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ABSTRACT: The substitution of a methyl to an octyl group
in the ancillary triazolylidene ligand—an apparently simple
variation— induces a more than 10-fold increase of activity
of the corresponding iridium complex in water oxidation ca-
talysis when using cerium(IV) as sacrificial oxidant. Detailed
NMR studies suggest that various different molecular species
form, all bearing the intact triazolylidene ligand. The octyl
substituent is essential for inducing the association of the
iridium species thus generating extraordinarily active multi-
metallic catalytic sites. Their accessibility and steady state
concentration is critically dependent on the type of sacrificial
oxidant and specifically on the CAN vs catalyst ratio.
KEYWORDS: Water Oxidation; Iridium; Homogeneous
Catalysis; Mesoionic Carbenes; Aggregation.

Water oxidation (WO) to molecular oxygen has been rec-
ognized as the essential process for producing reductive
equivalents for the storage of solar fuels by means of artificial
photosynthesis.'* In addition to its endergonic thermody-
namics, WO is complicated kinetically because of the multi-
proton/multielectron transfers involved, Therefore WO re-
quires a competent catalyst (C) that offers an energetically
more feasible reaction pathway. Several WOCs have been
reported so far,*** including molecular systems which are
receiving much attention since their performance can poten-
tially be tailored and optimized by an appropriate selection
of the ancillary ligands.* For example, Sun, Llobet and
coworkers demonstrated that changing an ancillary ligand in
a ruthenium complex from 4-picoline to isoquinoline induc-
es a remarkable 10-fold increase of activity.’

Organometallic iridium-based WOCs constitute a class of
compounds that is particularly suitable for exploring ligand
tailoring.® Based on Bernhard’s pioneering work using
[Ir(ppy)2(H20).]* (ppy = 2-phenylpyridine),” compounds

of formula [Cp*IlL'L’L}] (Cp* =
cyclopentadienyl CsMes™) emerged as highly active

WOCs.5*7 The ancillary ligands L in these complexes play a

pentamethyl-

critical role in modulating the catalytic performance and also
in determining the nature of the active species, altering e.g.
the tendency of the Cp* ligand to undergo oxidative trans-
formations.” Such Cp* oxidation has been suggested to be
essential for accessing the true catalytically active species,'**®
thus emphasizing the relevance of ancillary ligands that bind
robustly to iridium in order to maintain a homogeneously
operating and molecularly well-defined catalyst, with!'*™ or
without'*™ fragments of the modified Cp* ligand.
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Figure 1. Sketch of iridium WOC precursors 1 and 2 bearing a
mesoionic N,C-bidentate carbene ligand, and ORTEP plot
(50% probability ellipsoids) of complex 2.

We have recently reported highly efficient iridium WOCs
containing mesoionic C,C- and N,C-bidentate triazole-
derived carbene ligands as ancillary ligands.”** Detailed ki-
netic and mechanistic investigations strongly support a ho-
mogeneous mode of action of the most active species, hence
warranting further work on ligand tailoring to improve cata-
lytic activity. Herein we report the synthesis of new WOCs
based on related mesoionic N,C-bidentate triazolylidene'*
ligands (Figure 1) and provide evidence that a peripheral
modification of an apparently innocent methyl group to an



octyl group causes an enormous enhancement of catalytic
WO activity when cerium ammonium nitrate (CAN,
(NH,)2[Ce(NOs)s]) is used as sacrificial oxidant, whereas
effects are only marginal with NalO, as terminal oxidant.'*™

Complexes 1 and 2 contain a methyl and an octyl group,
respectively, as the triazolylidene N-substituent. These com-
plexes were synthesized in three steps from phenyl azide and
2-ethynylpyridine. Base-catalyzed [3+2] cycloaddition af-
forded the 1,5-substituted triazole.!* Subsequent alkylation
with Mel yielded an easily separable mixture of mono- and
dimethylated products while bromooctane addition oc-
curred selectively at the triazole nitrogen. Finally, metalation
of the triazolium salts was accomplished via in-situ genera-
tion of a silver triazolylidene intermediate followed by
transmetalation with [IrCp*Cl,],."?

The solid state structure of 2 was determined by X-ray dif-
fraction analysis (Figure 1)."7 Multinuclear and multidimen-
sional NMR experiments allowed the complete assignment
of all resonances and revealed high similarity of 1 and 2. For
instance, the carbene carbon nucleus resonates at 157.0 ppm
and 156.2 ppm in 1 and 2, respectively. Likewise, the electro-
chemical behavior is not significantly altered and no oxida-
tion occurs below +1.6 V (vs NHE).

Complexes 1 and 2 were evaluated as WOCs using CAN
or NalOy as sacrificial oxidant (SO). Catalytic activity was
monitored by UV-Vis spectroscopy (consumption of CAN),
by manometry, and by Clark electrode measurements (O,
evolution). Representative data including TOF and TON
values at different concentrations of SO and iridium complex
are summarized in Table 1.7 In terms of activity, complex 1
(TOFax = 16 min~! and 19 min! with CAN and NalOy, re-
spectively) compares well with the most active iridium
WOCs known to date,” and the rate does not dependent
significantly on the catalysts concentration nor on the nature
and concentration of the sacrificial oxidant. A similar behav-
ior was noted for the activity of 2 with NalO, as sacrificial
oxidant, although rates (TOFmx = 7 min™') were slightly
lower than for 1. A drastically different behavior was ob-
served for water oxidation with 2 driven by CAN. The activi-
ty strongly depends on the concentrations of catalyst and of
CAN and reaches much higher rates, TOFpux = 116 min™,
which are up to one order of magnitude higher than those of
1 and other best-performing iridium-based WOCs (Figure
2)." In order to rationalize the remarkably high and CAN-
dependent activity of complex 2, a series of comparative cata-
lytic experiments were carried out for 1 and 2 under identical
conditions. These experiments reveal that both complexes 1
and 2 induce identical initial oxygen evolution rates (e.g
TOF,, = 10 min™" in Figure 2). At a specific time, t5 = bifur-
cation time, the activity of complex 2 increases substantially,
while complex 1 continues to produce oxygen at a constant
rate identical to TOFi, (inset Figure 2).

Table 1. Selected catalytic activity data of WOC precursors 1 and
20

Entry [Cat] SO UV-Vis manometry  Clark
/uM TOF TON TOF TON TOF
WOC1
1 0.5 CAN 10 2024 16 1608
2 1.0 CAN 10 1036 12 1101
3 25 CAN 11 422 12 421 31
4 50 CAN 12 199 13 230 16
S 1.0 CAN° 12 868 10 734
6 2.5 CAN° 11 761 11 758
7 50 CAN°® 14 486 9 458
8 1.0  NalO, 19 2192 14
9 2.5 NalO, 19 963
10 50  NalO, 14 482 7
11 10.0 NalO, 12 256
WOC2
12 03 CAN® 53 2731 61 2937
13 0.5 CAN® 112 1886 116 2325
14 1.0 CAN® 101 85§ 95 945
15 25 CAN® 73 400 66 378 22
16 50 CAN® 59 200 48 220 14
17 1.0 CAN° S4 2356 74 2430
18 25 CAN° 69 782 88 990
19 5.0 CAN- 59 363 76 463
20 100 CAN° 34 175
21 0.5 NalO, 6 1430
22 1.0  NalO, 7 1779
23 2.5  NalO, 5 783 1
24 50 NalO, 4 419 2

*TON and TOF (in min?) evaluated by UV-Vis spectrosco-
py, manometry and Clark electrode; ® [SO] = S mM; © [SO] =
10 mM.
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Figure 2. Time-conversion profile for WOCs from 1 and 2
measured by UV-Vis spectroscopy (CAN = SmM; [Ir] = 1 uM;
pH 1 by HNO,). The inset shows identical behavior for both
catalysts initially, and remarkably higher activity for complex 2
compared to 1 after the bifurcation time ty (note the absence of
any significant induction time).

The time of bifurcation ts was extracted from the intercep-
tion of the slopes of the initial rate (at early #) and the linear
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high rate for 2 as illustrated in the inset of Figure 2. Interest-
ingly, ts depends on the concentration of the catalyst but is
independent of the CAN concentration, which is used in
large excess (Figure 3). The furcation occurs later when [Ir]
is low, suggesting that the initially formed active species
(Ira)—presumably similar for 1 and 2—undergoes an asso-
ciative transformation that is induced by the octyl groups,
leading to a much more complex and active species (Irs)
when CAN is used as sacrificial oxidant. Irrespective of the
chemical nature of Irp, the combination of 2 and CAN results
in 10 times higher TOFs than with 1 and CAN. For complex
2, the activity depends on the concentration of both catalyst
and CAN (Figure 4). For example, at S mM CAN concentra-
tion, a maximum TOF = 112 min~! was observed at [Ir] = 0.7
uM, while at 10 mM CAN, the highest TOF = 74 min™' was
achieved at [Ir] = 3.5 uM. The dependence of the oxygen
evolution rate on the iridium concentration is qualitatively
similar at different CAN concentrations and reveals an opti-
mum rather than a maximum in iridium concentration. This
behavior might point to a steady state concentration of active
species which has a maximum that is determined by both [Ir]
and [CAN].
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Figure 3. Dependence of bifurcation time tg on concentration of
2 for two values of CAN concentration (determined by UV-Vis
spectroscopy).
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Figure 4. Different behavior of complexes 1 and 2: while the ac-
tivity of complex 1 is independent of catalyst concentration and
activity, complex 2 reveals rate variability determined by the
concentration of iridium and CAN (determined by UV-Vis
spectroscopy).

The markedly higher activity of complex 2 with CAN ap-
pears to be related to an associative process, as indicated by
the dependence of tg on the iridium concentration (Figure
3). A plausible hypothesis for association involves the for-
mation of micelles due to the amphiphilic character of com-
plex 2 with long aliphatic substituents. Such micelles may
organize the active iridium centers in close mutual proximity
and may thus facilitate the usually rate-limiting O-O bond
formation step through an I2M-type mechanism.'$*

In order to probe a potential associative process and the
self-aggregation tendency of 1 and 2, diffusion NMR experi-
ments were performed. These measurements allow the self-
diffusion translational coefficient (D.) of a species in solution
to be determined." Because D is related to the hydrodynam-
ic radius, the dimension of molecular and supramolecular
species can be accurately deduced. The average level of ag-
gregation is readily disclosed by the aggregation number
(N), defined as the ratio between the measured hydrody-
namic volume (Vy) and that expected for the monomeric
starting species (Vu°).” Despite the presence of an octyl
chain, 2 exhibits only a marginally higher self-aggregation
tendency than 1 (Table 2). In D,O, aggregation numbers
were N = 1.4 and 1.8 for 1 (0.3 mM) and 2 (0.1 mM), re-
spectively, suggesting for both compounds an equilibrium
between a monomeric and dimeric species that is slightly
more shifted towards the dimer for 2, due presumably to en-
hanced hydrophobic interactions. In order to explore the
self-aggregation tendency of 1 and 2 under conditions that
are as relevant as possible to catalysis, titration experiments
were performed with CAN (1 M DNOs, pD = 1) and NalOs.
A gradual oxidative transformation of the Cp* ligand was de-
tected, initiated by Cp*~CH; to Cp*~CH,OH oxidation,’
and ultimately leading to the complete disappearance of the
Cp* resonance from the "H NMR spectrum.'® The oxidative
transformation of Cp* is essentially identical with CAN and
NalO,, though the process is much faster with CAN.?' 'H
diffusion NMR experiments with acquisition time up to 3
days were performed using 0.1-1.0 mM solutions of 1 and 2
in the presence of 20-30 equivalents of oxidant.'” Under
these conditions, the phenyl and alkyl protons appeared as
broad resonances, yet sufficiently intense for evaluating D..
The deduced V4 values for 1 and 2 changed only little (Table
2) and gave aggregation numbers N = 1.4 and 1.7 (for 1 with
CAN and NalO,, respectively) and N = 2.0 (for 2 with ei-
ther CAN or NalO,), when referenced to Vi of the initial
precursors. Larger aggregation numbers result when assum-
ing that the Cp* ligand completely transforms into acetic ac-
id, formic acid and CO, and that a dimeric iridium species
[(CN)Xolr(pu*-X)2IrXz(C,N)] forms, analogous to Crab-
tree’s proposal (X = oxo, hydroxo).”? The hydrodynamic
volumes for these dimers derived from 1 and 2 were estimat-
ed to be 657 A% and 951 A3, respectively. These values agree
very well with the measured Vy for the active species evolv-
ing from 1, while the species originating from 2 unveils a
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slightly higher aggregation tendency. Irrespective of the exact
nature, the self-association propensity of 2 is not significantly
different with either CAN or NalO,, thus suggesting that the
SO is not directly involved in the associative process. Further
support for the formation of small aggregates only was ob-
tained from DLS experiments, which did not reveal any par-
ticles in the 3-500 nm hydrodynamic radius range.

Table 2. Oxidant-dependent hydrodynamic volume (Vi) and ag-
gregation number (N) of complexes 1 and 2 from diffusion NMR
spectroscopy.’

complex oxidant Vu /A N
1 none 670 1.4
1 NalO, 790 1.7
1 CAN 690 14
2 none 1080 1.8
2 NalO, 1180 2.0
2 CAN 1214 2.0

* Aggregation number N based on Vi°(1) = 470 A% and
Vi’(2) = 600 A% see reference 19.

The general picture emerging from our results is con-
sistent with the generation of several catalytically active spe-
cies for both 1 and 2, all having molecular nature, due to the
oxidative transformation of Cp* with both CAN and NalO..
According to diffusion NMR measurements, it is reasonable
to conclude that all species stemming from 2 have a slightly
higher tendency to self-aggregate than analogues derived
from 1. The self-aggregation of one specific species derived
from the oxidative transformation of 2 conceivably generates
a catalyst with an extraordinarily high activity. Among the
various potential reasons for the particular role of CAN, we
speculate that oxidative transformation with NalQ, is unfa-
vorably slow compared with catalytic turnover frequencies,
while Cp* oxidation with CAN occurs readily to form the
highly active aggregate. In such a model, the steady state
concentration of the self-assembled species is finely tuned by
CAN and catalyst concentrations thus rationalizing the deli-
cate balance required for optimum rates ( ¢ Figure 4).

In conclusion, a simple and remote modification in the an-
cillary carbene ligand of triazolylidene Ir(Cp*) complexes
leads to an increase of water oxidation by one full order of
magnitude and affords one of the highest oxygen evolution
rates that has been recorded thus far for iridium-catalyzed
water oxidation. The substantial rate enhancement is poten-
tially induced by a specific aggregation process. Even though
the incorporation of lipophilic elements into a catalyst for
water oxidation appears highly counterintuitive, the intro-
duction of long alkyl chains may become an essential feature
when designing molecular water oxidation catalysts with ex-
ceptionally high activity, also when considering metal com-
plexes other than those based on iridium.
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