinated species, partial rever-
sible dissociation occurs in polar solvents like THF and chloro-

Figure 11. Potential hetero-bimetallic and hetero-trimetallic complexes for
cooperative catalysis.

Figure 12. Schematic representation of the k3-binding mode.

Figure 13. Coordination modes in dtbpf complexes of different Pd salts.
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form to give the corresponding [(dtbpf)Pd(C6H4� 4� CN)][X]
compounds.[119]

The activity of k3-Pd compounds in catalysis has been
investigated in the fields of methoxycarbonylation of styrene[120]

and ethene[121], copolymerization of carbon monoxide with
ethene[122], as well as α-arylation of ketones[118,123]. When [(dtbpf)
Pd(PPh3)]

2+ was used in the methoxycarbonylation of styrene it
showed shorter reaction times than its related complexes
[(dtbpf)PdCl2] and [(dtbpf)Pd(MeCN)2]

2+, which might hint at an
influence of the k3-coordination mode on subsequent reactivity.
A reverse trend was observed by Colacot et al. who reported
that [(dtbpf)PdCl2] (93) and [(dtbpf)PdBr2] (94) made for efficient
catalysts in α-arylation of ketones, while [(dtbpff)PdI2], which
actually adopts the ionic form [(dtbpf)PdI][I] (95), showed no
reactivity[123]. Investigations in this direction by Diaconescu and
co-workers similarly revealed a trend of decrease in reactivity
for the heavier halides. Furthermore, when 93 was reacted with
potassium tetrakis(pentafluorophenyl)borate (TFAB), the com-
plex [k3-(dtbpf)PdCl][TFAB] was produced. This complex per-
formed far worse than straight [(dtbpf)PdCl2] suggesting that
k3-(dtbpf)-coordination modes are unlikely resting states in this
transformation[118]. These examples show that further investiga-
tions into this unusual binding mode might give interesting
results and help in future designs of more reactive ferrocene-
based phosphine ligands. It should be noted that, while these
bidentate ferrocene ligands have yet to be used in redox-
switchable catalysis (RSC), investigations in this direction are
currently being made.[124]

One significant observation is the ability of ferrocene for
electronic communication with coordinated metals. This type of
cooperativity has been demonstrated by Rheingold et al. who
showed a solvent dependent charge redistribution in a Rh(I)
system supported by a ferrocenyl-functionalized ligand
(Scheme 39).[125] Twofold oxidation of 96 in dichloromethane
leads to the corresponding oxidized complex 97, which slowly
decomposes. However, if acetonitrile is added or if the
oxidation is carried out in pure acetonitrile, the octahedral
Rh(III) compound 98 is formed. Interestingly, when the ligand

was substituted with moieties of different electron withdrawing
capabilities, no oxidation and uptake of acetonitrile could be
observed, which underlines the importance of the ferrocenium
entity for this reaction to take place.

The use of ferrocene as an electron relay has been further
demonstrated with a ferrocenyl phosphine-NHC ligand coordi-
nating a Rh(I) center (Scheme 40).[126,127] Twofold oxidation of 99
gives a Rh(III) complex, which undergoes intramolecular C� H
activation on the ferrocenyl moiety. Cyclic voltammetry experi-
ments show that ferrocene is oxidized before rhodium. The
monocationic Fe(III) complex 100 can also be first prepared by
oxidation with AgBF4 in dichloromethane.[126] Even though the
oxidation potential of Ag(I) in acetonitrile is reduced below the
oxidation potential of the ferrocene moiety, due to the
irreversibility of the process, further oxidation in this solvent is
possible.

While these examples in systems 96 and 99 do not fall in
the category of cooperative catalysis, it nonetheless shows the
capability of a ferrocene moiety to act as an electron-relay to
support unusual transformation reactions.

One example of the importance of electronic communica-
tion and effects in metallic complexes was impressively
demonstrated in the ruthenium complex [Cp*(dppf)RuH] (102,
Scheme 41).[128,129] The system shows two reversible oxidations
assignable to the Ru(III/II) and Ru(IV/III) redox couples. When
the dppf-moiety is replaced by two Ph2MeP ligands, one
reversible oxidation is observed only for the Ru(III/II) couple.
Most importantly, this system is capable of catalyzing the
splitting of dihydrogen into two electrons and two protons in
the presence of a one-electron acceptor (Scheme 41). By
analogy to hydrogenases, this complex is the first example of a
homogenous catalyst capable of such reactivity. While detailed
studies have not been conducted, the ferrocenyl moiety seems
indispensable for this reaction, which suggests the importance
of electronic cooperativity in this system.[128,130]

Ferrocene-based systems are also employed in dinitrogen
fixation and activation.[131,132] Cyclic voltammetry investigations
on the PNP-pincer system 103 revealed that the free ligand is

Scheme 39. Oxidation of a ferrocene/Rh(I) to a ferrocene/Rh(III) complex.
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oxidized at a potential of +0.10 V vs. Fc/Fc+, while the
unfunctionalized Mo(III) complex is detected at +0.14 V.
Coordination of MoCl3 to the free ferrocenyl ligand shifts the
redox potential of the iron atom to +0.42 V, while the Mo(III/IV)
couple is detected at +0.10 V, which indicates strong commu-
nication between the two metal centers. Introduction of a
bridge between the ferrocene unit and the coordination site
decreases the redox potential of the iron atom, which is
indicative of reduced electronic communication. When ferro-
cene was substituted for ruthenocene, only a reversible
oxidation for the Mo fragment is detected. Utilization of these
complexes in the catalytic transformation of dinitrogen showed
a clear trend between electronic communication and activity of
the complex (Scheme 42). As such, the unlinked ferrocene
complex gave the best results, while the ruthenocene-based
complex gave much poorer yields in comparison.[131]

Arduengo and coworkers synthesized a metallocene-fused
imidazol-2-ylidene 105 on the basis of ruthenocene (Fig-
ure 14).[133] The palladium complexes of these show electronic
influence between the two metals, as cyclic voltammetry shows

reversible oxidation only for the Pd complex but not for the
hydrochloride precursor.[134] Furthermore, good catalytic activity
for the Suzuki-coupling was observed in aqueous media.

Scheme 40. Oxidation with subsequent C� H activation of a ferrocene-Rh complex.

Scheme 41. Catalytic splitting of dihydrogen.

Figure 14. Ruthenocene/Pd complex for Suzuki coupling.
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6. Redox-switchable catalysis

Redox-switchable catalysis (RSC) aims at changing the catalytic
behavior of an active complex. Addition of an oxidant or
reductant to the reaction mixture leads to a change of the
oxidation state, which changes parameters such as activity or
substrate selectivity. Electronic communication between the
metals, either through the ligand framework or through space
is thus a necessary requirement for this kind of reactivity.
Switching of the redox state of one metal also changes the
communication, which leads to different behavior and reac-
tivity. Most research in the area of RSC has been conducted in
the area of polymerization reactions. The first demonstration of
redox-switchable catalysis in this field was done by Gregson et
al., who used a ferrocene-functionalized salen-type ligand
coordinated to titanium (Scheme 43).[135] While no on/off switch
was obtained, the reduced catalyst performed markedly better

than the oxidized and in situ switching without loss of activity
was possible.

Further investigations into this research area led to the
development of a series of symmetrically substituted tetraden-
tate 1,1'-ferrocene ligands that incorporate early transition or
group 13 metals (Figure 15).[136,137–140]

While detailed examinations of these catalysts have already
been summarized in another review,[114] in regards to coopera-
tivity it should be noted that oxidation generally influences the
reactivity of the catalyst. An interesting example for this is the
usage of a Y(III) and an In(III) catalyst, which bear the same
ligand in polymerization of trimethylene carbonate.[137] While
oxidation led to a decrease in activity of the Y(III) catalyst, the
reverse is true for the In(III) catalyst showing that the effects
and interactions of the oxidation of the iron atom depend
heavily on the coordinated metal. In the case of In(III), quantum
chemical calculations suggest a bond elongation allowing for
easier substrate coordination.[141] A remarkable achievement is
the usage of redox-active polymerization catalysts to generate
triblock polymers by means of switching the catalyst in situ
multiple times (Scheme 44).[138–140] Oxidation of the complex
leads to a change in selectivity towards the monomers,
essentially switching off the activity for one substrate, while
switching it on for another.

Besides ROP, redox-switchable ferrocene-systems have also
been applied in olefin polymerization.[142] First research in this
area was done by Plenio and co-workers in 2013, who
developed a series of Hoveyda-type catalyst (108) in which the
Fischer carbene moiety was functionalized with a ferrocene unit

Scheme 42. Catalytic transformation of dinitrogen to ammonia with a Fc/Mo complex.

Scheme 43. Redox-switching of a Fc/Ti system. Figure 15. General structure of tetradentate ferrocene complexes.
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(Figure 16).[143] Investigations in redox studies revealed that the
oxidized species performed better than the reduced one in the
polymerization of cis-cyclooctene. Interestingly, in the same
year, the Bielawski group developed a Hoveyda-type catalyst in
which the NHC moiety was functionalized with ferrocene
(109).[144] This complex showed the inverse behavior and in the
polymerization of 1,4-cyclooctadiene and the reduced species

was found to be more active than the oxidized one. The effect
in the former (108) is attributed to lowered electron density on
the coordinated nitrogen atom in the trans position to the NHC
moiety, as well as an increased positive charge on
ruthenium[143], while in the latter (109) the activity change is
assumed to originate from the lowered donor capacity of the
NHC ligand.[144] Similar observations have been made in the
cyclization of alkenes.[145]

Further examples for cooperativity in catalysis were demon-
strated in a series of Pd complexes for olefin polymerization. In
2015, Chen and co-workers used ferrocene phosphine-sulfonate
ligands (110) to probe the influence of oxidation on catalytic
performance (Figure 17).[146] Interestingly, activity in the polymer-
ization of ethylene was lower when the oxidized complex was
used, even though it has been observed that a decrease of
electron density on the Pd center in sulfonate complexes leads to
the contrary result.[147] Further investigations showed that these
results can be explained by the electron-poorer Pd atom being
more reactive, resulting in β-H chain transfer and thus deactivating
the catalyst. When the complexes were probed for the polymer-
ization of norbornene, the oxidized species indeed performed
better than their reduced counterparts.[146] Similar observations
have been made by Diaconescu and co-workers, who used a
palladium complex based on a ferrocene heteroscorpionate ligand
(111).[148] In these systems, only the oxidized species was capable
of polymerization, which could be switched off in situ by addition
of a reductant. However, these results were explained by an
increase of the hemilability of the phosphine moiety allowing for
better coordination of norbornene.

In 2017, Chen and co-workers were able to show the ability of
controlling topology in polyethylenes by means of redox-
control.[149] Oxidation of the catalyst (112) decreased its activity
due to an increased stability of the palladium olefin coordination
complex (Figure 18). This, however, increases chain-transfer reac-
tions, which leads to a change in topology and polydispersity.

Scheme 44. Redox-switchable copolymerization for triblock polymers.

Figure 16. Redox-switchable complexes for polymerization of cyclooctene.

Figure 17. Catalysts for the polymerization of norbornene.
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While more research in this field could lead to even better
responding catalysts, it can clearly be seen, that a wide range of
aims for RSC have already been achieved.

Polymerization catalysts have certainly been the main focus
of RSC, a variety of systems capable of other transformations
have been studied in recent years. In the seminal work,
Wrighton and co-workers described the first example for a
redox-switchable catalyst.[150] In its reduced state, the cobalto-
cene-based rhodium complex 113 catalyzes the hydrogenation
of cyclohexene, which is switched off almost completely by
oxidation to 113+ . However, the reverse was observed for the
activity in hydrosilylation reactions. While the monocationic
species is almost inactive, oxidation leads to strong increase in
catalytic performance (Scheme 45).

The effects of oxidation in Fc/Rh systems was also
demonstrated by directly attaching ferrocene moieties to a η6-
coordinated phenyl-Rh(I) fragment (Scheme 46).[151] The system
undergoes self-exchange between the two phenyl moieties.
Due to the electron-withdrawing capability of the Rh(I) atom,
the first oxidation takes placed on the ferrocene unit, that is
further apart from the coordinated metal. Although the rate of

Figure 18. Pd catalyst for polymerization of ethenylenes.

Scheme 45. Redox-switchable hydrogenation and hydrosilylation catalysis with a dppc-ligated Rh complex.

Scheme 46. Catalytic isomerization of allylethers.
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self-exchange is not heavily influenced by this, oxidation of
both ferrocene-moieties leads to a strong increase. This is
further demonstrated by catalytic isomerization of allylethers.
For the reactivity, liberation of the coordination site on the Rh(I)
atom occupied by the η6-arene is crucial. The doubly oxidized
complex 116 thus reacts between two and three times faster
than the unoxidized 114 and mono oxidized 115 complexes.

Ferrocene-based complexes of transition metals are able to
catalyze hydroamination reactions, as has been demonstrated
by several groups. A variety of Au(I) systems based on
phosphine or carbene ligands have been developed (Fig-
ure 19).[152,153,154] Hydroamination reactions carried out with
these catalysts suggest that the main influence on reaction
speed upon oxidation of the iron center stems from a decrease/
increase in the donating/accepting capabilities of the ligand. As
such, all systems investigated so far show an increase in
catalytic activity upon addition of an oxidant. While the
substrates used to probe the activity of 117 and 119 do not
allow a direct comparison, measurements of the Tolman
electronic parameter (TEP)[155] support the aforementioned
argument. For 119+ , an increase in TEP of roughly 2 cm� 1 is
observed and the change in activity is rather small (increase of

up to 10%). Oxidation of 117 on the other hand, leads to an
increase in TEP of roughly 7 cm� 1 and catalytic activities
increase by up to a factor of six.

Complex 117 has also been used in a variety of cyclization
reactions where in similar fashion the oxidized complex
performed far better than the reduced one.[153,156] For complex
119, even though the aforementioned change in TEP is small,
on and off switching was accomplished in the reaction of
terminal alkynes with 2,4-dimethylfuran, in which only the
oxidized species showed any reactivity.[154] Very high activities
were observed in the redox-induced hydroamination of alkynes
by employing a redox-active gold(I) complex 118 featuring an
electron-deficient, terphenyl-substituted phosphonite-based li-
gand. The hydroamination proceeds roughly two-fold faster
with the in-situ oxidized catalysts than with its reduced
form.[152a]

A recently developed zirconium(IV) complex based on an
OSSO-functionalized tetradentate ferrocene ligand (120)
showed a change in selectivity between oxidized and reduced
species.[157] While the reduced molecule catalyzes intramolecular
addition of primary aminoalkenes, the oxidized does so for
secondary aminoalkenes (Figure 20). EPR and Mössbauer studies

Figure 19. Complexes for redox-switchable hydroamination catalysis.

Figure 20. Zr complexes for redox-switchable hydroamination.

ChemCatChem
Concepts
doi.org/10.1002/cctc.202001951

2365ChemCatChem 2021, 13, 2337–2370 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 11.05.2021

2110 / 198527 [S. 2365/2370] 1

https://www.iac.uni-stuttgart.de/en/research/aksarkar/


suggest that the positive charge in this system is not centered
on the iron atom, which remains in oxidation state + II but
rather hint at an organic radical.

Rather unexpected reaction patterns have also been
observed. Heinze and co-workers synthesized a ferrocene-based
Fischer carbene coordinated to a gold(I) unit (121,
Scheme 47).[158] Upon reaction with Magic Blue, the expected
oxidation on the iron(II) center takes place. However, over time,
reorganization from the iron(III)/gold(I) complex towards an
iron(II)/gold(II) complex 123, supported by the [SbCl6]

� counter
anion, takes place and reaches equilibrium after ~5 h at room
temperature (Scheme 47).

While gold(II) compounds are known[159], insights in their
reactivity remain scarce. Investigations into the reactivity of 121
in the cyclization reaction of N(2-propyn-1-yl)benzamide to the
oxazoline show no conversion. However, upon addition of
Magic Blue and an induction period of 2.5 h, a sharp increase in
activity is observed, which suggests that 123 rather than 122 is
the catalytically active species.

Redox switchable catalysts have also been applied in
transfer hydrogenations.[160] For both systems, 124 and 125
(Figure 21), activity is reduced upon addition of an oxidant. The
influence is much more pronounced for 124 where catalysis is
basically switched off by oxidation, while 125 generally remains
active with a decrease in reactivity.

In hydrosilylation catalysis, [1]phosphaferrocenophanes
were investigated. The synthesis and characterization of several
metal complexes of a redox-switchable, mesityl(Mes)-substi-
tuted [1]phosphaferrocenophane, FcPMes, have been reported
by Breher and co-workers.[161] Cyclic voltammetry studies on
several bimetallic complexes, in conjunction with DFT calcu-
lations, provided indications for a good electronic communica-

tion between the metal atoms. In order to confirm that the
ferrocenophane unit might be able to electrochemically
influence the reactivity of the coordinated transition metal, the
rhodium complex 126 was employed as redox-switchable
catalyst in the hydrosilylation of terminal alkynes. All reactions
were greatly accelerated with in situ generated 126+ as a
catalyst as compared to 126 (Scheme 48). Even more impor-
tantly, a markedly different selectivity was observed. Both
factors were attributed to different mechanisms operating for
126 and 126+ (alternative Chalk-Harrod and Chalk-Harrod
mechanism, respectively).[162] DFT calculations revealed rela-
tively large differences for the activation barriers for 126 and
126+ in the reductive elimination step of the classical Chalk-
Harrod mechanism. Thus, the key to the understanding is a
cooperative “oxidatively induced reductive elimination” step,
which facilitates both a higher activity and a markedly different
selectivity.[161]

RSC hydroalkoxylation has also been described.[163] The
activity of the cobalt complex can reversibly be switched off
and on again in situ.

The influence of the oxidation of ferrocene has also been
investigated in Suzuki-Miyaura[164] and Buchwald-Hartwig-
coupling[165] reactions. In case of the Suzuki-Miyaura-coupling, a
PCP-type pincer ligand was used (Scheme 49). Interestingly,
reaction of 127 with Me3SiSO3CF3 in acetone did not lead to
exchange with the chloride anion but led to the oxidized
complex 127+ . The oxidized species performed much better
than the neutral one, with up to four times as much turnover.
The effect was more pronounced when multiphasic systems
were employed.

For the Buchwald-Hartwig-coupling, a series of monoden-
tate ferrocenylphosphines was investigated by Breher et al.

Scheme 47. Formation of a Au(II) complex by oxidation of a Fc/Au(I) complex.

Figure 21. Catalysts for redox-switchable transfer hydrogenation reactions.
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Oxidations were carried out in situ with diacetyl ferrocenium
tetrafluoroborate. Surprisingly, no clear trend between activity
and oxidation state could be observe, as for some substrates
the oxidized species showed to be the more efficient catalyst,
while the reverse was true for other substrates. It is speculated
that for the substrates, in which the reduced complex was more
active, the rate determining step is not the reductive elimina-
tion but rather the oxidative addition, which is less favorable in
the electron-poorer ferrocenium complexes.

Last but not least, it should also be noted that influence of
the oxidation of the ferrocene moiety on catalytic performance
does not necessarily have to be the result of cooperative effects.
Given the right solvent system, switching off the catalysis can
also be achieved by precipitation of the catalyst due to
decrease of solubility of the oxidized species. Such phase tags
have been demonstrated to work in Grubbs-Hoveyda-type
catalysts.[166]

7. Conclusions and future perspectives

Clear examples of cooperative catalysis involving multimetallic
complexes have been presented in this work. Cooperative
catalysis makes organic transformations easier and more
convenient. The close proximity of metal centers is one only of
the essential criteria for observing cooperativity in multimetallic
systems. It is interesting that several examples of multimetallic
complexes with larger metal-metal separations have also been
displayed augmented catalytic activities. This fact can likely be
explained by the electronic influence of one metal center on

the other. The beauty of ligand design is often reflected in
metal-metal cooperativity in both homo- and hetero-bimetallic
systems. The hetero-bimetallic complexes have been used for
tandem catalytic applications for a wide range of organic
transformations. In addition, these complexes also often display
superior catalytic outcomes when compared with the mixture
of their homometallic counterparts, owing to the cooperation
of the metal centers during the catalysis. A lot of effort has
been invested for developing multimetallic systems that would
perform a wide range of organic transformations in more
efficient ways. However, detailed mechanistic investigations are
needed to understand the exact operation of metal-metal
cooperation in multimetallic systems during catalysis.

Apart from examples of catalytic cooperativity in complexes
with smaller metal-metal distances, many examples are also
known in which electronic communication is responsible for
cooperative effects. While cooperativity can be observed in
systems in which a substrate is simultaneously activated by two
metal centers, electronic cooperation can probably also play a
key role in such transformation reactions. Redox-switchability in
metallocene complexes, for example, demonstrates this clearly,
as it can alter the activity of a complex, even though the active
center does not formally change its oxidation state. Effects like
partial charge redistribution can lead to changes in energy of
activation barriers, leading to enhanced reactivity. Substantial
progress has been made in the emerging field of redox-
switchable catalysis in recent years showcasing its potential for
possible applications. While quantum chemical calculations
help in better explaining reactivity, further investigations are
needed for understanding the underlying effects. Additionally,

Scheme 48. Redox-switchable catalysis with different product distribution for switched catalysts.

Scheme 49. Oxidation of a Fc/Pd complex.
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incorporation of multiple triggers, such as proton-sensitive or
UV-switchable sites could be envisioned, allowing for fine-
tuning of the reactivity on a catalytic site.[167]

Acknowledgements

“Financial support by the Collaborative Research Centre CRC/
Transregio 88, “Cooperative effects in homo- and heterometallic
complexes (3MET)” is gratefully acknowledged (Project B4).“ R. M.
thanks DST-SERB (ECR/2018/002233) for financial support. Open
access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: cooperative catalysis · homo-multimetallic
complexes · hetero-multimetallic complexes · metal-metal
interactions · redox-switchable catalysis

[1] a) W. Keim, in Transition Metals for Organic Synthesis: Building Blocks
and Fine Chemicals (Ed.: M. Beller and C. Bolm), Wiley-VCH, Weinheim,
1998, pp. 14–22; b) René Peters, Cooperative Catalysis: Designing
Efficient Catalysts for Synthesis, Wiley-VCH, Weinheim, 2015; c) M. H.
Pérez-Temprano, J. A. Casares, P. Espinet, Chem. Eur. J. 2012, 18, 1864;
d) D. Schweinfurth, L. Hettmanczyk, L. Suntrup, B. Sarkar, Z. Anorg. Allg.
Chem. 2017, 643, 554; e) J. I. van der Vlugt, Eur. J. Inorg. Chem. 2012,
2012, 363.

[2] a) N. Sträter, W. N. Lipscomb, T. Klabunde, B. Krebs, Angew. Chem. Int.
Ed. Engl. 1996, 35, 2024; b) F. Yu, V. M. Cangelosi, M. L. Zastrow, M.
Tegoni, J. S. Plegaria, A. G. Tebo, C. S. Mocny, L. Ruckthong, H. Qayyum,
V. L. Pecoraro, Chem. Rev. 2014, 114, 3495; c) D. E. Wilcox, Chem. Rev.
1996, 96, 2435.

[3] M. Delferro, T. J. Marks, Chem. Rev. 2011, 111, 2450.
[4] A. I. Scott, J. Org. Chem. 2003, 68, 2529.
[5] a) A. Haynes, P. M. Maitlis, G. E. Morris, G. J. Sunley, H. Adams, P. W.

Badger, C. M. Bowers, D. B. Cook, P. I. P. Elliott, T. Ghaffar et al., J. Am.
Chem. Soc. 2004, 126, 2847; b) A. Haynes in Catalytic Carbonylation
Reactions (Ed.: M. Beller), Springer, Berlin, Heidelberg, 2006, pp. 179–
205; c) J. H. Jones, Plat. Chem. Rev. 2000, 44, 94; d) G. J. Sunley, D. J.
Watson, Catal. Today 2000, 58, 293.

[6] C. M. Thomas, G. Süss-Fink, Coord. Chem. Rev. 2003, 243, 125.
[7] R. Whyman, A. P. Wright, J. A. Iggo, B. T. Heaton, J. Chem. Soc. Dalton

Trans. 2002, 771.
[8] S. Gautron, N. Lassauque, C. Le Berre, L. Azam, R. Giordano, P. Serp, G.

Laurenczy, D. Thiébaut, P. Kalck, Top. Catal. 2006, 40, 83.
[9] C. M. Thomas, A. Neels, H. Stœckli-Evans, G. Süss-Fink, Eur. J. Inorg.

Chem. 2001, 2001, 3005.
[10] R. R. Chianelli, Catal. Rev. 1984, 26, 361.
[11] V. K. Shum, J. B. Butt, W. M. Sachtler, J. Catal. 1985, 96, 371.
[12] L. Tebben, C. Mück-Lichtenfeld, G. Fernández, S. Grimme, A. Studer,

Chem. Eur. J. 2017, 23, 5864.
[13] J. Chmela, M. E. Harding, D. Matioszek, C. E. Anson, F. Breher, W.

Klopper, ChemPhysChem 2016, 17, 37.
[14] P. Buchwalter, J. Rosé, P. Braunstein, Chem. Rev. 2015, 115, 28.
[15] I. G. Powers, C. Uyeda, ACS Catal. 2017, 7, 936.
[16] a) J. Park, S. Hong, Chem. Soc. Rev. 2012, 41, 6931; b) N. Xiong, G.

Zhang, X. Sun, R. Zeng, Chin. J. Chem. 2020, 38, 185; c) J. Campos, Nat.
Chem. Rev. 2020.

[17] a) V. Lyaskovskyy, B. de Bruin, ACS Catal. 2012, 2, 270; b) W. Kaim, B.
Schwederski, Coord. Chem. Rev. 2010, 254, 1580; c) W. Kaim, Eur. J.
Inorg. Chem. 2012, 2012, 343.

[18] J. Halpern, Inorg. Chim. Acta 1982, 62, 31.
[19] D. G. McCollum, B. Bosnich, Inorg. Chim. Acta 1998, 270, 13.

[20] a) K. D. Karlin, Z. Tyeklfir, A. D. Zuberbuhler in Bioinorganic Catalysis
(Ed.: J. Reedijk), Marcel Dekker, New York, 1993, pp. 261–315; b) J. L.
Cole, D. P. Ballou, E. I. Solomon, J. Am. Chem. Soc. 1991, 113, 8544;
c) J. L. Cole, P. A. Clark, E. I. Solomon, J. Am. Chem. Soc. 1990, 112,
9534; d) A. L. Feig, S. J. Lippard, Chem. Rev. 1994, 94, 759; e) E. I.
Solomon, M. D. Lowery, Science 1993, 259, 1575; f) R. G. Wilkins, Chem.
Soc. Rev. 1992, 21, 171.

[21] N. Kitajima, Y. Moro-Oka, Chem. Rev. 1994, 94, 737.
[22] a) A. Volbeda, W. G. Hol, J. Mol. Biol. 1989, 209, 249; b) R. R. Durand,

C. S. Bencosme, J. P. Collman, F. C. Anson, J. Am. Chem. Soc. 1983, 105,
2710.

[23] B. Bosnich, Inorg. Chem. 1999, 38, 2554.
[24] G. J. Rowlands, Tetrahedron 2001, 57, 1865.
[25] a) H. Steinhagen, G. Helmchen, Angew. Chem. Int. Ed. Engl. 1996, 35,

2339; b) E. K. van den Beuken, B. L. Feringa, Tetrahedron 1998, 54,
12985; c) D. E. Fenton, Chem. Soc. Rev. 1999, 28, 159.

[26] a) R. H. Holm, S. Ciurli, J. A. Weigel, Subsite-Specific Structures and
Reactions in Native and Synthetic [4Fe-4S] Cubane-Type Clusters, 1990;
b) R. H. Holm, P. Kennepohl, E. I. Solomon, Chem. Rev. 1996, 96, 2239;
c) H. Beinert, R. H. Holm, E. Münck, Science 1997, 277, 653.

[27] a) T. G. Gray, A. S. Veige, D. G. Nocera, J. Am. Chem. Soc. 2004, 126,
9760; b) J. Rosenthal, J. Bachman, J. L. Dempsey, A. J. Esswein, T. G.
Gray, J. M. Hodgkiss, D. R. Manke, T. D. Luckett, B. J. Pistorio, A. S. Veige
et al., Coord. Chem. Rev. 2005, 249, 1316; c) A. S. Veige, T. G. Gray, D. G.
Nocera, Inorg. Chem. 2005, 44, 17.

[28] K. Severin, Chem. Eur. J. 2002, 8, 1514.
[29] a) C. A. Tolman, P. Z. Meakin, D. I. Lindner, J. P. Jesson, J. Am. Chem.

Soc. 1974, 96, 2762; b) S. B. Duckett, C. L. Newell, R. Eisenberg, J. Am.
Chem. Soc. 1994, 116, 10548.

[30] R. A. Head, J. F. Nixon, J. Chem. Soc. Dalton Trans. 1978, 913.
[31] A. Prokofieva, A. I. Prikhod’ko, E. A. Enyedy, E. Farkas, W. Maringgele, S.

Demeshko, S. Dechert, F. Meyer, Inorg. Chem. 2007, 46, 4298.
[32] A. Prokofieva, A. I. Prikhod’ko, S. Dechert, F. Meyer, Chem. Commun.

2008, 1005.
[33] F. Torres, E. Sola, A. Elduque, A. P. Martínez, F. J. Lahoz, L. A. Oro, Chem.

Eur. J. 2000, 6, 2120.
[34] E. Sola, V. I. Bakhmutov, F. Torres, A. Elduque, J. A. López, F. J. Lahoz, H.

Werner, L. A. Oro, Organometallics 1998, 17, 683.
[35] F. Meyer, E. Kaifer, P. Kircher, K. Heinze, H. Pritzkow, Chem. Eur. J. 1999,

5, 1617.
[36] D. G. H. Hetterscheid, S. H. Chikkali, B. de Bruin, J. N. H. Reek, Chem-

CatChem 2013, 5, 2785.
[37] a) C. A. Tolman, J. W. Faller in Homogeneous Catalysis with Metal

Phosphine Complexes (Ed.: L . M. Pignolet), Springer, Berlin, Heidelberg,
1983, pp. 13–109; b) B. Comils in New Syntheses with Carbon Monoxide
(Ed.: J. Fable), Springer, Berlin, Heidelberg, 1980.

[38] a) M. E. Broussard, B. Juma, S. G. Train, W.-J. Peng, S. A. Laneman, G. G.
Stanley, Science 1993, 260, 1784; b) G. Süss-Fink, Angew. Chem. Int. Ed.
Engl. 1994, 33, 67.

[39] a) R. C. Ryan, C. U. Pittman, J. Am. Chem. Soc. 1977, 99, 1986; b) A. R.
Sanger, J. Chem. Soc. Dalton Trans. 1977, 1971; c) G. Süss-Fink, G.
Herrmann, J. Chem. Soc. Chem. Commun. 1985, 735; d) A. Ceriotti, L.
Garlaschelli, G. Longoni, M. C. Malatesta, D. Strumolo, A. Fumagalli, S.
Martinengo, J. Mol. Catal. 1984, 24, 323.

[40] a) J. Weston, Chem. Rev. 2005, 105, 2151; b) A. K. Yatsimirsky, Coord.
Chem. Rev. 2005, 249, 1997; c) E. L. Hegg, J. N. Burstyn, Coord. Chem.
Rev. 1998, 173, 133; d) M. Komiyama, N. Takeda, H. Shigekawa, Chem.
Commun. 1999, 1443; e) R. Krämer, Coord. Chem. Rev. 1999, 182, 243;
f) F. Mancin, P. Scrimin, P. Tecilla, U. Tonellato, Chem. Commun. 2005,
2540.

[41] W. H. Chapman, R. Breslow, J. Am. Chem. Soc. 1995, 117, 5462.
[42] F. Mancin, P. Tecilla, New J. Chem. 2007, 31, 800.
[43] M. Leivers, R. Breslow, Bioorg. Chem. 2001, 29, 345.
[44] C. Bazzicalupi, A. Bencini, A. Bianchi, V. Fusi, C. Giorgi, P. Paoletti, B.

Valtancoli, D. Zanchi, Inorg. Chem. 1997, 36, 2784.
[45] a) N. V. Kaminskaia, C. He, S. J. Lippard, Inorg. Chem. 2000, 39, 3365;

b) M. Arca, A. Bencini, E. Berni, C. Caltagirone, F. A. Devillanova, F. Isaia,
A. Garau, C. Giorgi, V. Lippolis, A. Perra et al., Inorg. Chem. 2003, 42,
6929.

[46] a) T. Ohshima, T. Iwasaki, Y. Maegawa, A. Yoshiyama, K. Mashima, J.
Am. Chem. Soc. 2008, 130, 2944; b) T. Iwasaki, Y. Maegawa, Y. Hayashi,
T. Ohshima, K. Mashima, J. Org. Chem. 2008, 73, 5147.

[47] Y. Maegawa, T. Ohshima, Y. Hayashi, K. Agura, T. Iwasaki, K. Mashima,
ACS Catal. 2011, 1, 1178.

[48] T. Ohshima, T. Iwasaki, K. Mashima, Chem. Commun. 2006, 2711.

ChemCatChem
Concepts
doi.org/10.1002/cctc.202001951

2368ChemCatChem 2021, 13, 2337–2370 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 11.05.2021

2110 / 198527 [S. 2368/2370] 1

https://www.iac.uni-stuttgart.de/en/research/aksarkar/


[49] a) H. Nagae, T. Hirai, D. Kato, S. Soma, S. Akebi, K. Mashima, Chem. Sci.
2019, 10, 2860; b) Y. Hayashi, S. Santoro, Y. Azuma, F. Himo, T.
Ohshima, K. Mashima, J. Am. Chem. Soc. 2013, 135, 6192.

[50] P. Pandey, I. Dutta, J. K. Bera, Proc. Natl. Acad. Sci., India, Sect. A 2016,
86, 561.

[51] R. K. Das, B. Saha, S. M. W. Rahaman, J. K. Bera, Chem. Eur. J. 2010, 16,
14459.

[52] I. Dutta, A. Sarbajna, P. Pandey, S. M. W. Rahaman, K. Singh, J. K. Bera,
Organometallics 2016, 35, 1505.

[53] C. S. Yi, T. N. Zeczycki, S. V. Lindeman, Organometallics 2008, 27, 2030.
[54] Y.-Y. Zhou, D. R. Hartline, T. J. Steiman, P. E. Fanwick, C. Uyeda, Inorg.

Chem. 2014, 53, 11770.
[55] a) C. M. Adolph, S. A. Lee, M. Zeller, C. Uyeda, Tetrahedron 2019, 75,

3336; b) D. R. Hartline, M. Zeller, C. Uyeda, J. Am. Chem. Soc. 2017, 139,
13672; c) A. K. Maity, M. Zeller, C. Uyeda, Organometallics 2018, 37,
2437; d) S. Pal, Y.-Y. Zhou, C. Uyeda, J. Am. Chem. Soc. 2017, 139,
11686; e) T. J. Steiman, C. Uyeda, J. Am. Chem. Soc. 2015, 137, 6104;
f) Y.-Y. Zhou, C. Uyeda, Angew. Chem. Int. Ed. 2016, 55, 3171; g) Y.-Y.
Zhou, C. Uyeda, Science 2019, 363, 857; h) I. G. Powers, J. M. Andjaba,
X. Luo, J. Mei, C. Uyeda, J. Am. Chem. Soc. 2018, 140, 4110.

[56] S. Pal, C. Uyeda, J. Am. Chem. Soc. 2015, 137, 8042.
[57] M. Matsuura, T. Fujihara, M. Kakeya, T. Sugaya, A. Nagasawa, J.

Organomet. Chem. 2013, 745–746, 288.
[58] a) H.-Z. Chen, S.-C. Liu, C.-H. Yen, J.-S. K. Yu, Y.-J. Shieh, T.-S. Kuo, Y.-C.

Tsai, Angew. Chem. Int. Ed. 2012, 51, 10342; b) Y.-S. Huang, G.-T. Huang,
Y.-L. Liu, J.-S. K. Yu, Y.-C. Tsai, Angew. Chem. Int. Ed. 2017, 56, 15427.

[59] a) S. Rej, M. Majumdar, S. Kando, Y. Sugino, H. Tsurugi, K. Mashima,
Inorg. Chem. 2017, 56, 634; b) H. Tsurugi, A. Hayakawa, S. Kando, Y.
Sugino, K. Mashima, Chem. Sci. 2015, 6, 3434; c) H. Tsurugi, K. Yamada,
M. Majumdar, Y. Sugino, A. Hayakawa, K. Mashima, Dalton Trans. 2011,
40, 9358.

[60] L. Kang, S. Huo, L. Meng, X. Li, Appl. Organomet. Chem. 2020, 34,
e5726.

[61] a) W. Hübel, C. Hoogzand, Chem. Ber. 1960, 93, 103; b) U. Krüerke, W.
Hübel, Chem. Ber. 1961, 94, 2829.

[62] a) R. J. Baxter, G. R. Knox, J. H. Moir, P. L. Pauson, M. D. Spicer, Organo-
metallics 1999, 18, 206; b) R. J. Baxter, G. R. Knox, P. L. Pauson, M. D.
Spicer, Organometallics 1999, 18, 197.

[63] a) X. Liu, W. Chen, Organometallics 2012, 31, 6614; b) T. Mandal, V.
Singh, J. Choudhury, Chem. Asian J. 2019, 14, 4774.

[64] S. Mouri, Z. Chen, S. Matsunaga, M. Shibasaki, Chem. Commun. 2009,
5138.

[65] R. N. Loy, E. N. Jacobsen, J. Am. Chem. Soc. 2009, 131, 2786.
[66] R. M. Haak, S. J. Wezenberg, A. W. Kleij, Chem. Commun. 2010, 46,

2713.
[67] D. C. Powers, D. Y. Xiao, M. A. L. Geibel, T. Ritter, J. Am. Chem. Soc.

2010, 132, 14530.
[68] Y. Zhou, Z. Xi, W. Chen, D. Wang, Organometallics 2008, 27, 5911.
[69] J. Ye, X. Zhang, W. Chen, S. Shimada, Organometallics 2008, 27, 4166.
[70] a) A. Fürstner, M. Liebl, A. F. Hill, D. E. T. Wilton-Ely, James, Chem.

Commun. 1999, 601; b) M. T. Reetz, M. H. Becker, M. Liebl, A. Fürstner,
Angew. Chem. Int. Ed. 2000, 39, 1236.

[71] E. L. Dias, R. H. Grubbs, Organometallics 1998, 17, 2758.
[72] A. B. Kremer, P. Mehrkhodavandi, Coord. Chem. Rev. 2019, 380, 35.
[73] X.-F. Yu, Z.-X. Wang, Dalton Trans. 2013, 42, 3860..
[74] M. Normand, T. Roisnel, J.-F. Carpentier, E. Kirillov, Chem. Commun.

2013, 49, 11692..
[75] a) J. H. H. Ho, S. W. S. Choy, S. A. Macgregor, B. A. Messerle, Organo-

metallics 2011, 30, 5978; b) S. W. S. Choy, M. J. Page, M. Bhadbhade,
B. A. Messerle, Organometallics 2013, 32, 4726.

[76] N. C. Gianneschi, P. A. Bertin, S. T. Nguyen, C. A. Mirkin, L. N. Zakharov,
A. L. Rheingold, J. Am. Chem. Soc. 2003, 125, 10508.

[77] J. M. Ready, E. N. Jacobsen, Angew. Chem. Int. Ed. 2002, 41, 1374.
[78] R. Breinbauer, E. N. Jacobsen, Angew. Chem. Int. Ed. 2000, 39, 3604.
[79] a) B. Helms, J. M. J. Fréchet, Adv. Synth. Catal. 2006, 348, 1125; b) D.

Astruc, C. R. Chim. 2005, 8, 1101; c) J. N. Reek, S. Arévalo, R.
van Heerbeek, P. C. Kamer, P. W. van Leeuwen in Advances in Catalysis
(Eds.: B. C. Gates, H. Knözinger), Academic Press, 2006, pp. 71–151.

[80] a) S. Gonell, M. Poyatos, E. Peris, Chem. Eur. J. 2014, 20, 9716; b) G.
Guisado-Barrios, J. Hiller, E. Peris, Chem. Eur. J. 2013, 19, 10405.

[81] S. Gonell, M. Poyatos, E. Peris, Angew. Chem. Int. Ed. 2013, 52, 7009.
[82] R. Maity, S. Hohloch, C.-Y. Su, M. van der Meer, B. Sarkar, Chem. Eur. J.

2014, 20, 9952.
[83] R. Maity, A. Mekic, M. van der Meer, A. Verma, B. Sarkar, Chem.

Commun. 2015, 51, 15106.

[84] R. Maity, M. van der Meer, S. Hohloch, B. Sarkar, Organometallics 2015,
34, 3090.

[85] M. Ganesan, S. Gambarotta, G. P. A. Yap, Angew. Chem. Int. Ed. 2001,
40, 766.

[86] S. Gambarotta, J. Scott, Angew. Chem. Int. Ed. 2004, 43, 5298.
[87] W. Zhou, J. W. Napoline, C. M. Thomas, Eur. J. Inorg. Chem. 2011, 2011,

2029.
[88] J. Coombs, D. Perry, D.-H. Kwon, C. M. Thomas, D. H. Ess, Organo-

metallics 2018, 37, 4195.
[89] W. Zhou, S. L. Marquard, M. W. Bezpalko, B. M. Foxman, C. M. Thomas,

Organometallics 2013, 32, 1766.
[90] K. M. Gramigna, D. A. Dickie, B. M. Foxman, C. M. Thomas, ACS Catal.

2019, 9, 3153.
[91] S. Liu, A. Motta, A. R. Mouat, M. Delferro, T. J. Marks, J. Am. Chem. Soc.

2014, 136, 10460.
[92] A. C. Deacy, E. Moreby, A. Phanopoulos, C. K. Williams, J. Am. Chem.

Soc. 2020, 142, 19150.
[93] a) A. C. Deacy, C. B. Durr, J. A. Garden, A. J. P. White, C. K. Williams,

Inorg. Chem. 2018, 57, 15575; b) F. Jutz, A. Buchard, M. R. Kember, S. B.
Fredriksen, C. K. Williams, J. Am. Chem. Soc. 2011, 133, 17395; c) S.
Klaus, M. W. Lehenmeier, E. Herdtweck, P. Deglmann, A. K. Ott, B.
Rieger, J. Am. Chem. Soc. 2011, 133, 13151.

[94] W. Gruszka, A. Lykkeberg, G. S. Nichol, M. P. Shaver, A. Buchard, J. A.
Garden, Chem. Sci. 2020, 11, 11785.

[95] A. C. da Silva, H. Piotrowski, P. Mayer, K. Polborn, K. Severin, Eur. J.
Inorg. Chem. 2001, 2001, 685.

[96] T. Weskamp, F. J. Kohl, W. Hieringer, D. Gleich, W. A. Herrmann, Angew.
Chem. Int. Ed. 1999, 38, 2416.

[97] a) Y. Ishii, M. Hidai, Catal. Today 2001, 66, 53; b) Y. Ishii, K. Miyashita, K.
Kamita, M. Hidai, J. Am. Chem. Soc. 1997, 119, 6448.

[98] N. Yoshikai, H. Matsuda, E. Nakamura, J. Am. Chem. Soc. 2009, 131,
9590.

[99] a) I. P. Beletskaya, A. V. Cheprakov, Chem. Rev. 2000, 100, 3009; b) S.
Aizawa, K. Saito, T. Kawamoto, E. Matsumoto, Inorg. Chem. 2006, 45,
4859.

[100] S. Jautze, R. Peters, Angew. Chem. Int. Ed. 2008, 47, 9284.
[101] M. Weber, Klein, E. M. N. Johannes, B. Miehlich, W. Frey, R. Peters,

Organometallics 2013, 32, 5810.
[102] a) M. Weiss, J. Holz, R. Peters, Eur. J. Org. Chem. 2016, 2016, 210; b) T.

Hellmuth, S. Rieckhoff, M. Weiss, K. Dorst, W. Frey, R. Peters, ACS Catal.
2014, 4, 1850.

[103] M. Mechler, K. Latendorf, W. Frey, R. Peters, Organometallics 2013, 32,
112.

[104] a) S. Gonell, M. Poyatos, J. A. Mata, E. Peris, Organometallics 2012, 31,
5606; b) E. Mas-Marzá, J. A. Mata, E. Peris, Angew. Chem. Int. Ed. 2007,
46, 3729; c) J. A. Mata, F. E. Hahn, E. Peris, Chem. Sci. 2014, 5, 1723; d) S.
Sabater, J. A. Mata, E. Peris, Chem. Eur. J. 2012, 18, 6380.

[105] A. Zanardi, J. A. Mata, E. Peris, J. Am. Chem. Soc. 2009, 131, 14531.
[106] A. Zanardi, J. A. Mata, E. Peris, Chem. Eur. J. 2010, 16, 13109.
[107] a) M. Hudlicky, Organic Fluorine Chemistry, Ellis Horwood and Prentice

Hall, New York, 1992; b) T. Hiyama, Organofluorine Compounds, Spring-
er, Berlin, Heidelberg, 2000.

[108] S. Sabater, J. A. Mata, E. Peris, Nat. Commun. 2013, 4, 2553.
[109] S. Sabater, J. A. Mata, E. Peris, Organometallics 2012, 31, 6450.
[110] a) M. Böhmer, G. Guisado-Barrios, F. Kampert, F. Roelfes, T. T. Y. Tan, E.

Peris, F. E. Hahn, Organometallics 2019, 38, 2120; b) M. Böhmer, F.
Kampert, T. T. Y. Tan, G. Guisado-Barrios, E. Peris, F. E. Hahn, Organo-
metallics 2018, 37, 4092; c) A. Majumder, T. Nath Saha, N. Majumder, R.
Naskar, K. Pal, R. Maity, Eur. J. Inorg. Chem. 2020, DOI: 10.1002/
ejic.202001080 ; d) A. Majumder, R. Naskar, P. Roy, R. Maity, Eur. J.
Inorg. Chem. 2019, 2019, 1810; e) R. Maity, H. Koppetz, A. Hepp, F. E.
Hahn, J. Am. Chem. Soc. 2013, 135, 4966; f) R. Maity, A. Rit, C.
Schulte to Brinke, J. Kösters, F. E. Hahn, Organometallics 2013, 32, 6174;
g) R. Maity, C. Schulte to Brinke, F. E. Hahn, Dalton Trans. 2013, 42,
12857; h) R. Maity, T. Tichter, M. van der Meer, B. Sarkar, Dalton Trans.
2015, 44, 18311.

[111] P. Mahapatra, S. Ghosh, S. Giri, V. Rane, R. Kadam, M. G. B. Drew, A.
Ghosh, Inorg. Chem. 2017, 56, 5105.

[112] G. Bandoli, A. Dolmella, Coord. Chem. Rev. 2000, 209, 161.
[113] a) J. Choudhury, Tetrahedron Lett. 2018, 59, 487; b) V. Blanco, D. A.

Leigh, V. Marcos, Chem. Soc. Rev. 2015, 44, 5341; c) A. J. Teator, D. N.
Lastovickova, C. W. Bielawski, Chem. Rev. 2016, 116, 1969.

[114] J. Wei, P. L. Diaconescu, Acc. Chem. Res. 2019, 52, 415.
[115] D. Seyferth, B. W. Hames, T. G. Rucker, M. Cowie, R. S. Dickson,

Organometallics 1983, 2, 472.

ChemCatChem
Concepts
doi.org/10.1002/cctc.202001951

2369ChemCatChem 2021, 13, 2337–2370 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 11.05.2021

2110 / 198527 [S. 2369/2370] 1

https://www.iac.uni-stuttgart.de/en/research/aksarkar/


[116] M. R. Ringenberg, Chem. Eur. J. 2019, 25, 2396.
[117] E. Fillion, N. J. Taylor, J. Am. Chem. Soc. 2003, 125, 12700.
[118] B. L. Blass, R. Hernández Sánchez, V. A. Decker, M. J. Robinson, N. A.

Piro, W. S. Kassel, P. L. Diaconescu, C. Nataro, Organometallics 2016, 35,
462.

[119] G. Mann, Q. Shelby, A. H. Roy, J. F. Hartwig, Organometallics 2003, 22,
2775.

[120] C. Zúñiga, S. A. Moya, P. Aguirre, Catal. Lett. 2009, 130, 373.
[121] O. V. Gusev, A. M. Kalsin, M. G. Peterleitner, P. V. Petrovskii, K. A.

Lyssenko, N. G. Akhmedov, C. Bianchini, A. Meli, W. Oberhauser,
Organometallics 2002, 21, 3637.

[122] P. W. N. M. van Leeuwen, M. A. Zuideveld, B. H. G. Swennenhuis, Z.
Freixa, P. C. J. Kamer, K. Goubitz, J. Fraanje, M. Lutz, A. L. Spek, J. Am.
Chem. Soc. 2003, 125, 5523.

[123] G. A. Grasa, T. J. Colacot, Org. Lett. 2007, 9, 5489.
[124] M. Abubekerov, S. I. Khan, P. L. Diaconescu, Organometallics 2017, 36,

4394.
[125] I. V. Kourkine, C. S. Slone, C. A. Mirkin, L. M. Liable-Sands, A. L.

Rheingold, Inorg. Chem. 1999, 38, 2758.
[126] N. Debono, J.-C. Daran, R. Poli, A. Labande, Polyhedron 2015, 86, 57.
[127] A. Labande, N. Debono, A. Sournia-Saquet, J.-C. Daran, R. Poli, Dalton

Trans. 2013, 42, 6531.
[128] R. T. Hembre, J. S. McQueen, V. W. Day, J. Am. Chem. Soc. 1996, 118,

798.
[129] J. P. Collman, Nat. Struct. Biol. 1996, 3, 213.
[130] A. M. Allgeier, C. A. Mirkin, Angew. Chem. Int. Ed. 1998, 37, 894.
[131] S. Kuriyama, K. Arashiba, K. Nakajima, H. Tanaka, K. Yoshizawa, Y.

Nishibayashi, Chem. Sci. 2015, 6, 3940.
[132] a) S. Kuriyama, K. Arashiba, K. Nakajima, H. Tanaka, K. Yoshizawa, Y.

Nishibayashi, Eur. J. Inorg. Chem. 2016, 2016, 4856; b) T. Itabashi, K.
Arashiba, H. Tanaka, A. Konomi, A. Eizawa, K. Nakajima, K. Yoshizawa,
Y. Nishibayashi, Organometallics 2019, 38, 2863.

[133] A. J. Arduengo III, D. Tapu, W. J. Marshall, Angew. Chem. Int. Ed. 2005,
44, 7240.

[134] A. J. Arduengo, D. Tapu, W. J. Marshall, J. Am. Chem. Soc. 2005, 127,
16400.

[135] C. K. A. Gregson, V. C. Gibson, N. J. Long, E. L. Marshall, P. J. Oxford,
A. J. P. White, J. Am. Chem. Soc. 2006, 128, 7410.

[136] a) L. A. Brown, J. L. Rhinehart, B. K. Long, ACS Catal. 2015, 5, 6057; b) R.
Dai, A. Lai, A. N. Alexandrova, P. L. Diaconescu, Organometallics 2018,
37, 4040; c) A. Lai, Z. C. Hern, P. L. Diaconescu, ChemCatChem 2019, 11,
4210; d) X. Wang, A. Thevenon, J. L. Brosmer, I. Yu, S. I. Khan, P.
Mehrkhodavandi, P. L. Diaconescu, J. Am. Chem. Soc. 2014, 136, 11264;
e) E. M. Broderick, N. Guo, T. Wu, C. S. Vogel, C. Xu, J. Sutter, J. T. Miller,
K. Meyer, T. Cantat, P. L. Diaconescu, Chem. Commun. 2011, 47, 9897.

[137] E. M. Broderick, N. Guo, C. S. Vogel, C. Xu, J. Sutter, J. T. Miller, K. Meyer,
P. Mehrkhodavandi, P. L. Diaconescu, J. Am. Chem. Soc. 2011, 133,
9278.

[138] R. Dai, P. L. Diaconescu, Dalton Trans. 2019, 48, 2996.
[139] M. Y. Lowe, S. Shu, S. M. Quan, P. L. Diaconescu, Inorg. Chem. Front.

2017, 4, 1798.
[140] S. M. Quan, X. Wang, R. Zhang, P. L. Diaconescu, Macromolecules 2016,

49, 6768.
[141] X. Xu, G. Luo, A. Mehmood, Y. Zhao, G. Zhou, Z. Hou, Y. Luo,

Organometallics 2018, 37, 4599.
[142] a) C. Chen, ACS Catal. 2018, 8, 5506; b) R. Mundil, L. E. Wilson, D.

Schaarschmidt, I. Císařová, J. Merna, N. J. Long, Polymer 2019, 179,
121619.

[143] R. Savka, S. Foro, M. Gallei, M. Rehahn, H. Plenio, Chem. Eur. J. 2013, 19,
10655.

[144] C. D. Varnado Jr., E. L. Rosen, M. S. Collins, V. M. Lynch, C. W. Bielawski,
Dalton Trans. 2013, 42, 13251.

[145] K. Arumugam, C. D. Varnado Jr., S. Sproules, V. M. Lynch, C. W.
Bielawski, Chem. Eur. J. 2013, 19, 10866.

[146] M. Chen, B. Yang, C. Chen, Angew. Chem. Int. Ed. 2015, 54, 15520.
[147] P. Wucher, V. Goldbach, S. Mecking, Organometallics 2013, 32, 4516.
[148] M. Abubekerov, S. M. Shepard, P. L. Diaconescu, Eur. J. Inorg. Chem.

2016, 2016, 2634.
[149] M. Zhao, C. Chen, ACS Catal. 2017, 7, 7490.
[150] I. M. Lorkovic, R. R. Duff, M. S. Wrighton, J. Am. Chem. Soc. 1995, 117,

3617.
[151] C. S. Slone, C. A. Mirkin, G. P. A. Yap, I. A. Guzei, A. L. Rheingold, J. Am.

Chem. Soc. 1997, 119, 10743.
[152] a) E. Deck, H. E. Wagner, J. Paradies, F. Breher, Chem. Commun. 2019,

55, 5323; b) S. Klenk, S. Rupf, L. Suntrup, M. van der Meer, B. Sarkar,
Organometallics 2017, 36, 2026; c) S. Vanicek, M. Podewitz, J. Stubbe,
D. Schulze, H. Kopacka, K. Wurst, T. Müller, P. Lippmann, S. Haslinger,
H. Schottenberger et al., Chem. Eur. J. 2018, 24, 3742.

[153] L. Hettmanczyk, L. Suntrup, S. Klenk, C. Hoyer, B. Sarkar, Chem. Eur. J.
2017, 23, 576.

[154] S. Ibáñez, M. Poyatos, L. N. Dawe, D. Gusev, E. Peris, Organometallics
2016, 35, 2747.

[155] C. A. Tolman, Chem. Rev. 1977, 77, 313.
[156] L. Hettmanczyk, S. Manck, C. Hoyer, S. Hohloch, B. Sarkar, Chem.

Commun. 2015, 51, 10949.
[157] Y. Shen, S. M. Shepard, C. J. Reed, P. L. Diaconescu, Chem. Commun.

2019, 55, 5587.
[158] P. Veit, C. Volkert, C. Förster, V. Ksenofontov, S. Schlicher, M. Bauer, K.

Heinze, Chem. Commun. 2019, 55, 4615.
[159] a) K. Heinze, Angew. Chem. Int. Ed. 2017, 56, 16126; b) D. Huang, X.

Zhang, E. J. L. McInnes, J. McMaster, A. J. Blake, E. S. Davies, J.
Wolowska, C. Wilson, M. Schröder, Inorg. Chem. 2008, 47, 9919; c) R.
Kirmse, M. Kampf, R.-M. Olk, M. Hildebrand, H. Krautscheid, Z. Anorg.
Allg. Chem. 2004, 630, 1433; d) S. Preiß, C. Förster, S. Otto, M. Bauer, P.
Müller, D. Hinderberger, H. Hashemi Haeri, L. Carella, K. Heinze, Nat.
Chem. 2017, 9, 1249.

[160] a) S. Ibáñez, M. Poyatos, E. Peris, ChemCatChem 2016, 8, 3790; b) J.
Popp, A.-M. Caminade, E. Hey-Hawkins, Eur. J. Inorg. Chem. 2020, 2020,
1654.

[161] A. Feyrer, M. K. Armbruster, K. Fink, F. Breher, Chem. Eur. J. 2017, 23,
7402.

[162] S. Sakaki, M. Sumimoto, M. Fukuhara, M. Sugimoto, H. Fujimoto, S.
Matsuzaki, Organometallics 2002, 21, 3788.

[163] S. M. Shepard, P. L. Diaconescu, Organometallics 2016, 35, 2446.
[164] A. M. Sheloumov, P. Tundo, F. M. Dolgushin, A. A. Koridze, Eur. J. Inorg.

Chem. 2008, 2008, 572.
[165] A. Feyrer, F. Breher, Inorg. Chem. Front. 2017, 4, 1125.
[166] a) M. Süßner, H. Plenio, Angew. Chem. Int. Ed. 2005, 44, 6885; b) G. Liu,

H. He, J. Wang, Adv. Synth. Catal. 2009, 351, 1610.
[167] J. Choudhury, S. Semwal, Synlett 2018, 29, 141.

Manuscript received: December 7, 2020
Revised manuscript received: February 18, 2021
Accepted manuscript online: February 22, 2021
Version of record online: April 7, 2021

ChemCatChem
Concepts
doi.org/10.1002/cctc.202001951

2370ChemCatChem 2021, 13, 2337–2370 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 11.05.2021

2110 / 198527 [S. 2370/2370] 1

https://www.iac.uni-stuttgart.de/en/research/aksarkar/

