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Iridium-mediated Bond Activation and
Water Oxidation as an Exemplary Case of
CARISMA, A European Network for the
Development of Catalytic Routines for
Small Molecule Activation
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Abstract: CARISMA is a currently running COST Action that pools leading European experts in computational
and experimental chemistry to foster synergies for developing new catalytic processes for the transformation
of abundant small molecules such as water, carbon dioxide, or ammonia into high-value chemicals and energy-
relevant products. CARISMA promotes new collaborations, exchange of knowledge and skills, frontier training
to young as well as established researchers, and a platform for the advancement of theoretical and experimental
research in an iterative process, comprised of expertise in various connate domains including synthesis, catalysis,
spectroscopy, kinetics, and computational chemistry. These interactions stimulate the discovery of new and
efficient catalytic processes, illustrated in the second part of this contribution with the collaborative development
of powerful iridium-based complexes for bond activation and water oxidation catalysis.
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Introduction

The availability of efficient catalytic
technologies is crucial for a modern soci-
ety and prospering economy. It has been
estimated that the production of about 80%
of all chemicals involves at least one cata-
lytic reaction step, often more, and that the
total value of goods produced through ca-
talysis is around €400 billion per annum.[1]
Industrial processes involve predominantly
heterogeneous catalysis, though the devel-
opment of homogeneous catalysts has sig-
nificant application potential, in particular
since homogeneous catalytic systems are
well-defined on a molecular scale and their
activity and/or selectivity can often be cus-
tom-tailored by rational methods. Indeed,
a high level of mechanistic insights has
been obtained for selected homogeneous
catalysts, thus providing access to ratio-
nally match substrates and catalysts for

optimal performance.[2] Generally, how-
ever, the development and optimization of
catalysts remains empirical and therefore
requires significant resources in terms of
time, money, and manpower.

As we gradually face a shortage of
fossil feedstocks, the importance of sus-
tainable transformations increases and re-
quires an efficient exploitation of abundant
and renewable resources both for applica-
tion in synthesis and energy production
and storage. To address these challenges
in a comprehensive and cooperative man-
ner, a COST Action has been launched
with the acronym CARISMA (CAtalaytic
RoutInes for Small Molecule Activation;
CM1205),[3] with the authors as Chair and
Vice-chair, respectively. We are delighted
that this special issue of CHIMIA features
the same theme and a strong contribution
from members of the Action as guest edi-
tors and authors.[4]

The aim of CARISMA is “to attain a
fundamental understanding of the catalytic
principles involved in the transition metal-
catalyzed activation of small molecules
through concerted research activities in
silico and in vitro, using an integral ap-
proach to catalysis that includes synthetic,
mechanistic, and computational tech-
niques” (Fig. 1).[3] The parallel theoreti-
cal/experimental approach is based on us-
ing most modern trends in computational
chemistry to reliably mimic and rational-
ize the activity and selectivity of powerful

catalysts. CARISMA specifically aims at
applying this integral approach to design
and improve catalytic systems for the ef-
ficient conversion of small and generally
unreactive molecules including CO

2
, CO,

O
2
, H

2
O, N

2
, or NH

3
to produce useful

intermediates. This focus has an obvious
long-term impact on synthetic domains
(disclosing new synthons for the prepa-
ration of value-added intermediates and
pharmaceutical ingredients), environment
(depletion of atmospheric CO

2
), and on

harnessing energy in a sustainable manner
(biomass conversion, storage of transient
renewable energy such as solar, wave, or
wind into chemical bonds, e.g. through ar-
tificial photosynthesis).[5]

Fig. 1. Logo of COST Action CM1205 (see ref.
[3]) representing the interdigitated activities
within CARISMA to develop routines for small
molecule activation involving strong interac-
tions between synthetic, mechanistic, and
computational experts.
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Computational analysis of this process in
a CARISMA collaboration involving Eric
Clot has revealed that the two bond acti-
vation processes are not competitive and
that C(sp2)–H bond activation is favored
by 7–16 kJ mol–1 irrespective of the sub-
stituents R, thus suggesting the exclusive
formation of complexes 2.[16] However,
computation has further predicted that for
R = benzyl, the C(sp2)–H bond activation
of the benzyl group is preferred over the
activation of the same type of bond in the
pyridinium substituent, thus leading to
complex 4 (Scheme 2). Moreover, a low-
barrier pathway has been calculated for
an intramolecular transcyclometalation,[17]
which involves the selective proton trans-
fer from the N–CH

3
group to themetallated

benzyl unit and thus transforms intermedi-
ate 4 to complex 3. This transcyclometala-
tion exclusively involves the methyl group
in the pyridinium ring, and thus consti-
tutes a selective process for the formation
of complex 3. Unlike our first assumption,
computation predicts an indirect activa-
tion of this C(sp3)–H bond involving the
cyclometalated complex 4 as critical inter-
mediate. Experimentally, this reaction tra-
jectory has been validated by the reaction
of 1 at room temperature, which allowed
for the spectroscopic characterization of a
mixture of 2 and 4. In addition, separation
of 4 has demonstrated that this complex se-
lectively and spontaneously transforms to
the ylide complex 3 resulting from formal
C(sp3)–H bond activation. Calculations
and experimental data are in excellent
agreement with respect to the product ra-
tios of 2 vs 3 (and 4 as a selective precursor
of 3) and also converge with regards to the
activation barrier for the transcyclometala-
tion process (∆G‡ = 110 ±7 kJ mol–1 from
kinetic experiments, 114.6 kJ mol–1 from
theory), thus validating the interdigitated
theory/experimental approach. Moreover,
the reaction model is supported by the fact
that cyclometalaton of phenyl substituents
produces a stable complex that does not
undergo further transcyclometalation, thus
representing a model for the cyclometa-
lated intermediate 4, albeit with different
steric constraints.

The CARISMA Network

The network has brought together more
than 60 experts with diverse backgrounds,
many of whom have achieved significant
breakthroughs in metal-mediated homo-
geneous bond activation. For example,
CARISMAmembers have contributed sig-
nificantly to the development of state-of-
the-art catalysts for the activation of small
molecules,[6] including water oxidation
catalysts based on iron, ruthenium or iridi-
um,[7] ruthenium complexes for functional-
izing NH

3
and N

2
,[8] and first row transition

metals for the conversion and reduction of
CO

2
.[9]A considerable set of catalytic sys-

tems has been developed for O
2
activation,

which includes catalysts based on both
early and late transition metals.[6] Hence,
transition metal catalysis has unveiled a
broad range of synthetic strategies to con-
sider exploitation of typically unreactive
small molecules.

CARISMA is therefore directing a
strong scientific focus towards three types
of small molecules:[3] oxygen-containing
small-molecule conversion (reduction and
splitting of O

2
, oxidation of H

2
O), activa-

tion of nitrogen-based small molecules
(reduction of N

2
, oxidation of NH

3
), and

carbon-centered small molecules, specifi-
cally the fixation and reduction of CO

2
and

CO (Fig. 2). The activation of these small
molecules is at the forefront of modern
catalysis and has a significant impact on
synthesis and beyond. Moreover, the acti-
vation of small molecules is ideally suited
to achieve substantial progress in cataly-
sis in silico, since the complexity of the
target substrate is reduced to a minimum.
Therefore, a major focus is directed to-
wards developing a sophisticated model,
an in-depth understanding, and eventually
an approach to predict the reactivity of the
metal center and the effects imparted by
the ligands. An integrated approach of all
activities is pertinent to the success of these
efforts and involves the utilization of most
modernmethodologies of synthesis, mech-
anistic investigations, and computational
tools. Apart from the vast application po-
tential arising from efficient processes for
the activation of small molecules, this net-
work endeavor also constitutes an exciting
academic challenge due to the very strong
bonds featured in small molecules such as
N

2
, CO, O

2
. Catalytic and stoichiometric

methodologies for the activation and cleav-
age of such bonds hence reveal also a great
importance from a fundamental and mech-
anistic viewpoint.

The network pools globally leading
expertise in synthesis, mechanistic under-
standing, and computational modeling of
reactions in an effort to facilitate mecha-
nistically informed processes to acceler-
ate the development of efficient catalytic

systems. Such an approach is particularly
attractive since theoretical methods have
attained high accuracy at a rate that enables
the calculation of entire reaction mecha-
nisms and to verify/falsify transition state
energies and the stability of intermediates
by using sophisticated experimental proce-
dures. Due to their high reliability, calcula-
tions constitute a most valuable tool for un-
derstanding and improving homogeneous
catalysts, especially with small molecule
substrates and a catalytically active metal
center that is located in a well-defined en-
vironment.

A Case Study: Iridium-based Bond
Activation and Molecular Water
Oxidation Catalysis

Work in the laboratories of one of us
has recently focused on the use of triazo-
lylidenes as powerful mesoionic ligands to
transition metals.[10] These ligands, readily
available through versatile click chemistry
and subsequent N-alkylation,[11] contrib-
ute to the arsenal of N-heterocyclic car-
bene-type ligands.[12] They reveal peculiar
properties due to their mesoionic proper-
ties,[13] formally featuring a resonance-
conjugated positive and negative charge
in the heterocycle. When coordinated to a
late transition metal center, these ligands
impart interesting and often catalytically
relevant behavior.[14] Specifically, triazo-
lylidene iridium(iii) complexes have been
demonstrated to be highly active for C–H
and C–N bond activation. For example,
the triazolylidene complex 1 with a pend-
ing pyridinium substituent undergoes ei-
ther C–H or C–N bond activation, and the
reaction trajectory is highly dependent on
the presence or absence of acetate ions
and the applied reaction conditions. Thus,
thermal treatment of the monodentate tri-
azolylidene complex 1 provides a mixture
of complexes 2 and 3 resulting either from
C(sp2)–HorfromC(sp3)–Hbondactivation,
respectively (Scheme 1).[15] The process
is strongly influenced by the substituent
at the triazolylidene ligand and C(sp3)–H
bond activation is completely suppressed
when this substituent is an alkyl group.

Fig. 2. The three main
activity themes of
CARISMA, all involv-
ing an integrated ap-
proach based on syn-
thetic, mechanistic,
and computational
expertise.
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tion however is more complex, energeti-
cally muchmore demanding (E° = 1.23V),
and requires a highly robust catalyst be-
cause of the harshly oxidizing conditions.
Following pioneeringwork byBernhard on
iridium(iii) complexes,[22] and Crabtree’s
subsequent expansion to Cp*-containing
iridium(iii) complexes,[23] a plethora
of derivatives have been discovered to
catalyze water oxidation,[24] generally in
the presence of a sacrificial oxidant.[25]
Mechanistic investigations have been ex-
acerbated by the complexity of the reaction
and by the fact that colloidal IrO

x
is also

catalytically active. Recent work using a
variety of sophisticated techniques, includ-
ing in situ analysis by EXAFS and quartz
microbalance,[26] as well as kinetic analy-
ses indicate that a number of complexes
indeed rapidly heterogenize to form a cata-
lytically active phase that does not include
key ligands, while other complexes remain
homogeneous and form a molecularly de-
fined compound as catalytically most com-
petent species, at least when turnover fre-
quencies are high.

Extensive kinetic investigations on
complexes 2 and a related analogue 7 con-
taining a pyridine rather than a pyridyli-
dene as chelating group have revealed that
these complexes are highly active (TONs
in excess of 38,000) and that their oxy-
gen evolution kinetics follow a very well-
defined and recurring rate law (Fig. 3).[27]
These analyses as well as further indica-
tions, such as the excellent stability of the
complexes in the full pH range,[28] support
a molecularly operating complex rather
than a heterogenized phase. Extensive
electrochemical analysis of complex 7 in a
CARISMA collaboration involvingAntoni
Llobet indicate regimes where proton-cou-
pled electron transfer (PCET) processes are
available.[29] These investigations also flag
potential issues that may arise from utiliz-
ing co-solvents, since MeCN coordination
to the iridium center in 7 is much stronger
than OH

2
coordination (Scheme 4). Hence,

MeCN as a co-solvent has a negative im-
pact on accessing the catalytically relevant
aquo complex.

Since the mechanistic investigations
support a molecularly defined species as
catalytically most competent unit, ligand
modification constitutes an attractive

Attempts to accelerate the transcyclo-
metalation process by adding OAc– ions
as potential proton shuttles[18] leads to
a different outcome and complex 4 un-
dergoes selective N–C rather than C–H
bond activation, thus providing complex 6
(Scheme 3).[19] Complex 6 is the product
of a selective methylene transfer from N

pyr
to the iridium-bound carbon of the benzyl
substituent, followed by solvent activation.
Isotope labeling of the methyl groups has
demonstrated that the process is selective,
and modification of the solvent (e.g. ben-
zonitrile instead of MeCN) leads to the in-
troduction of a terminal phenyl group in
the new complex 6b. The reaction does not
need to start from the cyclometalated inter-
mediate, and indeed proceeds from the tri-
azolium ligand precursor 5, thus providing
a pathway for the intramolecular alkylation
of a benzylic group with a rather unreac-
tive alkylating agent, viz. a methylpyri-
dinium group. From a functional point of
view, this process is highly reminiscent of
methyl transferase activity. For example,
S-adenosyl methionine (SAM) selectively
methylates sp2-hybridized carbons of DNA

bases with a sulfonium salt as a mild al-
kylating agent,[20] and this process is func-
tionally identical to the methyl transfer
observed en route from 1 to 6, albeit in-
termolecular.

The iridium complexes 2 and 3 have
demonstrated excellent activity in the
cerium(iv)-mediated oxidation of water.[15]
Water oxidation is considered to be one
of the bottle necks for the development of
an efficient water splitting device, while
water reduction is energetically much
less demanding (E° = 0 V) and has been
realized with a number of low-cost Earth-
abundant metal catalysts.[21] Water oxida-
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methodology for catalyst optimization.
In a CARISMA collaboration with Alceo
Macchioni, we have pursued this avenue
by incorporating longer alkyl chains into
the ligand framework.[30] Thus replacing
the methyl group in complex 8 by an octyl
group as in complex 9 has been probed,
initially to investigate whether this alkyl
group is susceptible to oxidative cleavage
(Fig. 4). No such reactivity has been ob-
served for complex 9. Instead, the activ-
ity of water oxidation is raised by a full
order of magnitude, revealing the high-
est turnover frequencies (TOFs) reported
for iridium thus far. While most Cp*
iridium(iii) complexes display maximum
TOFs around 0.2–0.5 s–1 (e.g. 0.16 s–1 for
complex 8), complex 9 catalyzes water
oxidation at rates as high as 1.6 s–1. This
substantial rate-enhancement upon inclu-
sion of a hydrophobic substituent in the li-
gand framework seems counterintuitive at
first. Spectroscopic and MS analyses tend
to suggest a rapid (partial) oxidation of
the Cp* unit.[31] In addition, the long alkyl

tail may induce aggregation, and extensive
DOSY NMR analyses indicate the forma-
tion of small entities involving 2–4 iridium
centers at best. Potentially, di-, tri-, or tet-
rameric species may form a hydrophobic
patch which facilitates the formation of an
iridium(v) oxo intermediate to further in-
duce O–O bond formation. Alternatively,
the formation of small aggregates may
induce facile disproportionation of two
high-valent Ir=O species to produce O

2
and low-valent iridium centers via the
so-called I2M process (interaction of two
metal centers).[32] The introduction of hy-
drophobic alkyl chains may become an at-
tractive concept for boosting the catalytic
activity of other water oxidation catalysts.

Conclusions and Outlook

CARISMA is a highly successful net-
work that has delivered many new insights
over the last few years and will surely con-
tinue to do so in the remaining year and a
bit that it is still operational. One of the key
strengths is probably the large diversity of
activities in the area of small molecule ac-
tivation that includes CO

2
activation, NH

3
and N

2
activation, H

2
O oxidation towards

water splitting, as well as the synthetic uti-
lization of O

2
.

The work illustrated here on under-
standing and facilitating iridium-mediated
activation of strong C–H and C–N bonds
as well as on iridium-based molecular wa-
ter oxidation catalysis demonstrates that
a strong interdigitation of computational,
mechanistic, and synthetic expertise pro-
vides an attractive base for spurring cata-

Fig 3. Oxygen evolution traces for complex 7 upon sequential additions of 20 equivalents
cerium(iv) every 8 h, indicating a requirement of some 30 equivalent cerium(iv) for catalyst activa-
tion and subsequent quantitative oxygen formation; the inset shows the excellent fit of the mea-
sured data points (red) with the rate of oxygen evolution in a consecutive reaction that involves
the activation of water (A) and the formation of a kinetically competent intermediate (K) prior to O2

evolution.

N

N N
N

Ir Cl

X

N

N N
N

Ir OH2

(X)2

N

N N
N

Ir NCMe

(X)2

H2O
Cl–

MeCNH2O

MeCN

X = OTf, Cl

water
oxidation
catalysis

Scheme 4. Relevant
equilibria of complex
7 in water and in the
presence of MeCN,
indicating a prohibi-
tive effect of MeCN to
initiate water oxida-
tion catalysis; redox
potentials of the dif-
ferent species vary
significantly.

Fig. 4. Substantial
rate enhancement of
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introduction of a
lipophilic octyl group
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ligand.
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lyst discovery and for improving and opti-
mizing catalytic performance.
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