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Homogeneous Water Oxidation by Half-Sandwich
Iridium(III) N-Heterocyclic Carbene Complexes with
Pendant Hydroxy and Amino Groups
Bani Mahanti,[a] Greco Gonz#lez Miera,[b] Elisa Mart&nez-Castro,[b] Michele Bedin,[a]

Bel8n Mart&n-Matute,*[b] Sascha Ott,[a] and Anders Thapper*[a]

Introduction

Artificial photosynthesis is an important area of research, and
actively investigated by many research groups around the

world. The interest stems from the global population’s growing
energy demand that coincides with the gradual depletion of

fossil fuels. Water oxidation is an important half reaction of ar-

tificial photosynthesis and the development of robust and effi-
cient molecular catalysts for water oxidation is indispensable.

A number of catalysts for water oxidation based on Ru, Ir, Mn,
Fe, Co, Ni, and Cu, among others, have been reported over the

last few years.[1] In particular, catalysts based on Ru and Ir have
been found to be very competitive in terms of turnover
number (TON) and turnover frequency (TOF) compared to

other water oxidation catalysts. Meyer’s “blue dimer” was the
first ruthenium(II)-based homogeneous water oxidation cata-
lyst reported in 1982,[2] and ruthenium(II)-based complexes are
today the most efficient molecular catalysts known for water

oxidation, with very high TONs and TOFs.[3] In contrast, water

oxidation catalyzed by iridium(III) complexes is a relatively
recent development. Bernhard and co-workers were the first to

report a series of robust cyclometalated IrIII–aqua complexes as
efficient homogeneous water oxidation catalysts in the pres-

ence of ceric ammonium nitrate [(NH4)2Ce(NO3)6, CAN] as

chemical oxidant.[4] Crabtree and co-workers further explored
this system by including a pentamethyl cyclopentadienyl (Cp*)

ligand in the cyclometalated complex ([IrCp*(N^C)X]; N^C = 2-
phenylpyridine or 2-phenylpyrimidine, X = Cl, OTf).[5] This

design concept is based on the hypothesis that the high-
valent iridium–oxo intermediates formed during water oxida-
tion could be effectively stabilized by the electron rich Cp*

moiety, and thus further systems that contain the IrCp* moiety
were investigated.[6] Bernhard et al. also proposed the involve-
ment of high-valent IrIV and IrV species during water oxida-
tion.[7] Since then, there have been several reports on IrCp* sys-

tems as competent water oxidation catalysts, driven by either
CAN or sodium periodate (NaIO4) as sacrificial oxidant, using

different ligand systems, such as N^N, N^O, N^C (either chelat-

ing or acting as monodentate ligands).[8] Very recently, Pandey
and co-workers reported the first example of homogeneous

photo-induced water oxidation at pH 7.2 in the presence of
[Ru(bpy)3]2+/Na2S2O8 by cyclometalated IrCp* complexes.[9]

N-Heterocyclic carbenes (NHCs) have been used extensively
to synthesize organometallic complexes for various types of

catalysis,[10] including water oxidation.[7, 8c, 11] Owing to their rela-

tively high s-donor capacity, they bind tightly to metal centers
and thus help in stabilizing high-valent metal oxidation states.

In 2011, Hetterscheid and Reek reported water oxidation cata-
lysts with an NHC bound in a monodentate fashion to the Ir

center.[12] Catalysts of the type [IrCp*(Me2@NHC)X2] , (Me2@
NHC = N-dimethylimidazolin-2-ylidene; X = Cl, OH; Figure 1,

Herein, we report three IrIIICp* complexes with hydroxy- or
amino-functionalized N-heterocyclic carbene (NHC) ligands
that catalyze efficient water oxidation induced by addition of

ceric ammonium nitrate (CAN). The pendant hydroxy or amino
groups are very important for activity, and the complexes with
heteroatom-functionalized NHC ligands show up to 15 times
higher rates of oxygen evolution in CAN-induced water oxida-
tion than a reference IrIIICp* complex without heteroatom
functionalization. The formation of molecular high-valent Ir in-

termediates that are presumably involved in the rate-determin-
ing step for water oxidation is established by UV/Vis spectros-
copy and ESI-MS under turnover conditions. The hydroxy

groups on the NHC ligands, as well as chloride ligands on the
iridium center are proposed to structurally stabilize the high-
valent species, and thereby improve the catalytic activity. The
IrIII complex with a hydroxy-functionalized NHC shows the

highest catalytic activity with a TON of 2500 obtained in 3 h
and with >90 % yield relative to the amount of oxidant used.
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top left and middle) have the advantage of two nonperma-
nently occupied coordination sites where water oxidation can

occur.[13] In the latter systems, it was found that the chloride li-
gands are disadvantageous for catalysis, as their removal prior

to catalysis increases TONs dramatically from 120 (for X = Cl) to
@ 2000 molO2

molCat
@1 (for X = OH).[12]

Relatively simple synthetic modifications of the NHC ligand

have been explored in order to improve catalysis for
[IrCp*(NHC)X2]-type complexes. Along those lines, Crabtree

and co-workers reported dimeric analogues (Figure 1, bot-
tom),[14b] whereas Lloret-Fillol and co-workers recently reported

an [IrCp*(NHC)Cl2] variant where the NHC ligand carries a
benzyl substituent on one of the NHC wingtips (Figure 1, top

right).[14a] The profound effect that modifications of the NHC

ligand can have on catalytic activity were also explored by
Macchioni and co-workers, who reported that a simple change

of a methyl to an octyl group in a N,C-bidentate triazolylidene-
ligated iridium complex can lead to substantially improved

water oxidation activity.[11b]

Chemically driven (CAN or NaIO4) water oxidation studies

with IrCp* complexes have been under intense debate with

regard to the nature of the catalytic species. Under very acidic
conditions, especially when CeIV is used as oxidant, some com-

plexes rapidly or gradually lose ligands with concomitant in
situ formation of iridium oxide nanoparticles (IrOx). The situa-
tion is complicated by the fact that these nanoparticles them-
selves also catalyze water oxidation.[15] For example, the dimers

synthesized by Crabtree et al. were found to degrade to form
IrOx nanoparticles when treated with an aqueous NaIO4 solu-
tion,[14b] and the [IrCp*(NHC)Cl2] catalyst with a benzyl substitu-

ent reported by Lloret-Fillol and co-workers was found to de-
grade and form IrOx nanoparticles when CAN was used as the

oxidant (but not when NaIO4 was the oxidant).[14a] Beller and
co-workers studied a series of cyclometalated iridium com-

plexes and found that for these catalysts homogeneous spe-

cies dominate during the initial phase of catalysis, whereas the
involvement of heterogeneous species is more important with

increasing reaction time.[16] These studies all underline the diffi-
culties in determining the identity of the active species during

catalysis, whether they are homogeneous or heterogeneous in
nature, and whether the compounds initially added to the re-

action should be considered catalysts or merely precatalysts.
The characterization and identification of catalytic species

under turnover conditions is thus desired to shine light on
these issues.

Amine alkylation and alcohol dehydrogenation have also
been studied using [IrCp*(NHC)] catalysts with pendant hy-
droxy or amino groups that can bind to the metal center form-
ing a bidentate NHC ligand.[17] In these studies, the pendant

groups were proposed to participate in the catalytic reaction
through proton transfer reactions, and/or hydrogen bonding
to the substrate. They could also coordinate and decoordinate
to the Ir center in different stages of the catalytic cycle.

In light of the above, we set out to investigate
[IrCp*(NHC)Cln] (n = 1, 2) systems in which the N-substituents
of the NHC ligand carry hydroxy or amino groups that do or

can potentially coordinate to the Ir center, in particular when

the metal is in higher oxidation states (complexes 1–3 in
Figure 2). The hypothesis is that such transient coordination

stabilizes the molecular integrity of the complexes, leading to
higher stability under harsh CAN-driven water oxidation condi-

tions, and generally higher TONs and TOFs. The effect of the
hydroxy and amino groups are shown in comparison with a
reference catalyst 4 that lacks these functional groups
(Figure 2). The effect of the chloride ligands is investigated by
using a derivative of 1, [IrCp*(NHC)(MeCN)](BF4)2 (5), which
does not contain any chloride ligand (Figure 2).

The catalytic activities of complexes 1–4 in CAN-driven and

photo-induced (1–3) water oxidation are investigated and a
detailed experimental investigation is performed to detect ho-

mogeneous, as well as heterogeneous, species formed under
the reaction conditions. Strong evidence for homogeneous

molecular catalysis is found for catalysts 1–3 with pendant hy-

droxy and amino groups and, in addition, it is shown that
these complexes exhibit much higher activity than the non-

functionalized reference catalyst 4.

Figure 1. Some reported [IrCp*(NHC)X2] (X = Cl, OH) complexes as water oxi-
dation catalysts.[12, 14] The dimeric complex has been reported with n = 1–4.

Figure 2. Complexes 1–5 studied in this work as catalysts for water oxida-
tion.
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Results and Discussion

IrCp* complexes

As shown in Figure 2, the [IrCp*(NHC)Cln] (n = 1, 2) complexes
in this study contain NHCs with either one (1) or two (2) pend-

ant hydroxy groups, whereas a third compound carries an
amino group (3).[17a, c] Compound 3 is isolated in a form where

the amino group is coordinated to the IrIII center. The reference
compound 4 lacks any functional groups at the N-substitu-
ents.[18]

Catalytic water oxidation with CAN

The proficiency of compounds 1–4 to function as catalysts for
the CAN-promoted oxidation of water was investigated by fol-
lowing oxygen evolution in a Clark electrode and by gas chro-
matography (GC) experiments. For the former experiments, sol-
utions of compounds 1–4 were prepared at pH 1 (0.1 m HNO3)
and 2000 equivalents of CAN were added to give the catalyst

and CAN in final concentrations of 5 mm and 10 mm, respec-
tively. Oxygen evolution catalyzed by 1 starts after a short lag
time of 5–10 s after CAN addition, while a lag time of about

30 s is observed in the case of 2 (Figure 3 and Figure S2 in the
Supporting Information). After this period, catalysis speeds up

and oxygen concentrations reach the detection limit of the
Clark electrode within 300–500 s. This kind of lag time lasting

from a few seconds to 10 min or even longer has been report-

ed also by other research groups,[8f, 19] and is usually interpret-
ed as the time when the initial compound transforms into the

active catalytic species, which may be either molecular or het-
erogeneous in nature.[1b] Water oxidation catalyzed by com-

pound 3 is characterized by a considerably longer lag time of
3–5 min (Figure 3 and Figure S2). With complex 3 being the

only one where the pendant group is coordinated to the IrIII,

we propose that this long lag time is associated with the de-
coordination of the amine to create a vacant coordination site

for substrate water binding. The maximum rate of oxygen evo-
lution for the three catalysts was determined to 0.83, 0.50, and

0.57 molO2
molCat

@1 s@1 for 1, 2 and 3, respectively. In the ab-
sence of any functional group on the NHC wingtips as in 4,

the maximum rate of oxygen evolution as well as the total
amount of evolved oxygen is dramatically lower (TOF=

0.051 molO2
molCat

@1 s@1, Figure 3 and Figure S2). It is thus clear
from these experiments that the pendant hydroxy and amino
groups favorably engage during water oxidation catalysis, with

complex 1 being the most active catalyst.
Whether the observed lag time for water oxidation catalyzed

by 1–3 is caused by initial de-coordination of the chloride li-
gands was investigated in experiments in which the chlorides
were chemically removed to afford [IrCp*(NHC)(MeCN)](BF4)2

(5).[17a,b] Upon addition of CAN to a solution of 5, a lag time for

oxygen evolution similar to that of 1 is observed (Figure S4), il-

lustrating that the lag time is not associated with the dissocia-
tion of chloride ligands from the Ir center. Interestingly, both

the TON and TOF of complex 5 is much lower than that of 1,
suggesting that the chloride ligands may play an important

role in the catalytic mechanism, for example, by one chloride
remaining coordinated to the metal throughout the catalytic

cycle.[5–6, 21]

Experiments with multiple additions of CAN were performed
for 1 and 2 to investigate the durability of the catalysts

(Figure 4 and Figure S3, respectively). Aliquots of CAN (100 mL
of a 20 mm solution, 400 equiv) were successively added to a

solution of catalyst (5 mmol, initially in 900 mL 0.1 m HNO3),
which was purged with argon prior to each addition to

remove the dissolved oxygen. Although oxygen evolves with a

lag time after the first addition, it is instantaneous for the sub-
sequent additions for both 1 and 2 (Figure 4 and Figure S3 b,

respectively). The first addition of CAN produced oxygen with
a TON of 61 and 33 molO2

molCat
@1 for 1 and 2, respectively,

giving rise to a yield of 61 % and 33 % for 1 and 2, respectively.
The first three additions of CAN to solutions of 1 produced

almost identical amounts of oxygen (TON= 61, 64, and

62 molO2
molCat

@1, respectively), whereas the TON was found to
decrease slightly after the fourth addition (Figure 4, Table 1).
For catalyst 2, the TONs were 31–43 molO2

molCat
@1 for up to

seven additions of CAN (Figure S3, Table S1). Both catalysts

were found to be active even after seven additions. The lower
TON of 2 when compared to 1 could be associated to the

lower TOF of 2 and a competing side reaction consuming the
CAN.

Figure 3. CAN-driven water oxidation using 1–4 as catalyst (5 mm) in 0.1 m
HNO3. CAN (100 mL of a 0.1 m stock solution, 2000 equiv) was added at
t = 10 s. When 4 (in H2O with 2 % CF3CH2OH) was treated with CAN, the
water oxidation started immediately without any noticeable lag time (Fig-
ure S2).[20]

Table 1. TON for each individual addition of CAN to 1 (5 nmol).

Addition Volume
[mL]

O2

[nmol mL@1]
O2

[nmol]
TON
[molO2

molCat
@1]

1 1.00 306 306 61
2 1.10 290 319 64
3 1.20 260 312 62
4 1.30 222 289 58
5 1.40 190 266 53
6 1.50 156 234 47
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A longer timescale water oxidation experiment for the most
active catalyst 1 was performed, in which O2 evolution was

monitored by a pressure transducer and quantified by gas
chromatography. Under the conditions employed (16.67 mm 1,
0.182 m CAN, initial pH 1.0), a TON of 2520 molO2

molCat
@1 was

achieved in 3.1 h (Figure 5 and Figure S5) with no obvious de-

crease in activity for the catalyst throughout the reaction. This
TON corresponds to an oxygen evolution yield of 92 %. The

catalytic activity observed for complex 1 is thus considerably
higher than that of the previously reported analogous catalyst
[IrCp*(Me2@NHC)Cl2] (TON = 120 molO2

molCat
@1).[12] With the

pendant hydroxy groups in 1 being the main difference be-
tween the two complexes, their role in promoting catalysis is

thus evident.

Photo-induced water oxidation

In light of the excellent activity shown in the CAN-induced re-

actions at acidic pH, the activity in photo-induced water oxida-
tion using 1–3 as catalyst was investigated in borate buffer

(pH 7.6).[9] For all experiments, 5 mm catalyst was used, with
[RuII(bpy)3]Cl2 (0.30 mm) as photosensitizer and Na2S2O8 (6 mm)

as sacrificial electron acceptor. These conditions produced

TONs of 11 molO2
molCat

@1 for 1 (Figure S6) and 2 and a TON of
2 molO2

molCat
@1 for 3 (with background correction). Although

these TONs are admittedly low, they are among few examples

of light-induced water oxidation at near-neutral pH using iridi-
um-based catalysts. A control experiment in the absence of

catalyst did not yield any meaningful amounts of oxygen (Fig-
ure S6).

UV/Vis studies and dynamic light scattering experiments

UV/Vis spectroscopic studies were performed on 1–3 to gain
insight into the catalytic cycle and the active species involved.

The addition of CAN (100 or 400 equiv) to a 250 mm solution of
1 in 0.1 m HNO3 results in the formation of a new feature

around 455 nm, which transforms to a band at 555 nm within

a few minutes. This is accompanied by a color change from
colorless to purple (Figure 6 a and Figure S7 for 100 and

400 equiv CAN, respectively). The species that are characterized
by the absorption maximum at 455 and 555 nm have a high

steady-state concentration during turnover conditions, and are
clearly visible despite of oxygen bubble formation, which

causes light scattering and an apparent increase in absorbance
over the entire spectrum. The species at 555 nm remains after

excess CAN is consumed and the reaction is over, pointing to-
wards its involvement in the rate-determining step. Earlier
studies on IrCp* systems have often associated the formation
of a broad UV/Vis band at approximately 580 nm and a deep
purple blue color during catalytic turnover as an indication of

nanoparticle formation.[15b] However, very recently, Crabtree
and co-workers showed that this may not be a reliable indica-

tor and may instead stem from the formation of IrIV species in-

volved in water oxidation.[22] This is found to be particularly
true for IrCp* complexes containing chelate ligands such as

2,2’-bipyridine, 2-phenylpyridine, and 2-(2’-pyridyl)-2-propanoa-
te.[15a, 22]

Based on these observations and related literature assign-
ments,[22] we propose that the bands at 455 and 555 nm arise

Figure 4. a) CAN-driven water oxidation using 1 as catalyst (5 nmol, initially
in 900 mL 0.1 m HNO3). 400 equivalents of CAN (2 mmol, 100 mL of a 20 mm
stock solution) were added in each step. The total amount of oxygen pro-
duced after each CAN addition is displayed. b) The first two additions of
CAN (2 mmol) to 1 (5 nmol) showing the lack of a lag time on the second ad-
dition. The arrows indicate the time of CAN addition.

Figure 5. CAN-driven oxygen evolution catalyzed by 1. The 3 mL reaction
had an initial pH 1.0 and contained 1 (16.67 mm) and CAN (0.182 m). Oxygen
evolution was recorded by using a pressure transducer and quantified by
gas chromatography (Figure S5).
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from in situ-generated high-valent molecular Ir species that
form under turnover conditions. The band at 555 nm is found

to decay slowly with time, showing that the in situ-generated
Ir species is reacting further. Addition of 200 mL of ethanol re-
sults in a rapid and complete disappearance of this band
within 6 min to give a colorless solution (Figure 6 b). Iridium

oxide nanoparticles have been reported to not be reduced by
ethanol,[23] which is in accordance with our assignment of the

band at 555 nm to a molecular species. Similar results were ob-
tained for the addition of EtOH to the species with the absorp-
tion maximum at 455 nm, suggesting that also this species is a

sufficiently strong oxidant to oxidize ethanol (Figure S7).
A UV/Vis experiment using 2 and 100 equivalents of CAN

gave similar results with the initial formation of a species with
absorption bands at 475 and 640 nm, followed by the appear-

ance of a band at 555 nm (Figure S8). Also these species are

high-valent Ir states that react with ethanol. In contrast to 1
and 2, addition of 100 equivalents of CAN to a 250 mm solution

of 3 only results in the formation of a low intensity band at
550 nm (Figure S9), and the solution retained its yellow color.

The formation of the species that is characterized by the
555 nm absorption is thus critical for efficient catalysis, again

pointing towards the assignment that this species is a high-
valent Ir intermediate.

EPR spectra of samples containing 1 (250 mm) and
400 equivalents of CAN were collected at 1, 6, and 14 min after

mixing (Figure S10). All spectra were dominated by the contri-
bution from CeIII and it was not possible to make any definitive

assignments of Ir-based signals. However, a minor peak at g
&2.57 was present after 1 and 6 min, which is in agreement
with one of the g values from an IrIV EPR signal reported by
Brewster et al. for an [Cp*Ir(NHC)Cl]+ species.[19]

To investigate the possible formation of nanoparticles when
1–4 are used as catalysts, dynamic light scattering (DLS) experi-
ments were performed after catalysis. DLS analyses have been

extensively used by the research groups of Crabtree, Fujita,
and others to study water oxidation chemistry of IrCp* com-

plexes and to distinguish between homogeneous and hetero-

geneous catalysis.[8g, 22, 24] The DLS experiments have a detection
limit as low as 1 nm. Subjecting typical water oxidation experi-

ments under turnover conditions (CAN, pH 1.0) to DLS analysis
did not show any evidence of the presence of nanoparticles

(Figure S11). Since IrOx nanoparticle formation is known to be
dependent on the concentrations of the reagents as well as on

the elapsed time,[8g, 22] DLS experiments were also performed

with other catalyst (16 mm–5 mm) and/or oxidant concentra-
tions (5–182 mm). None of these experiments showed any

signs for the formation of any heterogeneous particles. Based
on the DLS data, together with the UV/Vis experiments, we

propose that 1, 2, and 3 act as molecular catalysts for water
oxidation under the conditions used.[25]

Crabtree and co-workers have reported that IrCp* complexes

with bidentate chelates ligands such as 2,2’-bipyridine, 2-phe-
nylpyridine, or 2-(2’-pyridyl)-2-propanoate are resistant towards

nanoparticle formation,[6b, 22, 26] whereas monodentate chelate
compounds are prone to degrade to IrOx nanoparticles even in

presence of a milder oxidant such as NaIO4.[14b] Complexes 1
and 2 have monodentate NHC ligands in the solid state, but
both these ligands can potentially act as bidentate ligands,[17b]

which could help in stabilizing the catalysts, in particular when
in higher oxidation states. One possibility for stabilizing a high-
valent Ir species has been demonstrated by using the biden-
tate pyridine alkoxide ligand 2-(2’-pyridyl)-2-propanoate, where

m-oxo-bridged IrIV dimers can be produced and character-
ized.[26]

ESI-MS studies

ESI-MS studies were performed to further establish the pres-
ence of molecular species during catalysis and to identify key

intermediates in the catalytic cycles. Even if the ESI-MS data
does not give a complete picture of the presence of different

species during catalysis it is very useful for comparing the

types of species seen under similar conditions using different
catalysts. In the absence of oxidant, the ESI-MS spectra of

aqueous solutions of 1 and 2 (pH 7) show peaks at m/z =

523.21 and 539.17, respectively, which arise from

[IrCp*(NHC)@2 Cl@@H+]+ species (calcd: 523.23 and 539.23, re-
spectively) (Figure 7 and Figure S12). These peaks are also

Figure 6. a) UV/Vis spectra of a solution containing 1 (250 mm) and CAN
(25 mm, 100 equiv) in 0.1 m HNO3 showing the formation of the band at
555 nm within 4 min. b) Development of the band at 555 nm over time after
CAN addition [4 min (purple) and 30 min (black) after addition] and after fur-
ther addition of 200 mL ethanol [1 min (red), 3 min (green) and 6 min (blue)
after addition] .
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present after addition of CAN (50 equiv) and remain so for at

least 1 h after CAN addition (Figure S13). It is thus clear that
the compounds maintain their molecular nature under these

conditions.
In addition to the features that arise from the expected mo-

lecular ions, CAN addition results in the immediate formation

of new peaks in the ESI-MS (Figure 8). Oxygen atom-inserted
species assigned as [IrCp*(NHC)++O@2 Cl@@H+]+ can be identi-

fied for both 1 and 2 at m/z = 539.14 (calcd: 539.23) and
555.19 (calcd: 555.22), respectively. The presence of the chlo-

ride ligands is essential for the observation of these peaks. The
ESI mass spectrum of complex 5 (5 mm) under identical condi-

tion lacks the oxygen atom-inserted species (Figure S14) and is

paralleled by the low water oxidation activity of this complex.
Oxygen atom insertion in IrCp* complexes was described re-

cently by Macchioni and co-workers.[27] The oxygen atom was
in this case added to the Cp* ligand. Other oxidation reactions

of NHC ligands under harsh conditions during water oxidation
have also been reported.[14a] In the ESI mass spectra of 1 and 2,
some peaks of other potentially oxidized complexes can also

be observed, but 1H NMR spectra of 1 oxidized by CAN show
no evidence of oxidized Cp* (Figure S15).

For complex 4, which lacks the pendant hydroxy groups, no
peak attributable to molecular Ir species could be observed in

the presence of CAN (Figure S16), suggesting a considerably
lower stability of 4 than that of 1 and 2 under turnover condi-

tions.[28]

Summarizing the above, the pendant hydroxy and amino
groups on the NHC ligand in 1–3 improve water oxidation cat-

alysis compared to 4 where the NHC ligand lacks pendant
groups. The role of the pendant groups could be to stabilize
high-valent Ir species, either by direct coordination to the
metal center, or by hydrogen-bonding interactions with a
bound substrate molecule. There are precedents for both
types of interaction, the former having been seen in high-

valent Ir complexes with pyridine alkoxide ligands[26] and the

latter having been proposed for other catalytic reactions that
used 5 as a catalyst.[17] ESI-MS experiments indicated that 1
and 2 have a higher stability than 4 as molecular species upon
CAN oxidation, an observation that is in agreement with the

stabilizing effect of the pendant groups.
The nature of the high-valent species is currently ambigu-

ous. From the ESI-MS studies on 1 and 2 there are no indica-

tions of dimer formation (unlike for the IrCp* complexes with
pyridine alkoxide ligands) indicating that the catalysts remains

monomeric during the reaction. Initial investigations using EPR
spectroscopy support the formation of IrIV but further investi-

gations are needed to establish the exact structure of these
species.

Conclusions

This work reports a series of IrCp* complexes with hydroxy- (1,
2) and amino- (3) functionalized NHC ligands as molecular

water oxidation catalysts. Amongst these species, complex 1 is

the most active catalyst and evolves oxygen with TONs greater
than 2500 in 3 h and yields of >90 % from acidic solutions in

the presence of CAN as oxidant. The importance of the pend-
ant functionalities, in particular the hydroxy groups, for catalyt-

ic activity is shown in comparison with a reference IrCp* cata-
lyst (4) that lacks these groups. Compared to that of 4, the
rate of oxygen evolution catalyzed by 1–3 is up to 15 times
higher. The importance of chloride ligands coordinated to the

Ir centers was established by comparison with complex 5,
which contains the hydroxy-functionalized NHC but lacks chlo-
ride ligands. An interesting observation is that the time be-
tween CAN addition and oxygen evolution is identical for both
1 and 5, suggesting that chloride dissociation is not a likely

cause for the observed lag time. On the contrary, the presence
of the chloride ligands enhances the activity of the catalyst sig-

nificantly, and the rate of oxygen evolution is 5 times higher
for 1 than for 5. We propose that the presence of the chloride
ligands, as well as the pendant hydroxy groups in 1 and 2, sta-
bilize the structural integrity of high-valent Ir species, which
can be observed by UV/Vis and ESI-MS. In addition, DLS meas-

urements are consistent with molecular catalytic species under
any of the conditions employed. The high-valent Ir species are

Figure 7. ESI-MS spectra of 1 (a) and 2 (b) in water showing the prominent
peaks at m/z = 523.21 and 539.17, respectively corresponding to
[IrCp*(NHC)@2 Cl@@H+]+ species.

Figure 8. ESI-MS spectra of 1 (a, 5 mm) or 2 (b, 5 mm) treated with CAN
(250 mm, 50 equiv), recorded immediately after the CAN addition. The insets
in (a) and (b) show the peaks at m/z = 539.14 and 555.19, respectively, corre-
sponding to the oxygen atom-inserted species [IrCp*(NHC)++O@2 Cl@H+]+ .
In (a), an Ir-containing species with m/z = 537.18 can also be observed.
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observed in the most active catalysts 1 and 2, suggesting that
they are important intermediates in their catalytic cycles. Even

more so, their presence in high concentrations under turnover
conditions points towards their involvement in the rate-deter-

mining step of the catalytic cycle. With the importance of the
hydroxy groups for efficient catalysis, it is tempting to suggest

that they may transiently coordinate to the Ir centers, in partic-
ular to stabilize higher oxidation states. However, stabilizing ef-

fects through hydrogen-bonding interactions to either a chlo-

ride or a water-derived substrate ligand should also not be ex-
cluded at this point. In general, the present work demonstrates

the importance of ligand design to afford stable and efficient
water oxidation catalysts. By introducing hydroxy-containing

substituents on the wingtips of the NHC ligand in
[IrCp*(NHC)Cl2] complexes, it was possible to improve the sta-

bility and activity of the complexes and obtain robust molecu-

lar catalysts capable of oxidizing water in the presence of CAN
with high turnover numbers.

Experimental Section

Materials and syntheses

Chemicals were purchased from Sigma–Aldrich and used as re-
ceived unless otherwise noted. Synthesis and structural characteri-
zation of 1–5 has been previously reported.[17a,c, 18]

Instrumentation

ESI-MS was performed by using a Finnigan LCQ Deca XP MAX and
UV/Vis absorption spectra were measured on a Varian Cary 50 in-
strument. DLS experiments were performed with Malvern Zetasizer
Nano ZS particle analyzer with Zetasizer Software 7.11 (Malvern In-
struments Ltd.) and a 4.0 mW He–Ne laser with a wavelength of
633 nm. EPR spectra were recorded on a Bruker ESR-500 spectrom-
eter, equipped with an ER 4122SHQ resonator, an ESR900 cryostat
and an Oxford ITC503 temperature controller. 1H NMR spectra were
recorded on a JEOL Eclipse, 400 MHz spectrometer, using the JEOL
Delta NMR Processing Software.

Water oxidation

Oxygen evolution was detected polarographically by using a stan-
dard Clark-type oxygraph electrode (Hansatech Instruments)
placed in a thermostated cell (20 8C for all measurements) and sep-
arated from the sample solution by an oxygen-permeable Teflon
membrane. The signal was recorded for the entire duration of the
experiment at 0.1 s intervals using the Oxygraph + software (Han-
satech Instruments). The signal was calibrated by using air-saturat-
ed aqueous solutions ([O2] = 282 mm, T = 20 8C). A plunger was
used for every experiment to reduce the headspace above the so-
lution. For all oxygen detection experiments, freshly prepared
stock solutions of IrIII complexes and CAN were used. For the ex-
periments with large excess of CAN, the oxidant was diluted to a
suitable concentration, added in the Clark Cell and purged with
argon to remove dissolved oxygen. The catalyst solution of re-
quired volume was then injected to initiate water oxidation. For
the experiments using stepwise addition of CAN, the IrIII catalyst
was added first to the Clark cell, which was then purged with
argon to remove all the dissolved O2, before the required volume
of CAN was added to initiate the process.

Oxygen evolution for 1 was also monitored by a pressure transduc-
er (Omega PX138-030A5 V) driven by a power supply (TTi-PL601)
at 8.00 V, versus time, while the amount of oxygen was quantified
by GC (GC-2014 Shimadzu). A solution of excess [(NH4)2Ce(NO3)6]
(300 mg) in 0.1 m HNO3 (3 mL) was added into a flask, then the
aqueous solution of the catalyst (100 mL, 500 mm) was injected into
the above solution (flask made airtight prior to injection) under
vigorous stirring at ambient temperature (20 8C). After 3.5 h 400 mL
of the gas phase of the air tight flask was analyzed by Gas chroma-
tography (GC). The endpoint oxygen generated was used to calcu-
late the TON (the oxygen in air present in the flask prior to mea-
surement was subtracted from the final value).
Photo-induced O2 evolution experiments were carried out in total
1 mL solution containing catalyst, photosensitizer, sacrificial elec-
tron acceptor, and borate buffer. The Clark cell was kept constant
at 20 8C, and the system irradiated by using LEDs (l= 470:10 nm,
820 mE cm@2 s@1).
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