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Cooperative catalysis with first-row transition metals holds
much promise for future developments regarding sustain-
able, selective transformations, including e.g. alkenes,
dienes and a variety of small molecules such as CO2, N2 and
water. This non-exhaustive analysis of the current state-of-
the-art aims to give a comprehensive overview of the various
design strategies and applications of first-row transition
metal cooperative reactivity and to provide leads for new re-
search initiatives in order to expand this emerging field. The

1. Introduction
Many elements from the Periodic Table are available in

very limited supply, whilst resources are increasingly de-
pleted as a result of the ever-growing global population, the
rising average level of welfare and related demands for en-
ergy and chemical products. Catalysis is the key technology
for the efficient conversion of raw materials into valuable
products, but many catalysts themselves are based on
scarce, expensive and noble materials such as second- and
third-row transition metals. This is not sustainable for the
future application of catalysts and new approaches and con-
cepts need to be developed.

Nature has perfected the application of cheap, earth-
abundant first-row transition metals for the execution of
noble tasks such as small molecule activation or the func-
tionalization and selective conversion of challenging sub-
strates.[1] However, the (metallo)enzyme active sites em-
ployed very often rely on the reactivity of neighbouring li-
gand scaffolds and second coordination sphere interactions,
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main aspects covered involve bimetallic cooperativity, redox-
noninnocent ligands in combination with first-row transition
metal complexes, otherwise reactive or noninnocent scaffolds
that can induce metal-ligand bifunctional substrate acti-
vation and the design of adaptive ligands and complexes
thereof, wherein hemilability is a key factor for selective re-
activity. The metals under review are primarily the late tran-
sition metals Fe, Co, Ni and Cu.

i.e. Nature makes use of cooperative catalysis and “bifunc-
tional activation” is an ubiquitous concept in the chemistry
of biological systems.[2] This principle covers many seem-
ingly unrelated types of functionalities wherein the protein
scaffold or co-factors around the active site actively facili-
tate substrate turnover in a way that would not be possible
or not as efficiently achieved without the element of cooper-
ativity.

The mode of action of e.g. the enzymes galactose ox-
idase[3] and the hydrogenases[4] are based (in part) on coop-
erative effects induced by the ligand sphere around the
metal active site. Similar arguments can be used to qualify
the bi- or oligonuclear nature of many active sites to steer
and control substrate activation and functionalization pro-
cesses, often also involving multi-electron redox events as
well as proton-coupled electron-transfer phenomena. Many
metalloenzymes utilize such multimetallic cooperative sys-
tems for selective transformations, including copper-based
oxidases and oxygenases,[5] non-heme iron-based active
sites,[6,7] dinuclear nickel-containing systems[8] as well as
many mixed-metal biocatalysts.[9] The use of “flexidentate”
or hemilabile ligation[10] can also be included as a com-
monly observed strategy to regulate accessibility to the
active site and thereby control reactivity.



J. I. van der VlugtMICROREVIEW
In contrast to the many very successful examples of co-

operative catalysis based on abundant metals for selective
transformations in biological systems,[13] the design and
utilization of synthetic cooperative systems is still in its in-
fancy, especially with respect to applications in catalysis.
Only relatively recently has the targeted design of adaptive,
cooperative ligand frameworks been recognized as a prom-
ising way to approach synthetic problems related to the se-
lective conversion of substrates and the uncovering of new
reactivity and previously unknown transformations.

This microreview is intended to survey four bioinspired
strategies (Scheme 1) to induce and utilize cooperative reac-
tivity in the context of (small molecule) substrate activation
and homogeneous catalysis. Attention will be given to the
use of redox-noninnocent ligands, to ligand–metal bifunc-
tional substrate activation, to favorable interactions in bi-
metallic complexes and to adaptive, hemilabile coordination
strategies. Particular emphasis on recent and ongoing ef-
forts to combine these design concepts with earth-abundant
late transition metals (Fe, Co, Ni and Cu). The nascent re-
search field of supramolecular cooperative catalysis is intro-
duced separately at the end of this non-exhaustive but
rather illustrative overview of this emerging research field.

Scheme 1. Overview of cooperative reactivity strategies: A redox-
noninnocent ligand scaffolds; B bifunctional substrate activation;
C bimetallic substrate activation; D adaptive, hemilabile ligand co-
ordination.

2. Cooperative Homogeneous Catalysis
One of the big focus points in present-day catalysis is the

search for catalysts based on earth-abundant metals for
green energy production and applications.[11] As such, the
production of dihydrogen from a renewable resource like
water and at low overpotentials, utilizing solar energy, is at
the forefront of these developments. These attempts are
driven by the desire to decipher ways to obviate the need
for scarce, expensive Pt (electro)catalysts and to replace
them with base-metal systems. Initial progress was made on
the use of diiron systems as electrocatalysts for the re-
duction of protons to dihydrogen.[4] Even more timely and
with pronounced usefulness for catalytic applications are li-
gand-metal assemblies that operate via an intramolecular
acid/base functionality located in the ligand framework,
akin to the hydrogenase active site.[12] The introduction of
a biorelevant azadithiolate co-factor allowed the investiga-
tion of cooperative proton reduction events, involving intra-
molecular proton-hydride coupling processes to generate H2

via a bifunctional pathway.
Ligand-assisted reactivity has so far proven particularly

attractive for hydrogenation-related catalysis, involving het-
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erolytic H2 activation as a key step in the overall processes.
Most of these cooperative catalytic systems incorporate
alcohol–ketone[14] or amine–amide functionalities.[15] Im-
pressive catalytic activities and mechanistic insights have
been obtained for a number of these bioinspired molecular
systems and for various types of substrates.

These developments in turn allow for a wider range of
activity than traditionally provided for by metal-based ca-
talysis alone. However, the vast majority of catalytic sys-
tems developed and applied to date are based on expensive,
noble metals. However, it is essential and thus believed to
be only a matter of time before combinations of earth-abun-
dant first-row transition metals and cooperative ligand scaf-
folds will show to be equally powerful as or even to surpass
current noble metal based methodologies and will enable
also completely new reactivity to be utilized in catalytic
transformations.

2.1 Redox Noninnocent Systems

First-row transition metals often display one-electron re-
activity rather than the more common two-electron path-
ways typically observed with second- and third-row ana-
logues. However, the use of these earth-abundant metals in
combination with ligand-based redox-activity is still under-
developed in catalysis, as the main focus in the past decade
has been on detailed understanding of electronic structures
of both metal and ligand fragments in stoichiometric reac-
tivity studies.[16,17,18] It is foreseen that these powerful com-
binations of both metal and ligand redox-noninnocent sys-
tems will lead to new catalytic reactions and improvements
in existing processes.

Many different types of ligand scaffolds[19] have proven
to engage in ligand-based redox-processes when coordi-
nated to (late) transition metals, which often strongly com-
plicates formal oxidation state assignments as well as the
overall electronic structure determination of the resulting
species. Well-known and thoroughly investigated examples
of these so-called redox-noninnocent ligand systems include
inter alia quinones, dithiolenes or α-dimines.[20] More re-
cently, ligands such as bis(imino)pyridines, diphenylamine-
based systems and even Fischer carbenes have been shown
to be susceptible to redox-chemistry in the coordination
sphere of a transition metal.

Bis(imino)pyridines have been shown to undergo ligand-
based redox-events, which do not affect the formal oxi-
dation state of the coordinated metal.[21] This makes scenar-
ios possible wherein the electron storage capacity of ligands
supplies the redox-equivalents necessary to drive reactions
such as selective C–C bond formation in the hydrovinyl-
ation of alkenes and the cyclization of diynes with iron
(Scheme 2).[22,23] As such, it is a very powerful type of cata-
lytic approach, that may be expandable to other metals as
well, such as cobalt.[24] Both the “oxidative addition” and
“reductive elimination” processes associated with the two
C–C bond forming processes lead to oxidation and re-
duction of the ligand rather than the metal (which stays in
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Scheme 2. Formation of a Fe complex based on bis(imino)pyridine and its reactivity in the cyclization and hydrovinylation of unsaturated
hydrocarbons.

the FeII spectroscopic oxidation state throughout the entire
catalytic cycle), and thereby the redox-active bis(imino)-
pyridine ligand imposes some noble character to iron. This
concept is highly compelling and suggests that it could well
be possible to replace noble metals currently used in several
types of organometallic catalytic reactions by cheaper and
more abundant first-row TM’s (perhaps even main-group
metals). The Chirik group has expanded the chemistry of
Fe-based bis(imino)pyridine complexes also to hydrogen-
ations, polymerizations and stoichiometric bond-activation
reactions.[25]

Soper and co-workers recently showed that metal-carbon
bond formation can occur via metal-centered oxidative ad-
dition steps but without changing the d-electron configura-
tion of the metal.[26] This was made possible by using redox
active ligands that offer selective and fast electron transfer
to the metal. The particular CoIII complex, which is a
square-planar CoIII species (Scheme 3), featured two robust,
redox noninnocent amidophenolate ligands. These ligands
are easily, yet reversibly oxidized by one electron, thereby
forming stable imino-semiquinone radical ligands. The
(stoichiometric) cross-coupling of alkylzinc reagents with
alkylhalides was demonstrated to be facilitated by this in-

Scheme 3. Schematic representation of the “electron borrowing”
methodology of redox-active amidophenolate ligands coordinated
to a CoIII metal center.

Eur. J. Inorg. Chem. 2012, 363–375 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 365

novative “electron-borrowing” methodology. Eventually
this could lead to cross-coupling transformations with
earth-abundant metals instead of the expensive noble tran-
sition metals utilized extensively at the present time.

Mindiola has described the redox-activity of specific
monoanionic PNP-pincer scaffolds.[27] Starting from neu-
tral square-planar NiCl(PNPiPr), this species reacts with
FcOTf (Fc = ferrocenium) to induce oxidation of the ligand
backbone rather than the metal center (also certain Ag-salts
are amenable to afford this redox-reaction), generating a
ligand-centered radical anion coordinated to the unaltered
square-planar NiII center (Scheme 4). The electronic struc-
ture of this unusual complex was investigated via a com-
bined X-ray crystallographic, spectroscopic (UV, EPR,
multi-edge XAS) and computational DFT study, indicating
that the radical character is most pronounced at the nitro-
gen atom, with further contributions from the two phenyl
rings. Although the authors speculate on the usefulness of
this ligand based redox-switching event for catalysis, no fur-
ther investigations on this matter have been reported to
date. It is likely that this type of ligand cooperativity may
find applications in certain types of bond activation pro-
cesses, potentially even with further functionalization.

Scheme 4. Redox noninnocent behaviour of diphenylamide derived
PNP ligand when coordinated to NiII.

It may be speculated that the all-nitrogen donor NNN
analogues[28] also facilitate such ligand-centered redox-be-
haviour during e.g. Ni-catalyzed Kumada coupling of alkyl
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Grignards and alkyl halides rather than going proceeding
through the intermediacy of a formal NiIV species.[29] It was
recently established that the same nickel catalyzed cross-
coupling reactions using related bidentate NN analogues
followed a radical mechanism.[30]

The group of Zhang recently introduced CoII(por*) com-
plexes, wherein por* represents C2-symmetric porphyrins
functionalized with chiral auxiliaries that are also able to
interact with suitable substrates via H-bonding.[31] This has
resulted in unprecedented high enantioselectivity for the
CoII-catalyzed cyclopropanation of electron-poor alkenes
with diazoesters.[32] It was subsequently established,
through combined spectroscopic and theoretical studies
using ethyl diazoacetate as model substrate, that the rel-
evant cobalt(carbene) intermediate displays radical charac-
ter at the carbene carbon atom rather than the d7 cobalt
center, making it a one-electron reduced Fischer carbene
(Scheme 5). This effectively implied that metal-carbenes can
display redox-noninnocent behaviour.[33] Subsequent com-
putational investigations have identified ligand-based radi-
cal reactivity in the strongly related aziridination of
electron-poor alkenes with azides {as well as PhI = NTs –
[N-(p-tolylsulfonyl)imino]phenyl-iodinane} as nitrene
source.[34] Follow-up reactivity studies will establish if this
observed noninnocence in these neutral ligand fragments,
previously thought to be mere innocent substrates or spec-
tator ligands at best, will reach beyond these C–H and C=C
bond activation reactions. It can be envisioned that one-
electron reduced Fisher or one-electron oxidized Schrock
carbenes could lead to alternative reaction pathways for
various reactions, also toward C–heteroatom bond forma-
tion processes. For the moment, the limited accessibility of
suitable precursors for these carbenes (diazo compounds)
and nitrenes (PhINTs or azides) might hamper progress,
unless ways are found to convert alkyl or amine fragments
into the corresponding six-valence electron species. These
elegant systems could be regarded as examples of supra-
molecular cooperative catalysis, given the strong influence
of the H-bonding motif between the ligand periphery and

Scheme 5. Co-catalyzed asymmetric cyclopropanation of electron-
poor alkenes occurs via carbene radical anion species, with aided
stability provided by a functionalized chiral porphyrin.
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the substrate, both with respect to enantiodiscrimination
and stabilization of the radical nature of the carbene frag-
ment.

2.2 Bifunctional Substrate Activation

Pincer ligands have been studied intensively ever since
their inception in the 1970’s by Shaw.[35] Many variations of
these rigid, meridional tridentate ligand scaffolds have been
developed, including many that do not exhibit rigid pincer-
like binding characteristics but induce a more flexible coor-
dination sphere around the metal center of choice.[36] The
original design featured a central (pivotal) deprotonated sp2

carbon flanked by two heteroatom donor groups, but over
the years various other classes have emerged, the latest be-
ing EBE with a deprotonated boryl group.[37] Formally neu-
tral tridentate pincer ligand systems have become very pop-
ular in the last decade(s), such as those based on 2,6-diami-
nopyridine[38] or 2,6-dihydroxypyridine.[39] They offer com-
plementary chemistry to their monoanionic derivatives, e.g.
when focusing on low-valent metal centers (e.g. RhI, IrI) or
if coordinatively unsaturated dicationic complexes (such as
PtII) are targeted.

Recently, a specific class of aromatic, neutral tridentate
ligands based on lutidine, and close analogues thereof, has
received much attention. One special feature of these 2,6-
lutidine-derived systems is their ease of deprotonation of
the methylene spacer group, effectively making this a “non-
innocent” class of ligands.[40] The mode of action and type
of reactions accessible with this kind of ligand-metal coop-
erative reactivity differs significantly from that observed in
previously studied acid/base switching systems. Other types
of deprotonatable ligand structures have appeared in the
literature in recent years, but again research initially fo-
cussed mainly on proven second- and third-row group 8–10
transition metals, which will not be further discussed
here.[41]

Given the cooperative nature of the lutidine-derived
PNPR class of ligands and their close PNN analogues,
which was elegantly utilized for stoichiometric reactivity
and catalytic transformations using second- and third-row
transition metals,[40] it is somewhat remarkable to notice
that only very recently the first reports of first-row transi-
tion metal based chemistry with this reactive type of scaf-
fold was reported. Mononuclear FeII and Fe0 complexes
were investigated by Milstein,[42] Goldman[43] and Chi-
rik.[44] Interestingly, subtle but significant differences were
noted in the actual geometry around the Fe-center, de-
pending on the substitution on the phosphane side-groups
(Scheme 6). With the sterically less encumbered ligand
PNPiPr, the Fe center shows a trigonal bipyramidal struc-
ture, while for the bulkier analogue PNPtBu a square-py-
ramidal geometry is obtained, both for the FeII as well as
the formal Fe0 state.

To date, only one example of cooperative catalysis with
Fe has been detailed using this type of ligand framework
(Scheme 7).[45] The hydrogenation of ketones was reported
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Scheme 6. Subtle influence of the R group in PNPR on the geome-
try of the Fe complex.

to be quite efficient with [FeBr(H)(CO)(PNPtBu)] as precur-
sor and speculated to behave in a cooperative manner, remi-
niscent to the classic Noyori-type mechanism. As iron-cata-
lyzed hydrogenations are gaining in importance, due to the
obvious advantages gained over other more established
metals,[46] it is expected that various types of ligand scaf-
folds will be successfully probed to display reactivity toward
susceptible C=C and C=X groups (X = O, N).

Scheme 7. Preparation of Fe(Br)(H)(CO)(PNPtBu), which is a cata-
lyst for the cooperative hydrogenation of ketones.

Chemistry and catalytic reactivity of nickel with coopera-
tive ligand-scaffolds is still far from developed. Initial re-
sults using the same PNPtBu framework as for Fe (vide su-
pra) have been obtained starting from dicationic NiII pre-
cursors via a sequential dearomatization-reprotonation pro-
tocol to generate terminal thiolate complexes as well as
nickel-alkyl species (Scheme 8).[47] Nickel alkyl complexes
are inferred as catalytic intermediates for a range of organic
transformations, such as hydrovinylation, Heck and Kum-
ada coupling and polymerization reactions. Their targeted
synthesis, via sequential ligand-based activation and metal-
based substitution reactions, in combination with dual-
mode reactivity options at both ligand and metal and the
potential to switch the catalyst on or off during catalysis
might aid the development of more active or selective sys-
tems.

Scheme 8. Synthesis of the Ni-alkyl complexes featuring a depro-
tonated version of ligand PNPtBu.
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The first example of hemilability of the central N-atom
of the cooperative, neutral pincer ligand PNPtBu was re-
cently discussed; pyridyl nitrogen coordination could be
monitored using IR spectroscopy and was shown to be
dependent on charge as well as steric arguments
(Scheme 9).[48] Only in case of a cationic species was N-
coordination observed. Furthermore, selective alkylation of
the dearomatized ligand backbone {obtained after treat-
ment of the complex [CuBr(PNPtBu)] with base} was de-
scribed, highlighting the reactive nature of these charge-
switching scaffolds.[49] This might lead to new opportunities
for the synthesis and exploration of modified, perhaps even
chiral analogues of this cooperative ligand scaffold.

Scheme 9. Hemilabile coordination and reactivity of the dearoma-
tized T-shaped complex Cu(PN–PtBu) with electrophiles.

Apart from the preferred coordination as a typical me-
ridional, tridentate “pincer” ligand, recent evidence from
X-ray crystallography proved that this framework can also
act as a dinucleating scaffold, bridging two CuI centers in
an unprecedented κ2–P,N-κ1–P mode (Scheme 10).[50] We
recently demonstrated the use of these Cu complexes with
cooperative PNP-ligands to be active in the [2+3] dipolar
addition reaction between azides and alkynes. The interme-
diacy of complex 2 was strongly suggested by stoichiometric
reactivity studies. Initial formation of a phenyl acetylide de-
rivative after reaction of complex 2 with HCCPh (the acet-
ylenic proton is acidic enough to reprotonate the dearoma-
tized ligand) and subsequent addition of benzyl azide led to
generation of the triazole product through intramolecular
ligand-to-triazole proton transfer.[51]

Scheme 10. Generation of unusual dinuclear CuI complexes with a
bridging PNPtBu ligand via sequential dearomatization-reproton-
ation.

Besides reversible deprotonation or dearomatization in
order to induce cooperative reactivity, some systems can act
as intramolecular base in tandem with first-row transition
metals, much like the classic Noyori Ru-catalysts.[13,52] This
concept is e.g. explored in the context of hydrogenase mod-
eling. DuBois and co-workers have employed bioinspired
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bis(phosphanylmethyl)amines to play a crucial cooperative
role during the generation of dihydrogen at mononuclear
CoII and NiII centers (Scheme 11).[53] Square-planar start-
ing compounds carrying either one or two PNP ligands
have been prepared, whereby the cooperating ligand fur-
nishes a proton-accepting pocket in close proximity to an
axial coordination site at the metal center, that may bind
a hydride. Two sequential proton-coupled electron transfer
steps furnish the hydride-ammonium species that can lead
to the formation of H2.

Scheme 11. Cooperative production of dihydrogen through bifunc-
tional proton activation.

The same catalyst system has subsequently been cova-
lently anchored and immobilized on electron-conducting
carbon nanotubes by the group of Palacin, Fontecave and
Artero, who demonstrated the highly efficient use of these
devices in the reversible oxidation of H2, with turnovers of
up to 100,000 at very low overpotentials.[54] In subsequent
work the non-covalent adsorption onto carbon nanotubes
using pyrene-functionalized PNP scaffolds was shown.[55]

Recently, the groups of Holland and Eisenberg demon-
strated the photocatalytic production of dihydrogen from
water using this type of Ni complexes featuring cooperative
ligands.[56] It is clear that the combination of an intramolec-
ular proton-docking site close to an hydridophilic metal site
creates a powerful cooperative combination for this decep-
tively simple but complex reaction, as it reduces the re-
quired overpotential needed to drive this reaction. It is
paramount for the development of catalysts and devices for
solar fuel production to utilize and incorporate the same
principles.

The group of Talarmin, Schollhammer and Gloaguen
has reported on a diphosphanyl-amine ligand resembling
the naturally occurring azadithiolate co-factor with regards
to its potential for proton-binding whilst being in close
proximity to a metal-hydride site.[57] This PNP-system can
act as a bridging or a chelating ligand (depending on reac-
tion conditions) to a diiron system reminiscent of the [Fe2]-
H2-ase active site (Scheme 12). Addition of acids to this
biomimetic model system led to initial protonation at the
intramolecular basic nitrogen, with subsequent proton-
transfer to the diiron core.

Scheme 12. Cooperative proton-transfer within a bioinspired diiron
model system relevant for H2ase activity.
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Recently, a new twist to this strategy was presented by
the group of Ott.[58] Using a particular mononuclear FeII

system featuring a chelating dithiolate ligand (Scheme 13),
which in itself is already noteworthy, they observed that one
of the thiolate-sulfur atoms could be reversibly protonated.
This example of ligand reactivity was then used to facilitate
cooperative dihydrogen production. Electrocatalytic proton
reduction was shown to be very efficient at relatively low
overpotentials.

Scheme 13. Cooperative (noninnocent) reactivity of a dithiolate li-
gand on a mononuclear FeII species, relevant for bioinspired dihy-
drogen production.

2.3 Bimetallic Catalysis

Cooperativity in a di- or polynuclear metal system is
mainly useful and productive if the activity exhibited by the
multimetallic core either surpasses results obtained for the
mononuclear analogue or if the cluster induces a reactivity
that is not possible otherwise.[59] For some time now, bime-
tallic cooperative catalysis has been established in the field
of polymer catalysis, with landmark contributions by the
group of Coates on CO2-propylene oxide copolymerization
systems that outperform their mononuclear analogues.[60]

Jacobsen pioneered the use of dicobalt species for the ring
opening of epoxides.[61] Recently, some adaptations of this
proven concept have been elaborated on, using supramolec-
ular bowl-shaped structures.[62] The area of “click chemis-
try”, originally defined by Sharpless[63] to include 100%
atom-efficient, thermodynamically favored and very selec-
tive coupling reactions between two reactive coupling part-
ners, is dominated by the copper-catalyzed azide–alkyne
coupling to generate bioorthogonal triazole fragments. The
group of Marks has made elegant contributions using well-
designed dinickel complexes based on dinucleating phen-
oxyiminato ligands, which were shown to induce coopera-
tive catalysis in both the homopolymerization of ethylene
and the copolymerization of ethylene with polar comono-
mers (norbornadiene and acrylates).[64] This has led to high
levels of comonomer incorporation, significantly higher
branch-content in PE and hence in different polymer micro-
structures. Meyer has developed innovative dinucleating li-
gands based on functionalized pyrazolate scaffolds and the
corresponding Ni, Cu and Zn bimetallic complexes thereof,
which are active models for urease (Ni),[65] phosphatase
(Zn)[66] and e.g. polyphenolether synthesis (Cu).[67,68]

Ozerov has described the formation of specific PdI(PNP)
dimers – PNP = bis[2-(diisopropyl- phosphanyl)-4-meth-
ylphenyl]amido – via photolytic activation of the corre-
sponding mononuclear Pd(PNP)(alkyl) species and utilized
these systems (Scheme 14), which feature an unsupported
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Pd–Pd single bond and can thus be viewed as two-electron
reductants, for the bimetallic, homolytic activation of par-
ticular H–E bonds, most notably H2O and NH3.[69] It re-
mains to be seen if similar strategies may be fruitful with
first-row analogues, especially in combination with redox-
active ligands (vide infra).

Scheme 14. Dinuclear activation of ammonia at a PdI–PdI dimer.

Peters has developed dinuclear copper species based on
the same PNP ligand scaffold as well as its close structural
PPP derivative [PPP = bis(2-diisopropylphosphanyl)phenyl-
phosphane],[80] which showed very interesting electronic be-
haviour, allowing the isolation of mixed-valent states as well
as spectacular, long-lived luminescence.[71,72] Using the
same PNP framework (Scheme 15), Mindiola disclosed the
synthesis and follow-up reduction of the mononuclear
CoCl(PNP) complex, which revealed some interesting
chemistry, most notably the fact that the one-electron re-
duced CoI species Co(PNP) rapidly dimerized, with the
PNP ligand acting as a bridging dinucleating scaffold in the
resulting diamanoid structure.[73] Under an atmosphere of
CO, the related mononuclear species was again obtained.
When the reduction was performed under an N2 atmo-
sphere, the end-on coordinated dinuclear dinitrogen com-
plex could be isolated. To date, no further reactivity with
any these species has been reported; it can be expected that
ultimately these types of species may be utilized for dinitro-
gen functionalization.

Scheme 15. Formation of dinuclear CuI and CoI species with a
bridging PNP ligand.

The group of Agapie recently adapted the ligand back-
bone design, originally described by Vilar[74] to prepare
mono- and dinuclear PdI complexes, based on terphenyl-
phosphanes in order to arrive at dinuclear NiI-dimeric sys-
tems facilitate stoichiometric C–C bond formation reac-
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tions between bis(orthometallated) biphenyls and CO
(Scheme 16).[75] The two Ni-centers actively cooperate dur-
ing the essential steps of this transformation, and one po-
tential mechanism includes formal two-electron reduction
of the NiI-dimer core after initial association and insertion
of CO in a Ni–C bond. Indeed, dinuclear Ni0 species have
been observed in the reaction mixture. Strikingly, the same
dinickel biphenyldiyl complex was also reactive toward ge-
minal dichloroalkanes, leading to the formation of substi-
tuted fluorenes. This suggests an oxidative mechanism for
the dinickel core, with oxidative C–Cl addition over the
metal-metal bond as one option (radical mechanisms to
form mixed-valent NiI–NiII species are another viable pos-
sibility). Therefore, there seems to be much versatility in the
type of bimetallic scaffolds and the electronic state of the
metal–metal bond to induce selective bond forming reac-
tions. Key aspect for further development is the transforma-
tion from stoichiometric to catalytic turnover, with regener-
ation of the active dinickel species. Furthermore, it is poten-
tially also possible that such dimers actually break up into
reactive mononuclear entities. Similar dinuclear nickel spe-
cies and their reactivity were reported by the groups of Hill-
house and Johnson very recently.[76]

Scheme 16. Formation and C–C bond forming reactivity of a dinu-
clear NiI–NiI complex with a trans-spanning terphenyldiphosphane
ligand (xs = excess).

Betley has reported elegant polydentate, C3-symmetric[77]

hexaamine ligand design strategies to prepare tri- and hexa-
nuclear iron clusters.[78] The former was shown to be a suit-
able platform for the generation of nucleophilic μ3-nitrido
species that smoothly reacted with MeI to generate the cor-
responding methylimide. The iron centers in the hexanu-
clear clusters showed a high level of electronic cooperativity,
which translated into a highly delocalized electronic struc-
ture of the Fe ions. The stoichiometric reduction of NO2

was described, which indicates that reactivity is possible
with these clusters, concomitant with noticeable structural
changes to the hexanuclear geometry.[78d] These bioinspired
clusters may prove useful for small molecule activation, in
the spirit of e.g. nitrogenase or as homogeneous models for
heterogeneous catalysis such as the Haber-Bosch process.[79]

The group of Agapie has reported on similar polynuclear
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clusters accommodated by polydentate ligand scaffolds and
the resulting electronic communication between the metal
centers.[80]

Bouwman et al. recently showed that CO2 can be re-
ductively coupled to form oxalate using a dinuclear CuI spe-
cies, wherein each copper center has an N3S coordination
sphere, with the two metal centers bridged merely by a di-
sulfide linkage (Scheme 17).[81] This system showed remark-
able selectivity for CO2 over O2 and regeneration of the
active precursor was feasible through electrocatalytic re-
duction. The proposed mechanism involves initial reduction
of CO2 in the coordination sphere of CuI to the CO2

·– radi-
cal ion, which occurs at a significantly lower potential than
for the non-metal mediated process, concomitant formation
of CuII. Dimerization (with generation of a tetranuclear
copper-species) results in oxalate formation, which could be
liberated from the Cu4 core by addition of Li salt.

Scheme 17. Reductive coupling of CO2 to oxalate by a dinuclear
CuI complex.

2.4 Hemilabile Ligands for Cooperative Catalysis

Biology often employs donor groups and ligating frag-
ments that show variable coordination to the metal center.
This adaptive coordination behaviour (termed hemilability
or flexidenticity)[82] allows the regulation of vacant sites and
the selective conversion of reactive substrates. Adaptive li-
gand systems that can accommodate different stages for a
catalytically active complex during turnover, e.g. creating
and masking vacant sites depending on external stimuli
(reagents, substrates) are very promising to induce selective
cooperative catalysis, provided the characteristics of the
hemilabile group can be properly tuned. The group of
Braunstein has developed many bi- and tridentate scaffolds
that feature weakly coordinating donor groups, which easily
dissociate from the metal center in the presence of exoge-
nous ligand or substrate.[83]

Allosteric catalysis on the basis of hemilabile coordina-
tion of a hybrid ligand to a secondary metal site, whereafter
a nearby primary catalytic site is transformed from a dor-
mant to an active catalyst state, has been demonstrated by
Mirkin and co-workers in a number of systems.[84] They
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developed cleft-like dinuclear systems that operate via a
“weak-link” concept based on P,S-ligation to a transition
metal (typically Rh), that is connected to a first-row metal
based (Mn, Zn) catalyst site (Scheme 18). One of their ele-
gant designs features two Mn-salen units sandwiched be-
tween these P,S-ligated Rh hinges. Introduction of an exog-
enous substrate resulting in opening of the cleft, which led
to higher accessibility of the bis-Mn-salen core and sub-
sequently to catalytic activity in the acyl transfer reaction
involving acetic anhydride and pyridyl carbinol as the sub-
strates, generating acetate as product. Furthermore, a sys-
tem was devised where this product was the exogenous trig-
ger to induce catalyst activity (autocatalysis). More recently,
triple-decker catalytic systems have been developed,
wherein two side-arm functionalities act as “hinges” to se-
lectively mask the catalytically active metal site, which was
an Al-salen unit capable of catalyzing the ring-opening of
ε-caprolactone.[85]

Scheme 18. Mechanism of autocatalysis at a primary catalytic site
made possible by selective hemilabile coordination at a secondary
metal site.

Recently, new hybrid meridional tridentate ligands have
been introduced, that feature two distinctly different side-
arm donor groups. The use of such hemilabile pincer li-
gands was pioneered by Milstein, who developed neutral
hybrid PNN systems that were amenable to induce unprece-
dented dehydrogenative coupling reactions involving
alcohols.[86] Also hybrid, asymmetrically substituted
monoanionic ligands have been developed that display se-
lective dissociation of one of the side-arms, thereby vacating
a coordination site at the metal center (Scheme 19).[87] To

Scheme 19. Concept of tunable hemilability to induce cooperative
reactivity.
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date, this ligand design has not been combined with first-
row transition metals but has only been tested with Rh, Ir
and Ru.

3. Supramolecular Cooperative Catalysis

Supramolecular catalysis is a rapidly expanding field
within homogeneous catalysis, wherein self-assembly via
non-covalent interactions (i.e. H-bonding, metal templ-
ation, anion templation or other types of weak interactions)
is employed to construct the desired ligand scaffold and/or
to generate the supramolecular catalyst species. This also
includes examples dealing with self-complementary mono-
phosphorus ligands.[88] To date, this concept has been
mainly explored with second- and third-row metals, al-
though first-row metals such as Zn or Cu are frequently
employed as metal template.[89] However, merging this strat-
egy with ligand based noninnocence has been ill-explored
to date.

Apart from the system of Zhang (vide supra), only a few
ligand scaffolds combine non-covalent ligand-substrate in-
teractions with first-row transition metal complexes. Boro-
vik and co-workers developed tripodal ligand scaffolds
adorned with H-bonding patterns along the periphery.[90]

These ligands have allowed the selective construction of e.g.
Fe-oxo and Co-hydroxo species, wherein the oxygen-con-
taining fragment is stabilized by H-bonding to the amide
units in the ligand side-arms. This may ultimately be a use-
ful strategy for selective catalytic oxygenation or oxidation
reactions.

Breit and co-workers reported on the Ni-catalyzed hy-
drocyanation of styrenes using self-assembled bidentate
phosphane ligands.[91] Although this provides a very elegant
way to prepare new ligand systems, with the advantage of
creating larger libraries due to the higher availability of
building blocks, the self-assembly does not extend to the
level of cooperative catalysis, as the ligands do not actively
participate during substrate conversion but are merely con-
figured using non-covalent H-bonding interactions. In ge-
neral, despite the “synzymatic” nature of some of these sup-
ramolecular catalysts, there is no true cooperative aspect as
yet incorporated in most of these concepts, nor are first-
row transition metals exploited in this way. However, it is
envisioned that such favorable design features may well
come into existence in the near future, as more control over
the preparation and behaviour of these supramolecular sys-
tems is gained.[92]

Crabtree and Brudvig developed a Mn-based oxidation
catalyst for C–H oxygenation reactions, wherein substrate
recognition and preorganization induced by multiple hydro-
gen bonding were essential to achieve the observed high
chemoselectivity.[93] The bimetallic catalyst featured a bioin-
spired Mn2 reactive center with bridging oxo-ligands and a
functionalized terpyridyl ligand adorned with a carboxylic
acid moiety capable of interacting with the carboxylic acid
group of the substrate ibuprofen, thereby positioning the
desired C–H bond directly above the active Mn2 center.
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Control experiments supported the role of hydrogen bond-
ing in orienting the substrate to achieve high selectivity.

The use of other types of cooperative ligand structures
so far has been limited to noble metal chemistry. For in-
stance, the elegant systems employed by the group of Jun[94]

and Breit et al.,[95] wherein the ligand interacts strongly with
the substrate of choice – be it an aldehyde to infer selective
hydroacylation, through the formation of a reversible imine
bond, or the hydroformylation of α,β-unsaturated carbox-
ylic acids, making use of directing H-bonding – have been
tested mainly with Rh and Ru. Related approaches using
bifunctional substrate activation have been developed by
Reek et al., wherein hydrogen bonding interactions[96] be-
tween the ligands and the substrates were shown to enhance
the asymmetric hydrogenation of functionalized substrates.
The use of an anion-binding pocket as the backbone of a
diphosphorus ligand was able to regulate the regioselectiv-
ity during the rhodium-catalyzed hydroformylation of un-
saturated carboxylate substrates.[97]

In general, despite the obvious advances developed and
the complementary or beneficial aspects of various complex
or supramolecular (cooperative) systems recently reports,
e.g. in terms of reactivity, tunability and selectivity, to date
no attention is given at all to applying these concepts with
first-row metals and there is a whole field waiting to be
explored.

4. Conclusions

The field of transition metal cooperative catalysis has
seen much fascinating progress in the last decade, but the
first-row transition metals are still far from well-developed
in this respect. It is believed that combining cooperative li-
gands, either featuring redox-activity, proton-transfer abili-
ties or coordinative adaptivity with earth-abundant metals
such as Fe, Co, Ni or Cu, either as mononuclear or bimetal-
lic species, will prove to be very efficient for both new reac-
tivity as well as the use of cheap metals for noble tasks. This
will include processes to facilitate the cooperative, catalytic
activation and functionalization of small molecules for
which currently no methodologies are available or that can
only be mediated by expensive metals.[98,99,100]
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