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“Formalisms are convenient fictions which contain a piece of
the truth”
Roald Hoffmann[1]

1. Introduction

To avoid high activation barriers, nature typically breaks
down challenging catalytic transformations into a sequence of
elementary steps. This strategy is particularly versatile in the
context of sustainable energy whereby energetically costly
multi-electron processes are required to transform stable
molecules (e.g. N2, H2O, CO2, CH4) into energy-rich fossil-
fuel surrogates. To address this challenge in redox catalysis,
nature has developed enzymes that distribute redox equiv-
alents over several atoms, for example, metal clusters, redox-
active ligands, and amino acids.[2] This approach allows
enzymes to operate very close to the thermodynamic
potential dictated by the reaction (Figure 1).

Redox-active ligands often facilitate vital multi-electron
catalytic transformations.[3] Nature relies on redox-active
moieties, either bound as ligands or in the second coordina-
tion sphere of a metal cofactor, to catalyze challenging
reactions. The prosthetic groups involved in redox reactions
may contain the following features: 1) a “non-innocent”
redox-neutral ligand, 2) a redox-active ligand, and/or 3) a

redox-active moiety within the metal�s second coordination
sphere (Scheme 1).

The most recent addition to the hydrogenase family is the
iron-only hydrogenase (Hmd) 2 that contains a bidentate 2-
pyridone ligand.[4] Importantly, the iron remains in its FeII

state throughout the processing of dihydrogen. This is made
possible thanks to the presence of a non-innocent but
formally redox-neutral ligand, which can exist as two
tautomeric forms: 2-pyridone and 2-hydroxypyridine.

The electronic structure of cytochrome P450, responsible
for the oxidation of unactivated C�H bonds, can be regarded
as an iron(V)oxo species; however, the current description is
a FeIV(O)porphyrin(C+) (1).[5] Cytochrome P450 tames the

Nature�s use of redox-active moieties combined with 3d transition-
metal ions is a powerful strategy to promote multi-electron catalytic
reactions. The ability of these moieties to store redox equivalents aids
metalloenzymes in promoting multi-electron reactions, avoiding high-
energy intermediates. In a biomimetic spirit, chemists have recently
developed approaches relying on redox-active moieties in the vicinity
of metal centers to catalyze challenging transformations. This
approach enables chemists to impart noble-metal character to less
toxic, and cost effective 3d transitional metals, such as Fe or Cu, in
multi-electron catalytic reactions.

Figure 1. Breaking down a multi-electron redox reaction into distinct
steps allows nature to circumvent high kinetic barriers.
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reactivity by distributing one oxidizing equivalent over the
porphyrin and proximal cysteine ligand.[6]

Concerning second coordination sphere redox-active
moieties within metalloenzymes, tyrosine residues and Fe–S
clusters occupy a place of choice.[7] In the oxygen evolving
complex (OEC), the tyrosine residue (Yz) is optimally
positioned in the second coordination sphere to orchestrate
the sequential proton and electron trafficking between the
primary donor of photosystem II (P680) and the OEC 3.[8]

Such subtle position optimization is also found with Fe–S
clusters, in which electron-transfer enzymes are finely tuned
compared to synthetic Fe–S models.[9]

The multi-electron processes found throughout nature
utilize metals that are dominated by single electron redox
events (e.g. Fe, Mn, Cu). Homogeneous catalysis is, however,
dominated by noble metals, such as Pd or Rh, which readily
undergo two-electron processes. Nature uses redox-active
moieties to store and mediate electron-transfer to metal
centers thereby imparting noble metal character onto base
metals. In this Minireview, we outline recent biologically
inspired efforts to exploit redox-active ligands in catalysis.

2. Non-Innocent Ligands

As illustrated by Hmd, formally redox-neutral but “non-
innocent” ligands may exist in two tautomeric forms varying
between an anionic and a neutral donor ligand. Even before
the discovery of Hmd, several non-innocent ligands were
successfully exploited in catalysis.[10] The widely acclaimed
Shvo�s ruthenium catalyst[11] and Knçlker�s iron analogue 4[12]

are reminiscent of the Hmd active site.[13] The iron complex 4
is attracting increasing attention as hydrogenation catalyst
owing to the use of inexpensive and non-toxic iron.[14] The two

representations of complex 4 (Scheme 2) highlight the
ambiguity in assigning the formal oxidation state of the metal
and thus suggest that such ligands indeed act as electron
reservoir.

Along similar lines, Milstein and co-workers have ex-
ploited several pincer ligands with “pyridone-like” character
to catalyze various challenging reactions.[15] Most notably, the
ruthenium complex 5 is capable of sequential water splitting
(Scheme 3). The splitting of water is afforded by the
dearomatized ruthenium complex 5 that initially reacts with
water to yield the hydrido–hydroxo complex 6. Complex 6
subsequently reacts with water at 100 8C to liberate H2,
yielding the bis(hydroxo) complex, 7. Upon photolysis,
dioxygen is released, regenerating the hydride 6.[16] This
reaction sequence, formally water splitting, constitutes
a unique approach towards developing new catalysts based
on non-innocent ligands.

3. Redox Active Ligands

The use of precious metals in homogeneous catalysis has
been ubiquitous for the last 200 years for nearly all two-

Scheme 1. Selected redox-active prosthetic groups that catalyze multi-
electron transformations. Active site structure of [Fe]-hydrogenase
1 involved in the direct H2-transfer, key oxo-ferryl intermediate 2 of
cytochrome P450 for the two-electron oxidation of organic substrates,
and structure of the oxygen-evolving complex 3 including a second-
coordination-sphere tyrosine residue involved in the multi-electron
water-splitting reaction in photosystem II.

V. K. K. Praneeth obtained his Ph.D. in
Inorganic Chemistry in 2008 from the
University of Kiel (Germany) and the Uni-
versity of Michigan (USA) under the guid-
ance of Prof. Nicolai Lehnert. Then he
moved to the University of Minnesota
(USA) as postdoctoral fellow under the
guidance of Prof. Lawrence Que, working
on nonheme iron-catalyzed cis-dihydroxyla-
tion chemistry. At present, he is in the Ward
group as a post-doctoral researcher looking
at various oxidation reactions based on
artificial metalloenzymes using non-innocent
ligands.

Mark Ringenberg received Ph.D. in Inor-
ganic Chemistry in 2011 at the University
of Illinois at Urbana under the guidance of
Thomas B. Rauchfuss working on redox
active ligands in catalysis. He is currently
a post-doctoral researcher at the University
of Basel. His research concerns the interface
of transition-metal catalysts and biology to
generate artificial metalloenzymes for the
processing of small molecules.

Thomas Ward obtained his Ph.D. under
Prof. L. M. Venanzi from ETH Zurich in
1991. Following two postdocs (Profs R.
Hoffmann, Cornell and C. Floriani, Lau-
sanne), he initiated his independent career
in bioinorganic chemistry at the University
of Berne before moving to the University of
Neuch�tel in 2000. In 2008, he moved to
the University of Basel. In a biomimetic
spirit, his research is centered on the
exploitation of second coordination sphere
interactions in catalysis.

Redox Active Ligands
Angewandte

Chemie

10229Angew. Chem. Int. Ed. 2012, 51, 10228 – 10234 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


electron transformations. Drawing inspiration from nature,
the development of catalysts based on abundant base metals
has grown to address the environmental, health, and financial
issues associated with precious metals. Chirik and co-workers

have developed several iron and cobalt catalysts that elicit
multi-electron redox chemistry assisted by the presence of
a redox-active ligand, based on bis(imino)pyridine (PDI;
Scheme 4).[17] The bis(imino)pyridine ligands have four ac-
cessible oxidation states and participate in redox reactions
which enables the metal to mediate multiple electron
processes.[3d] The iron(II) complex [Fe(PDI)Cl2] (8) is
reduced under dinitrogen with sodium amalgam to afford
the bis(dinitrogen) precatalyst, 9. The electronic structure of

Scheme 2. Reductive amination of aliphatic aldehydes and imines
using Knçlker’s catalyst 4.

Scheme 3. Milstein’s ruthenium-catalyzed thermal dihydrogen and
light-induced dioxygen evolution from water.

Scheme 4. Versatile organic transformations catalyzed by [FeII(PDI)]2� : a) [2+2] cycloaddition reaction and b) olefin isomerization and hydro-
silylation of unfunctionalized alkenes.
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this pre-catalyst has been thoroughly characterized by
spectroscopic techniques (NMR, X-ray absorption (XAS),
X-ray emission (XES), and Mçssbauer) combined with
density functional theory (DFT) calculations. The two-
electron reduction is localized on the PDI ligand rather than
on the metal center.[18] This feature is thought to be critical for
the iron-catalyzed [2+2] cycloaddition reaction of dienes to
afford the corresponding bicyclo-[3,2,0]-heptane (Sche-
me 4a). The reaction does not proceed in the presence of
redox inactive ligands, for example, a pyridine bis(carbene)
ligand.[18a] More recently, the reduced bis(imino)pyridine iron
complex 10 was used as a hydrosilylation catalyst for
unactivated olefins with tertiary silanes (Scheme 4b). The
catalyst 10 also induces an internal olefin to chain walk to the
terminal position prior to hydrosilylation.[19]

Since 2000, bulky amidophenolate ligands (ap2�), popu-
larized by the work of Wieghardt, have been widely exploited
as redox-active ligands in which much of the electron
trafficking occurs on the ligand rather than on the metal.[20]

Soper and co-workers developed a [Co(ap)2]
� (11) system

for Negishi-type C�C cross-coupling reactions. In the pres-
ence of alkyl halides, the complex undergoes formal oxidative
addition, leading to the formation of a Co�C bond. The metal
center maintains its formal 3 + oxidation state with an
intermediate spin with each aminophenolate providing one
electron to afford the corresponding [CoIII(iminosemi-
quinone)2(CH2CH3)] (12).[21] The metal formally maintains
the same oxidation state in both oxidative addition and
reductive elimination steps. Subsequent treatment of 12 with
an organozinc compound leads to the cross-coupling product,
reminiscent of a reductive elimination step (Scheme 5a);
however, this reaction is not yet catalytic. Related work by
Heyduk and co-workers combined amido bis(phenolate)
ligands with ZrIV, in compound 13, to afford formal oxidative
addition to give 14, and reductive elimination from a d0 metal
(Scheme 5b).[22] Recently 13 was used to achieve catalytic
turnover for the disproportionation of 1,2-diphenyl hydrazine
to the corresponding aniline and azobenzene (Scheme 5b).[23]

Such systems resemble the zinc-containing alcohol dehydro-
genases; the redox-neutral metal center binds, positions, and
activates the substrate but the redox event exclusively occurs
on the NAD+/NADH couple.[24]

Dihydrogen oxidation was achieved by Rauchfuss and co-
workers upon combining an ap2� ligand with a [Cp*IrIII]
moiety in 15 (Cp* = h-C5Me5).[25] Whereas the fully reduced
piano-stool complex is unreactive towards Lewis bases, upon
one-electron oxidation, the metal becomes Lewis acidic and
binds Lewis bases, for example, CN� , PR3, and CH3CN. In the
presence of a non-coordinating base, dihydrogen reacts to
reduce the iminosemiquinone (apC�) to amidophenolate
(ap2�), releasing a proton. Catalytic turnover was achieved
by combining an oxidizing agent (ox+), Ag+ or [Cp2Fe]+

(Cp = h-C5H5), a base, and dihydrogen (Scheme 6). Complex
15 acts as a dihydrogen oxidation catalyst, a critical step in
both hydrogenase functionality and the cathodic side of
a hydrogen fuel cell.

Inspired by Meyer�s remarkable ruthenium blue dimer 16
that catalyzes the oxidation of water,[26] Tanaka and co-
workers demonstrated the electrochemical oxidation of water

Scheme 5. Redox-active amidophenolate-type ligands critically involved
in a) a carbon–carbon formation reaction and b) the catalytic dispro-
portionation diphenylhydrazine.

Scheme 6. The catalytic oxidation of dihydrogen using [Cp*Ir(ap)] as
the catalyst.
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using a ruthenium catalyst containing a o-quinone ligand 17
(Scheme 7).[27] Quinone can adopt three different oxidation
states: quinone, semiquinone, and catecholate. The resulting
dinuclear complex displays remarkable water oxidation
activity with high turnover numbers (TON> 30 000). Unlike
other water-oxidation catalysts, which rely on high valent
ruthenium oxo species, Tanaka�s system shuttles between RuII

and RuIII, coupled with ligand-centered (i.e. semiquinone/
quinone) redox couples.[28]

4. Redox-Active Moieties in the Second Coordi-
nation Sphere of a Metal

The presence of a redox-active [Fe4S4] iron cluster in the
vicinity of the di-iron moiety is considered to be one of the
key factors responsible for the low over-potential and excep-
tional performance of the [FeFe]-hydrogenases (18 ;
Scheme 8).[30] The importance of the redox-active moiety in
the second coordination sphere of the [FeFe]-hydrogenase�s
active site was recently highlighted by Rauchfuss and co-
workers.[31] They demonstrated that both a redox-active
ferrocenyl phosphine moiety and a pendant amine on the
bridging ligand in catalyst 19 were critical to the oxidation of
dihydrogen at low pressure and room temperature. Hydrogen
oxidation is exothermic and displays a large kinetic barrier at
room temperature; nature overcomes this by rapidly separat-

ing the electron from the proton through the redox-active
second coordination sphere moiety and a pendant amine.[31]

Nature often relies on quinone cofactors as mobile two-
electron transfer mediators (ETM). In homogeneous catal-
ysis, quinones have been used as efficient ETMs to facilitate
PdII regeneration by air in Wacker-type oxidative trans-
formations.[32] This reoxidation process mediated by a quinone
inhibits palladium black formation. In a biomimetic spirit,
adding additional ETMs with an appropriate redox potential
between the terminal oxidant and the catalyst allows the
activation energy to be further lowered thus enabling to
catalysis to be performed near the thermodynamic potential.
B�ckvall and co-workers have mastered this strategy by
combining an O2-activating metal complex, for example,
phtalocyanines or a Schiff-base ligand metal complex, a qui-
none moiety, and a metal catalyst that binds and oxidizes the
substrate. These elegant redox cascade reactions mimic some
of nature�s low-energy pathways, such as those found in the
respiratory chain. Covalently linking the hydroquinone, 20
with the metal complex further contributes to lowering the
activation energy of the oxidation process, thereby high-
lighting the importance of a suitably positioned second
coordination sphere redox-active moiety in catalysis
(Scheme 9).[33]

N-heterocyclic carbene ligands (NHC) are renowned for
the strength of their M�C interaction, irrespective of the
oxidation state of the metal center.[34] Adding a redox-active
moiety to a NHC gives interesting properties to the resulting
metal complexes. In this context, NHCs bearing a naphtho-
quinone 21,[35] a quinoxaline 22,[36] a ferrocene 23,[37] or
a nicotinamide 24[38] moiety have recently been reported
(Scheme 10). The oxidation state of the redox-active NHC-
ligand 21 was shown to play a critical role in the nickel(II)-
catalyzed Kumada cross-coupling between PhMgCl and
bromoarenes.[35] Catalysis can be reversibly arrested and
subsequently restored by addition of cobaltocene or ferroce-
nium, respectively. This remarkable behavior is attributed to
redox changes at the quinone moiety rather than at the metal.

Introducing an active hydrogen-atom transfer moiety into
the second coordination sphere of a metal center, as found in
20–22, may allow proton-coupled electron-transfer processes
to be catalyzed, thus avoiding the formation of high-energy
intermediates.[39] This attractive feature may prove vital to
address some of the current grand challenges facing the

Scheme 7. Diruthenium catalysts for water oxidation: Meyer’s original
ruthenium blue dimer 16 and Tanaka’s system bearing quinone
moieties 17. The blue dimer is proposed to involve high-valent Ru
intermediates (RuIV and/or RuV) at each Ru center in the catalytic
cycle.[29] In contrast, Tanaka’s system involves redox changes at the
quinone moiety combined with a RuII/RuIII couple.

Scheme 8. Structure of the active site of the [FeFe]-hydrogenase
enzyme 18 and Rauchfuss’ model 19. The enzyme mimic requires both
the redox-active ferrocenium second coordination sphere moiety and
the non-innocent aza strap to achieve catalytic efficiency.
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catalysis community, such as C�H bond oxidation, H2

oxidation, water oxidation, carbon dioxide reduction, and
dinitrogen reduction.

5. Outlook

Recent progress in catalysis using redox-active ligands is
highlighted in this Minireview. While the use of non-innocent
ligands is well documented in catalysis, redox-active ligands
represent a much younger addition to the metal-catalysis
repertoire. Unfortunately, some of the most interesting
examples of catalytic transformations using redox-active
ligands still rely on precious metals. A major effort in the
area of base-metal coordination chemistry and catalysis is
indispensable. Mimicking the function of metalloenzymes can
lead to the use of more environmentally friendly non-precious
metals instead of the currently used noble metals. For a deeper
understanding of the fine electronic balance between the
metal center and ligand, which is responsible for the catalytic

properties of the metal complex, further studies on reactivity
in combination with spectroscopic investigations are required.
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