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Abstract 

 

 

1. Introduction 

Nowadays, the major part of the energy is supplied by carbon-based sources, which 

are connected to severe environmental threats such as the greenhouse effect and air 

pollution. The strong societal demand for clean and environmentally friendly alternatives 

has spurred research into more sustainable resources and constitutes one of the most 

important contemporary scientific challenges.1  

The sustainable production of hydrogen from water is one of the most relevant 

alternatives to fossil fuels.2 This process requires the coupling of two half-reactions: (i) 

water oxidation to produce the reducing equivalents (electrons) and oxygen as the only 

byproduct and (ii) reduction of protons using the electrons of the former reaction to 

generate molecular hydrogen. Although both reactions are crucial for the generation of 
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hydrogen from water, the oxidation of water is the bottleneck in the water splitting 

process. 3  The reason is that water oxidation is thermodynamically unfavorable, 

mechanistically complex, and slow without the use of an appropriate kinetically 

competent catalyst.3b The development of powerful and stable catalysts for this process 

is therefore of great importance. For decades, scientists have sought to understand and 

imitate nature, creating both biomimetic water oxidation catalysts as well as completely 

artificial homogeneous3a-c and heterogeneous3d systems. One of the key features that 

water oxidation catalysts need to fulfill is a high redox flexibility of the metal center 

because the formation of molecular oxygen from water requires the transfer of four 

electrons. A variety of catalysts based on Ru,4 Mn,5 Ir,6 Co,7 and Fe8 have been developed 

over the last decades. Generally, noble metal-based catalysts exhibit better catalytic 

performance than the non-noble ones.    

Among the various water oxidation catalysts, homogeneous molecular systems 

have attracted considerable attention due to their straightforward synthesis and tunable 

properties by ligand design.  In particular, iridium(III) complexes have recently emerged 

as efficient catalysts for water oxidation. 9  They were first introduced in 2008 when 

Bernhard's group reported water oxidation with Ir complexes containing two 2-

phenylpyridine (ppy) ligands and two molecules of water.6a Crabtree and coworkers soon 

after demonstrated that [Cp*Ir(ppy)X] (Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl) 

complexes display improved catalytic activity.6b Since then, a variety of Cp*Ir-based 

molecular catalysts have been reported for water oxidation.6,9 While the role of the Cp* 

is not fully understood, its partial or full degradation is key to access the catalytically 

active species.10  This catalyst activation pathway emphasizes the relevance of using 

robust ancillary ligands bound to the IrCp* in order to maintain a molecular mode of 

action of the catalyst. It was also found that the redox behavior of the Ir center in these 

organometallic compounds can be modulated by the coordinated ancillary ligands. In this 

respect, mesoionic carbenes, such as 1,2,3-triazol-5-ylidenes (trz), have been thought to 

facilitate the stabilization of different metal oxidation states mainly because of the large 

contributions from zwittterionic resonance forms and also because they can serve as a 

transient reservoir of both negative and positive charge.6d Within this class of catalysts 

for water oxidation, Ir-complexes containing pyridyl-trz ligands have shown high 

efficiency.6d, 11  For example, complex I accomplishes high turnover numbers (up to 

38,000 after 1.5 days) in water oxidation mediated by cerium ammonium nitrate 

((NH4)2Ce(NO3)6, CAN, pH 1; Figure 1).11a Modification of the remote position of the 
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trz ligand (complex II, Figure 1) led to a substantially increase in activity.11b In addition, 

the simple and counterintuitive introduction of the more lipophilic n-octyl chain led to 

one of the most active Ir-catalysts described (complex III, Figure 1).12 Nevertheless, 

activity substantially decreased when using sodium periodate as sacrificial oxidant in 

nearly neutral media (pH 5.6). For instance, the turnover frequencies (TOFs) dropped 

from as high as 2 s–1 using CAN at pH 1 to around 0.1 s–1 with NaIO4 at pH 5.6.11b  

 

 

Figure 1. Representative pyridine-triazolidene iridium water oxidation catalyst 

precursors. TOF measured in the CAN-mediated water oxidation at pH 1. 

 

The development of robust water oxidation catalysts for large-scale applications, 

with low overpotentials, high activities and stability is still an active area of research. 

They must be able to maintain their activity for a long period of time under harsh reaction 

conditions such as a highly oxidizing environment to avoid ligand dissociation and the 

decomposition of the catalyst that may result in heterogeneous iridium 

oxides/nanoparticles or the loss of the precious metal. A key approach for further 

development is ligand tailoring due to the beneficial effect observed with simple and 

sometimes counterintuitive modifications in the trz scaffold for Ir-water oxidation 

catalysts. Along these lines, we recently showed that the replacement of the pyridyl group 

in Ir-complexes containing pyridyl-trz ligands by other robust nitrogen donor groups, 

such as benzoxazole and thiazole, is highly advantageous in both transfer hydrogenation 

and dehydrogenation reactions.13 Inspired by these achievements, we herein have studied 

the effect of replacing the pyridine group in the chelating trz iridium catalyst by a 

benzoxazole and a thiazole moiety for water oxidation (complexes 1 and 2; Figure 2). We 

have also studied the effect of the catalyst precursor charge by comparing cationic 

complex 1 with the neutral analogue 3. Finally, we evaluated if the presence of bidentate 

ligands is crucial for high activities and, more importantly, if ligand chelation is key to 

avoid the decomposition into undesired heterogeneous layers. For these purposes, 

complexes 1–3 were compared to complex 4, which does not contain a potentially 
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chelating triazolylidene substituent. The catalytic performance of complexes 1–4 in water 

oxidation was studied with different sacrificial oxidants and at variable pH using either 

CAN (pH = 1) or NaIO4 (pH = 5.6 and 7).  

 

 

Figure 2. Ir complexes 1–4 investigated in this study for water oxidation catalysis using 

both CAN and NaIO4 as sacrificial oxidants. 

 

2. Results and discussion 

2.1. Synthesis of Ir-catalyst precursors 

Complexes 1–3 were prepared as previously reported from the corresponding 

triazolium salt by reaction with Ag2O and Me4NCl to form the desired Ag-carbene 

intermediate, and subsequent in situ transmetallation with [Ir(Cp*)Cl2]2.13 The new 

complex 4 was also synthesized using the same methodology (Scheme 1). Thus, 4-butyl-

1,3-dimethyl-1H-1,2,3-triazolium salt was prepared via conventional copper-catalyzed 

[3+2] cycloaddition of methyl azide and 1-hexyne, followed by the methylation at the 

triazole N3 position as illustrated in Scheme 1. Complex 4 was obtained as air stable solid 

and was fully characterized by 1H and 13C NMR spectroscopy and mass spectrometry. 

Coordination of the 1,2,3-triazol-5-ylidene group was confirmed by the disappearance of 

the H-5 proton signal in the 1H NMR spectra and by the substantial downfield shift of the 

C-5 carbon signal in the 13C NMR spectra. 

 

 

Scheme 1. Synthesis of 1,2,3-triazol-5-ylidene iridium complex 4. (i) MeN3, 

CuSO4·5H2O, sodium ascorbate, THF/H2O. (ii) MeOTf, CH2Cl2. (iii) Ag2O, Me4NCl, 

[IrCp*Cl2]2, CH2Cl2. 

 

2.2 Electrochemical characterization in organic solvents 
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We first studied the redox behavior of complexes 1-4 using CH2Cl2 containing 0.1 

M solution of (Bu4N)PF6 as supporting electrolyte. Electrochemical analysis using cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) techniques show a quasi-

reversible redox couple for complexes 2, 3, and 4 and an irreversible oxidation for 1 

(Figure 3). The oxidation potentials depend strongly on the nature of ligands coordinated 

to the Ir center. The irreversible oxidation of the benzimidazole-trz complex 1 occurs at 

Epa = 1.85 V vs NHE and was assigned to the Ir(IV)/Ir(III) redox couple. Given the 

structural similarity of complexes 1 and 2, the thiazole-trz complex shows a similar redox 

potential for this Ir(IV)/Ir(III) process  (E1/2 = 1.79 V), with a 60 mV anodic shift that 

highlights the weaker -acceptor character of the thiazole unit. On the other hand, 

complexes 3 and 4, where a N-donor site from the bidentate scaffolds is replaced by an 

anionic chlorido ligand, show markedly lower redox potentials (E1/2 = 1.36 V and 1.28 V, 

respectively). This electrochemical behaviour can be rationalized by the stronger sigma 

donor character of the chlorido ligand,14 compared to the neutral benzoxazole and thiazole 

ligands entities. 

 

Figure 3. Superimposed CV plots of complexes 1 (black), 2 (red); 3 (blue) and 4 (green) 
in dichloromethane solution (0.1 M (Bu4N)PF6 as supporting electrolyte) with a scan rate 
of 100 mV/s. 
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2.3. Reactivity towards water. Preparation of Ir-aquo complexes 

In order to investigate the Cl-/H2O ligand exchange propensity of complexes 1–4 in 

solution, their behavior in D2O was studied by in situ 1H NMR spectroscopy. 

Interestingly, a ligand-dependent behavior was observed. Whereas complexes 1, 3 and 4 

are robust and no ligand exchange was detected by 1H NMR analysis even after 4 days 

(Scheme 2a), for complex 2 two compounds at a ratio of ca 9:1 were observed when 

recording the 1H NMR spectrum in D2O (Scheme 2b). For instance, two sets of the 

thiazole signals were observed at 8.00 ppm and 8.16 ppm (major, complex 2) and at 8.07 

ppm and 8.29 ppm (minor). As seen in previous studies on solvation of related C,N-

bidentate chelated iridium complexes,15 the downfield shift of the thiazole signals in the 

minor compound indicates the formation of the dicationic aquo complex 5, which is in 

equilibrium with the major compound 2.  

 

 

Scheme 2. Cl-/H2O ligand exchange equilibria of complexes 1–4. 

 

To provide further evidence on the formation of the dicationic aquo complexes, we 

prepared those species by irreversible abstraction of the chloride anion with silver triflate 

in water (Scheme 3). In line with the different behavior of complexes 1 and 2 in aqueous 

solution previously observed, the formation of the benzoxazole-based dicationic aquo 

complex 6 required longer reaction times (2 days) than the thiazole analogue 5 (12 h). 

Complexes 5 and 6 were characterized by 1H and 13C NMR spectroscopy and mass 

spectrometry. The HRMS-ESI spectra showed the heaviest ions at m/z that correspond to 

the loss of the solvato ligand and the triflate anion. For both complexes the benzoxazole 

and thiazole signals appeared more downfield shifted than those of the cationic chloro 
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complexes 1 and 2. In addition, the 13C NMR spectra of complexes 5 and 6 showed the 

signals of the quaternary X-C=N (X= O, S) group further downfield shifted than those of 

the free ligand (i.e. 153.8 ppm for complex 6 and 151.2 ppm for the benzoxazole-

triazolium salt). This chemical shift agrees with coordination of the benzoxazole and 

thiazole moieties to the Ir-center, and therefore indicates that only one water molecule is 

coordinated in complexes 5 and 6. The molecular structure of 5 was further confirmed by 

X-ray diffraction analysis (Scheme 3). Although the structure showed high disorder at the 

Cp*, it confirmed a piano-stool arrangement with bidentate thiazole-triazolylidene ligand 

coordination and the presence of a single water molecule bound to iridium.  

When the monoaquo complex 6 is kept in water at 70 °C for more than 3 days, 

coordination of a second molecule of water was observed, producing complex 7 (Scheme 

3). Coordination of the second water molecule involves dissociation of the benzoxazole 

unit, which was indicated by a more pronounced shielding of the benzoxaole protons in 

the 1H NMR spectrum (Figure SI-17). No such decoordination was observed with 

complex 5 even upon heating for 1 week, suggesting that the thiazole unit is stronger 

bound than the benzoxazole moiety. Treatment of 4 with two equivalents of AgOTf in 

water led to the clean formation of the diaquo complex 8. 

 

 

Scheme 3. Preparation of dicationic aquo complexes 5–8 

 

2.4. Stability studies in acid media and in the presence of NaI and NaIO3  

The behavior of these iridum complexes under acidic conditions (pH 1) as required 

for the CAN-promoted water oxidation reaction was investigated by exposing complexes 
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1–8 to DCl and DOTf, respectively (0.1 M; Scheme 4). The mere addition of DCl to the 

D2O solutions of the complexes shifts the 1H NMR signals to higher field because of the 

higher ion concentration. For example, for complex 1 the Ntrz–CH3 resonances shift from 

4.62 and 4.43 ppm in D2O to 4.07 and 3.84 ppm in DCl. Moreover, the addition of DCl 

to a D2O solution of 1 induced partial benzoxazole decoordination as identified by minor 

signals of complex 3 (Figure SI-18). On the other hand, the addition of DCl to the 

corresponding aquo derivatives 6 and 7 led to the fast formation of the chloro-derivatives 

1 and 3, respectively (Figure SI-19) and some unidentified peaks after less than 1 h, 

suggesting a limited stability of the complexes under these conditions. Decomposition 

was faster for complexes 3, 4, 7, and 8 with a monodentate trz ligand and slower for the 

chelating benzoxazole-trz complexes 1 and 6. The complexes were even less stable in 

DOTf (0.1 M) as suggested by the immediate appearance of decomposition products 

according to 1H NMR spectroscopy, even for the more stable complex 1 (Figure SI-20). 

 

 

Scheme 4. Stability properties of complexes 1–3 and 5–7 under acidic conditions. 

 

In contrast, the thiazole-based complex 2 was stable in DCl and no further reactions 

nor decomposition were observed even after two months (Figure SI-21). As expected, the 

aquo-complex 5 reacts with DCl to form complex 2. The addition of DOTf to an aqueous 

solution of 2 showed an equilibrium with the dicationic monoaquo complex 5, which is 

stable for at least one month (Figure SI-22). 

In summary, these investigations demonstrate that the stability of the complexes in 

acidic media directly depends on the nature of the chelating group. Thus, the thiazole-trz 

ligand is rigidly bidentate coordinating to Ir and induces reversible solvolysis of the 
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ancillary ligand. In contrast, the benzoxazole-unit is labile and dissociates under acidic 

conditions, leading to unstable complexes that decompose within hours. 

In order to mimic the conditions required in NaIO4-promoted water oxidation, we 

studied the stability of complexes 1 and 2 in presence of NaI or NaIO3. Addition of NaI 

(1 eq) to solutions of 1 and 2 led to the expected exchange of chloride by iodide to form 

complexes 9 and 10 (Scheme 5). Again, the thiazole-trz iridium complex 10 is stable over 

time, while the benzoxazole-based analogue 9 reacts further and forms an equilibrium 

with the neutral diiodie complex 11 within 48 h.  This equilibrium demonstrates the 

relatively weak bonding of benzoxazole to the iridium(III) center, and it was shifted 

further towards complex 11 upon addition of excess NaI. Under these conditions, the 

thiazole-trz complex forms complex 12 as confirmed by elemental analysis and the lack 

of fluorine signals in the 19F NMR spectra, again suggesting a robust chelation of the 

thiazole unit. No reactions were observed for complexes 1 and 2 with NaIO3 (Scheme 5).  

 

 

Scheme 5. Reactivity of complexes 1 and 2 with NaI and NaIO3. 

 

2.5. Water oxidation experiments 

The catalytic performance of complexes 1-4 towards water oxidation was studied 

at different pH conditions using (NH4)2Ce(NO3)6 (CAN) or sodium periodate as 

sacrificial oxidants.16 The amount of O2 and other gases released during the catalytic 

process was monitored by combining manometric techniques and O2-selective Clark-

electrode in a home-made thermostated glass reactor at 25 °C. 

  

Water oxidation catalysis at pH 1 using CAN as sacrificial oxidant. The first set 

of water oxidation experiments was carried out in a 0.1 M HOTf solution (pH 1) by 

mixing complexes 1–4 (1 mM) and CAN (100 mM).17 TON values (TONmax = 25) were 
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calculated at the end of each catalytic experiment. Moreover, three consecutive injections 

were performed in order to investigate the productivity of the different CAN equivalents.  

 

Figure 4. Manometric monitoring of gas evolution vs. time for complexes 1 (A), 2 (B), 3 (C) and 

4 (D) during three consecutive additions of 100 eq. CAN (black line: 1st injection, red line: 2nd 

injection, blue line: 3rd injection). Reaction conditions: 1 mM complex in 0.1 M triflic acid 

solution, 100 mM CAN.  

 
In all cases, manometric measurements showed a fast production of gas after the 

addition of CAN (Figure 4; Figure SI-23), together with a loss of the characteristic orange 

color of CAN and formation of the expected blue-purple solutions indicative of the 

consumption of the sacrificial oxidant.18,10d With complexes 1–3, the first CAN injection 

gave only 17-18 turnovers instead of the theoretical 25 (75% of efficiency with respect 

to CAN), while the subsequent injections produce almost quantitative amounts of O2 

(Table SI-1). The incomplete O2 evolution in the first injection suggests the non-

productive use of 25 equiv CAN for catalyst activation. This activation process is in line 
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with previous work on pyridyl-trz Ir(Cp*) complexes, which required 30 equiv CAN for 

catalyst activation prior to O2 evolution.11a Of note, 25 equiv CAN are insufficient for full 

Cp* degradation to CO2 and therefore suggest only partial oxidation.11b Moreover, 1H 

NMR spectra under catalytic conditions showed the gradual disappearance of the Cp* 

signal and concomitant formation of acetic acid, which supports partial oxidation of 

Cp*.9b The TOF values under these high catalyst concentrations are highest for complex 

4 (TOF = 0.24 s-1), followed by 2 (TOF = 0.12 s-1), and lowest for the benzoxazole-trz 

complexes 1 and 3 (TOFs = 0.07 s-1 and 0.06 s-1, respectively, Table SI-2). Generally, 

these TOF values are of the same order of magnitude as those reported in the literature 

for related Ir-based water oxidation catalysts when using CAN as sacrificial oxidant (see 

Table SI-2). 

To elucidate the nature of the active species formed during the catalytic 

experiments, the resulting solutions were analysed by dynamic light scattering (DLS). All 

solutions showed particles of similar size to those found in a blank solution of CAN in 

0.1 M HOTf  (0.7 nm radius, Table SI-3). This suggests that these particles potentially 

arose from impurities in the sacrificial oxidant or from small clusters formed by its 

degradation, 19  even though, the presence of small IrOx nanoparticles cannot be 

completely ruled out.6l In order to further evaluate whether heterogeneous material is 

formed during catalysis, we investigated the long term stability of complexes 1–4 in 

aqueous solutions at pH 1 electrochemically. Initially, CV experiments of 1–4 in 0.1 M 

HOTf showed one irreversible wave in the 1.31–1.53 V range, which was assigned to the 

Ir(IV)/Ir(III) redox couple (Figure SI-24). The irreversible character of the Ir(IV)/Ir(III) 

oxidation suggests that iridium oxidation triggers chemical modification of the complex, 

which aligns with the unproductive consumption of the first few CAN equivalents under 

catalytic conditions (see Figure 4 above). At higher potentials, a catalytic current 

appeared which was attributed to electrocatalytic water oxidation. After 10 consecutive 

CV cycles between 0.2 and 2.0 V vs NHE (Figure SI-25), a significant increase in the 

maximum current (Imax) of the electrocatalytic wave for complexes 1, 3 and 4 was 

observed, whereas high and stable currents were found for the thiazole-trz complex 2. 

The different behavior of 2 agrees well with its higher stability under acidic conditions 

compared to complexes 1, 3 and 4 (cf previous section). For all complexes, a decrease in 

the current of the Ir(IV)/Ir(III) wave was also observed, which supports the irreversible 

oxidation of catalyst precursor. After successive cycling, the employed electrodes were 

washed with water, acetone and methanol and immersed in a fresh 0.1 M HOTf solution. 

Commented [AM(1]: Please check (see also SI 
comment) 
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The CVs recorded with these rinsed electrodes showed a significant catalytic current, 

indicating the presence of active heterogeneous material deposited onto the glassy carbon 

electrode (Figure SI-26).20 This behavior is independent of the iridium precursor used 

(complexes 1–4). Complex degradation is also in agreement with the low stability of the 

complexes under acidic conditions even before applying oxidative stress. 

 

Water oxidation catalysis at pH 5.6 and 7 using NaIO4 as sacrificial oxidant. 

Since the stability of the complexes under neutral conditions is much higher, we 

investigated the catalytic water oxidation activity of complexes 1–4 at pH 5.6 using 

sodium periodate (NaIO4) as sacrificial oxidant.21 An experiment at high catalyst loading 

(1:50 ratio of complex 2 vs NaIO4) gave ~21 turnovers, indicating that 16 oxidation 

equivalents were used unproductively (Figure SI-27). These equivalents are very similar 

to those observed in CAN-mediated water oxidation and suggest a related oxidative 

catalyst activation mechanism with both sacrificial oxidants. When decreasing the 

catalyst/NaIO4 ratio, these unproductive equivalents become negligible. For example, the 

use of standard conditions as developed by Crabtree and Brudvig,21 i.e. 5 µM of iridium 

and 20 mM NaIO4 (4000 eq) in 0.1 M NaOAc led to complete consumption of NaIO4 for 

all complexes 1–4 and efficiencies of essentially 100% (Table 1; entries 1-4; Figure SI-

28). The TOFs were higher than those obtained with CAN as sacrificial oxidant and 

reached 0.5 s–1 with the monodentate trz complexes 3 and 4 (0.49 and 0.51 s-1, 

respectively). Complexes 1 and 2 containing a chelating benzoxazole and thiazole-trz 

ligand, respectively, had slightly lower TOFs of 0.3 s-1.  
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Table 1. Catalytic results for the NaIO4-promoted water oxidation catalyzed by 

complexes 1–4. 

Entry Cat. precursor [Cat] [NaIO4] pH TOF (s-1)a TON 

1 1 

5 µM 20 mM 5.6 

0.33 2,000b 

2 2 0.27 2,000b 

3 3 0.49 2,000b 

4 4 0.51 2,000b 

5 1 

2 µM 4  20 mM 5.6 

0.29 5,300c 

6 2 0.68 20,000c 

7 3 0.77 19,000c 

8 4 4.24 20,000c 

9 1 

2 µM 4  20 mM 7 

1.02 20,000c 

10 2 2.22 20,000c 

11 3 2.09 20,000c 

12 4 1.78 20,000c 

a TOF values were extracted from a linear region during the first 30 minutes of catalysis of the first run. b 

From O2-selective Clark-type electrode analysis of the reaction headspace (TONmax = 2000). c TON 
measured after four consecutive runs (TONmax= 20000). § 

 

The potential formation of heterogeneous active material under catalytic turnover 

conditions was again examined by a combination of DLS and electrochemical 

measurements. CV experiments performed at pH 5.6 with complexes 1-4 show a catalytic 

current starting immediately after reaching the Ir(IV) oxidation state at about 1.3 V 

(Figure SI-27). In contrast to the results obtained with CAN at pH 1, however, the 

electrodes did not show any catalytic activity after repetitive cycling and subsequent 

immersion into a fresh NaOAc solution, indicating no deposition of catalytically active 

material onto the electrodes (Figures SI-30 and SI-31). Moreover, DLS experiments 

indicate the absence of any nanoparticles after water oxidation catalysis. Hence, these 

data strongly support a homogeneous nature of the catalytically active species when 

NaIO4 is employed as sacrificial oxidant at pH 5.6.22  

We therefore investigated the long-term activity of the complexes by monitoring 

the O2 evolution during four consecutive injections of 10,000 eq. NaIO4 each (40,000 eq. 

per Ir in total, Figure SI-32 and Table 1; entries 5-8). As for complex 1, the maximum 

efficiency with respect to the sacrificial oxidant was achieved during the first NaIO4 

injection (TOF = 0.29 s-1, entry 5). A clear reduction in the activity was observed during 
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the second run, indicating severe catalyst deactivation (5300 TON). On the contrary, 

complexes 2–4 showed a higher stability along the four consecutive NaIO4 injections 

(Figure SI-32). Thus, complex 2 bearing the thiazole-triazolylidene ligand showed 

excellent performance and achieved an overall TON of 20,000, and a competitive TOF 

value of 0.68 s-1 (entry 6). Similar TON and TOF values were recorded for complex 3 

with 20,000 TON and TOF = 0.77 s-1 (entry 7). The different performance of complexes 

1 and 3 under the same catalytic conditions suggests that the monodentate coordination 

of the benzoxaxole ligand in 3 is maintained under turnover conditions, thus retaining 

both chlorido ligands in the Ir coordination sphere. Whereas precatalysts 1, 2 and 3 

yielded similar TOF values when NaIO4 was increased from 4,000 eq. to 10000 eq., the 

rate increased by one order of magnitude for complex 4 (Table 1; entry 8 vs 4) and reached 

a value higher than 4 s-1, thus representing one of the fastest Ir-based water oxidation 

catalysts reported under these conditions in the literature (Table SI-4).6k,12a,21  

The performance of complexes 1–3 considerably improved when the high turnover 

experiments were performed at pH 7 using a 0.1 M phosphate buffer solution.6k As shown 

in Figure 5, at neutral pH periodate was consumed completely after 2 h of the first 

injection. While the theoretical turnover was achieved with all complexes and even 

complex 1 accomplished 20,000 turnovers, the repetitive injections also showed an 

enhanced stability and less pronounced deactivation at pH 7 when comparing consecutive 

runs (Figure 5). Especially for complex 2 retains most of its catalytic performance upon 

multiple NaIO4 injections (69% retention after four consecutive runs), while the 

benzoxazole analogue lost almost all activity (15% retention; Table SI-5 and Figure SI-

34). The enhanced integrity of the catalytically active species derived from complex 2 

ties in very well with the higher stability and robust ligand chelation of the thiazole-trz 

ligand in complex 2 under acidic conditions and in the presence of NaI. In addition, the 

TOF generally increased when performing the water oxidation at higher pH, e.g. complex 

2 reached 2.2 s–1 (cf 0.68 s–1 at pH 5.6; Table 1 entry 6 vs 10), identifying complex 2 as 

highly competitive compared to other known Ir-based pre-catalysts (Table SI-4). Similar 

three-fold rate-enhancing effects were observed for complexes 1 and 3, which can be 

rationalized by the pH dependence of the water oxidation potential and hence a larger 

overpotential at higher pH.23  
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Figure 5. Plot of O2 evolution vs time of complexes 1 (A), 2 (B); 3 (C) and 4 (D) during 
four consecutive runs. Color code: first run (blue line), second run (red line), third run 
(green line) and fourth run (black line). Reaction conditions: 2 µM catalyst, 0.1 M 
phosphate buffer (pH = 7), 20 mM NaIO4. O2 evolution measured using a selective Clark-

electrode analysis of the reaction headspace. 

 

3. Conclusions 

Here we have investigated iridium complexes with differently stabilized triazole-

derived carbene ligands for water oxidation catalysis. While Ce(IV)-mediated water 

oxidation led to catalyst heterogeneization irrespective of the triazolylidene substituent, 

periodate as sacrificial oxidant preserved a homogeneously active species. Repetitive 

additions of sacrificial oxidant indicate a considerably higher integrity of the iridium 

complex containing a thiazole-substituted triazolylidene compared to ligands featuring a 

benzoxazole as chelating donor or no chelating group at all. Rigid chelation of the thiazole 

group was also established from stability measurements under strongly acidic, oxidizing, 

and high ionic strength conditions. These results emphasize the key role of appropriate 

chelation for designing robust and active water oxidation catalysts for high turnover 
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applications. Moreover, mechanistic analysis indicate that irrespective of the sacrificial 

oxidant, about 20 oxidizing equivalents are initially used unproductively for catalyst 

activation, which supports a partial and presumably programmed Cp* degradation as the 

major pathway to generate the catalytically competent species.  

 

4. Experimental section 

4.1. General information 

All reactions for the synthesis of Ir-complexes were carried out using standard Schlenk 

techniques under an atmosphere of argon. Solvents were purified and dried by standard 

procedures. Ir-complexes 1–3 were prepared as previously described.13 All other 

commercially available reagents and substrates were used as received. 1H, 13C{1H}, and 

19F{1H} NMR spectra were recorded using a 400 MHz spectrometer. Chemical shifts are 

relative to that of SiMe4 (1H and 13C) as internal standard. 1H and 13C assignments were 

made on the basis of 1H-1H gCOSY, 1H-13C gHSQC and 1H-13C gHMBC experiments. 

Dynamic light scattering experiments (DLS) were carried out using a Zetazizer Nano ZS 

at 25 oC with an operating range of measurement from 0.3 nm to 10 microns. 

 

4.2. Preparation of 4-butyl-1,3-dimethyl-1H-1,2,3-triazole 

trifluoromethanesulfonate  

A suspension of MeI (0.58 ml, 9.33 mmol) and NaN3 (1.84 g, 28 mmol) in H2O/THF 

(32 mL 1:1 v/v) was stirred at room temperature for 48 h. CuSO4·5H2O (141 mg, 0.56 

mmol), sodium ascorbate (1.12 g, 5.65 mmol) and 1-hexyne (1.33 g, 11.2 mmol) were 

added subsequently and the mixture was stirred in the oil bath at 55 ºC for 48 hours. The 

organic solvent (THF) was removed under reduced pressure and the residue was 

suspended in CH2Cl2 (40 mL) and washed with water (2 × 50 mL), and brine (2 × 50 mL). 

After drying over MgSO4, charcoal was added to the solution and stirred for 30 min to 

further purify the compound. The suspension filtered off through celite, washed with 

CH2Cl2 (30 ml) and evaporated the solvent to obtain 4-butyl-1-methyl-1H-1,2,3-triazole 

as a white powder. The compound is suitable to be used for the next step. Yield: 750 mg 

(48%) 1H NMR (400 MHz, CDCl3): δ = 7.24 (s, 1H, H-5), 4.01 (s, 3H, CH3˗N), 2.69 – 

2.63 (t, 3JH-H = 7.3 Hz, 2H, CH2˗C4), 1.60 (quintet, 2H, CH2˗CH2), 1.33 (sextet, 2H, 

CH2˗CH3), 0.88 (t, 3JH-H = 7.3 Hz, 3H, CH3, n-Bu). 13C{1H}  NMR (100 MHz, CDCl3): δ 

= 148.8 (C–4), 121.7 (C–5), 36.5 (CH3˗N), 31.6 (CH2˗CH2), 25.3 (CH2˗CH2), 22.3 
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(CH2˗CH3), 13.8 (CH3, n-Bu). MS HR-ESI [found 139.1116 (M-H)+, C7H13N3 requires 

139.1109].  

MeOTf (600 μL, 6.20 mmol, 1.2 equiv) was added to a solution of 4-butyl-1-methyl-

1H-1,2,3-triazole (713 mg, 5.13 mmol) in CH2Cl2 (5 mL) at 0 °C then the solution kept 

to stir at 23 ºC for 12 h (the reaction monitored by TLC). All volatiles were evaporated 

under reduced pressure. Purification by column chromatography (SiO2; CH2Cl2/MeOH 

30:1) yielded the desired salt as a pale yellow liquid.Yield: 1.00 g (64%). 1H NMR (400 

MHz, CDCl3): δ 8.43 (s, 1H, H5), 4.27 (s, 3H, CH3˗N), 4.16 (s, 3H, CH3˗N), 2.78 (t, 2H, 

3JH-H = 15.96, CH2CH2), 1.69 (quintet, 2H, CH2CH2), 1.42 (sextet, 2H, CH2CH3), 0.93 (t, 

3JH-H = 7.3 Hz, 3H, CH3,n-Bu). 13C{1H}  NMR (100 MHz, CDCl3): δ = 144.9 (C–4), 129.3 

(C–5), 120.6 (q, 1JC-F = 320.33, CF3), 40.0 (CH3˗N), 37.4 (CH3˗N), 28.7 (CH2˗CH2), 23.0 

(CH2˗CH2), 22.1 (CH2˗CH3), 13.5 (CH3, n-Bu). 19F{1H} NMR (377 MHz, CDCl3), δ: -

78.53. MS HR-ESI [found 154.1345 (M-OTf)+, C8H16N3 requires 154.1344]. 

 

4.3. Synthesis of Ir-complex 4 

4-Butyl-1,3-dimethyl-1H-1,2,3-triazole trifluoromethanesulfonate (65 mg, 0.21 

mmol), Me4NCl (46 mg, 0.42 mmol), Ag2O (97 mg, 0.42 mmol) and [Ir(Cp*)Cl2]2 (67 

mg, 0.084 mmol, 0.4 equiv) were stirred in CH2Cl2 (10 ml) at 40 °C for 8 h. After cooling 

to rt, the suspension was filtered through celite and the solvent was removed under 

reduced pressure to yield the crude product. Purification by column chromatography 

(SiO2; CH2Cl2/MeOH, 40:1) yielded product 4 as yellow solid (12 mg, 10%). 1H NMR 

(400 MHz, CDCl3): δ = 1H NMR 4.27 (s, 3H, CH3˗N), 3.96 (s, 3H, CH3˗N), 2.95 (m, 2H, 

CH2˗CH2), 2.01 – 1.74 (m, 1H, CH2˗CH2), 1.61 (s, 15H, Cp*), 1.55 – 1.18 (m, 3H, 

CH2˗CH2), 0.95 (t, 3JH-H = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3), δ: 148.9 (C˗5), 

144.4 (C˗4), 87.8 (C, Cp*), 40.9 (CH3–N), 36.3 (CH3–N),, 32.1 (CH2), 29.8 (CH2), 23.2 

(CH2), 14.0 (CH3,n-Bu), 9.2 (CH3, Cp*). MS HR-ESI [found 516.1718 (M-Cl)+, 

C18H30ClIr requires 516.1756]. Anal. Calcd for C18H30Cl2IrN3: C, 39.20; H, 5.48; N, 

7.62%. Found: C, 39.27; H, 5.39; N, 7.65%.  

 

4.4. Preparation of dicationic monoaquo complexes 5 and 6 

To a solution of the corresponding Ir-complex (0.01 mmol) in dichloromethane (1.5 

mL) was sequentially added water (18 μL, 1.1 mmol) and AgOTf (3.1 mg, 1.2 eq). The 

reaction was stirred for 12 h (for compound 5) or 48 h (compound 6) protected from light. 
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Then the resulting suspension was filtered over celite, and all volatiles were removed 

under reduced pressure to yield the crude products.  

5. Yield: 7.5 mg, 89%. 1H NMR (400 MHz, D2O), δ: 8.15 (d, 3JH-H = 3.6 Hz, 1H, 

CH=), 7.93 (d, 3JH-H = 3.6 Hz, 1H, CH=), 4.29 (s, 3H, CH3–N), 4.28 (s, 3H, CH3–N), 1.61 

(s, 15H, CH3, Cp*). 13C{1H} NMR (101 MHz, D2O), δ: 159.6 (C–5), 157.53 (C=N), 147.0 

(C–4), 141.5 (CH=), 124.8 (CH=), 119.2 (q, 1JC-F =320.0, CF3), 90.3 (C, Cp*), 40.3 (CH3–

N), 37.9 (CH3–N), 8.6 (CH3, Cp*). 19F{1H} NMR (377 MHz, D2O), δ: -79.1 (s). MS HR-

ESI [found 509.1351 (M-(OTf)2-H2O)2+, C17H24IrN4S requires 509.1345]. Suitable 

crystals for X-ray diffraction were achieved by slow diffusion of pentane to 

dichloromethane solution. 

6. Yield: 7.7 mg, 88%. 1H NMR (400 MHz, D2O), δ: 7.73-7.78 (m, 2H, CH=), 7.52 

(m, 2H, CH=), 4.38 (s, 3H, CH3–N), 4.32 (s, 3H, CH3–N), 1.67 (s, 15H, CH3, Cp*). 

13C{1H} NMR (101 MHz, D2O), δ: 156.8 (C–5), 151.5 (C=N), 135.9 (C–4), 128.1 (CH=), 

127.3 (CH=), 120.0 (q, 1JC-F =210.2, CF3), 90.8 (C, Cp*), 40.8 (CH3–N), 38.3 (CH3–N), 

9.2 (CH3, Cp*). 19F{1H} NMR (377 MHz, D2O), δ: -79.1 (s).  

 

4.5. Preparation of dicationic diaquo complex 7  

Monoaquo complex 6 (0.01 mmol) was dissolved in D2O (1 mL) and allowed to stir 

at 70 °C for 3 days. 85% yield by 1H NMR. 1H NMR (400 MHz, D2O), δ: 6.98 (m, 2H, 

CH=), 6.86 (m, 2H, CH=), 4.17 (s, 3H, CH3–N), 4.08 (s, 3H, CH3–N), 1.27 (s, 15H, CH3, 

Cp*). 13C{1H} NMR (101 MHz, D2O), δ: 166.6 (C–5), 149.9 (C=N), 144.4 (C–4), 136.4 

(C), 128.0 (CH=), 127.2 (CH=), 126.5 (CH=), 119.2 (q, 1JC-F = 260.7, CF3), 116.1 (CH=), 

88.7 (C, Cp*), 39.6 (CH3–N), 35.8 (CH3–N), 8.1 (CH3, Cp*). 19F{1H} NMR (377 MHz, 

D2O), δ: -79.0 (s).  

 

4.6. Preparation of dicationic diaquo complex 8  

To a solution of Ir-complex 4 (10 mg, 0.018 mmol) in dichloromethane (1.5 mL) was 

sequentially added water (18 μL, 1.1 mmol) and AgOTf (9.2 mg, 2 eq). The reaction was 

stirred for 18 h protected from light. Then the resulting suspension was filtered over celite, 

and all volatiles were removed under reduced pressure to yield the crude product. Yield: 

8.0 mg, 62%. 1H NMR (400 MHz, D2O), δ: 4.09 (s, 3H, CH3˗N), 4.04 (s, 3H, CH3˗N), 

2.79 (broad s, 1H, CH2˗CH2), 2.65 (broad s, 1H, CH2˗CH2), 1.57 (s, 17H, Cp*, CH2˗CH2), 

1.44 (m, 2H, CH2˗CH2), 0.93 (t, 1JH-H = 7.3 Hz, 3H, CH3). 13C{1H} NMR (100 MHz, 

D2O), δ: 148.0 (C˗5), 147.1 (C˗4), 119.4 (q, 1JC-F = 317.2, CF3), 87.6 (C, Cp*), 39.6 (CH3–
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N), 36.4 (CH3–N), 30.2 (CH2), 23.9 (CH2), 22.2 (CH2), 12.7 (CH3,n-Bu), 8.3 (CH3, 

Cp*).19F{1H} NMR (376 MHz, D2O), δ: -78.9 (s).  

 

4.7. Preparation of iodide complexes 9 and 10  

To a solution of Ir-complex 1 or 2 (0.01 mmol) in dichloromethane (1.5 mL) was added 

NaI (1.7 mg, 1.1 eq). The reaction was stirred overnight at room temperature. Then water 

was added and the aqueous phase was extracted with DCM three times. After drying over 

MgSO4, the volatiles were removed under reduced pressure to yield the crude product.  

9. Yield: 7.7 mg, 94%. 1H NMR (400 MHz, CDCl3), δ: 7.80 – 7.28 (m, 4H, CH=), 

4.59 (s, 3H, CH3˗N), 4.26 (s, 3H, CH3˗N), 2.03 (s, 15H, CH3, Cp*). 13C{1H} NMR (100 

MHz, CDCl3), δ: 159.1 (C-5), 157.8 (C=N), 150.6 (C=), 137.5 (C=), 136.3 (C-4), 127.7 

(CH=), 126.8 (CH=), 117.3 (CH=), 113.4 (CH=), 91.2 (C, Cp*), 40.9 (CH3-N), 31.9 

(CH3-N), 11.8 (CH3, Cp*). 19F{1H} NMR (376 MHz, CDCl3), δ: -78.5 (s). MS HR-ESI 

[found 669.0677 (M)+, C21H25IIrN4O+ requires 669.0679]. Anal. Calcd for 

C22H25F3IIrN4O4S: C, 32.32; H, 3.08; N, 6.85%. Found: C, 32.28; H, 3.07; N, 6.79%. 

10. Yield: 7.1 mg, 91%. 1H NMR (400 MHz, CDCl3), δ: 7.92 (d, 3JH-H = 3.5 Hz, 1H, 

CH=), 7.68 (d, 3JH-H = 3.5 Hz, 1H, CH=), 4.51 (s, 3H, CH3˗N), 4.28 (s, 3H, CH3˗N), 1.97 

(s, 15H, CH3, Cp*). 13C{1H} NMR (100 MHz, CDCl3), δ: 157.0 (C-5), 156.0 (C=N), 

144.2 (C-4), 141.5 (C=), 122.5 (C=), 91.6 (C, Cp*), 39.9 (CH3-N), 38.9 (CH3-N), 10.5 

(CH3, Cp*). 19F{1H} NMR (376 MHz, CDCl3), δ: -78.5 (s). MS HR-ESI [found 635.0316 

(M)+, C17H23IIrN4S+ requires 635.0318]. Anal. Calcd for C18H23F3IIrN4O3S2: C, 27.59; 

H, 2.96; N, 7.15%. Found: C, 27.51; H, 2.94; N, 7.06%. 

 

4.8. Preparation of diiodide complexes 11 and 12  

To a solution of Ir-complex 9 (7.7 mg, 0.009 mmol) or 10 (7.1 mg, 0.009 mmol) in 

dichloromethane (1.5 mL) was added NaI (1.7 mg, 1.1 eq). The reaction was stirred 

overnight at room temperature. Then water was added and the aqueous phase was 

extracted with DCM three times. After drying over MgSO4, the volatiles were removed 

under reduced pressure to yield the crude product.  

11. Yield: 6.9 mg, 90%. 1H NMR (400 MHz, CDCl3), δ: 7.80 – 7.28 (m, 4H, CH=), 

4.40 (s, 3H, CH3˗N), 4.14 (s, 3H, CH3˗N), 1.88 (s, 15H, CH3, Cp*). 13C{1H} NMR (100 

MHz, CDCl3), δ: 152.8 (C-5), 151.5 (C=N), 141.2 (C=), 137.5 (C=), 135.4 (C-4), 126.0 

(CH=), 124.8 (CH=), 120.7 (CH=), 110.9 (CH=), 88.5 (C, Cp*), 41.4 (CH3-N), 31.4 

(CH3-N), 9.4 (CH3, Cp*). 19F{1H} NMR (376 MHz, CDCl3), δ: -78.5 (s). MS HR-ESI 
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[found 669.0677 (M)+, C21H25IIrN4O+ requires 669.0679]. Anal. Calcd for 

C21H25I2IrN4O: C, 31.71; H, 3.17; N, 7.04%. Found: C, 31.65; H, 3.15; N, 6.99%. 

12. Yield: 6.2 mg, 89%. 1H NMR (400 MHz, CDCl3), δ: 7.92 (d, 3JH-H = 3.5 Hz, 1H, 

CH=), 7.72 (d, 3JH-H = 3.5 Hz, 1H, CH=), 4.54 (s, 3H, CH3˗N), 4.31 (s, 3H, CH3˗N), 2.00 

(s, 15H, CH3, Cp*). 19F{1H} NMR (376 MHz, CDCl3), δ: -78.5 (s). MS HR-ESI [found 

635.0307 (M)+, C17H23IIrN4S+ requires 635.0318]. Anal. Calcd for C17H23I2IrN4S: C, 

26.81; H, 3.04; N, 7.36%. Found: C, 26.73; H, 3.02; N, 7.28%. 

 

4.9. Electrochemistry 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments were 

performed on a Biologic SP-150 potentiostat, using EC Lab software for data acquisition 

and data handling. Measurements were made using a standard three-electrode cell using 

glassy carbon disk electrode of 3.0 mm diameter as a working electrode, a Pt disk of 1 

mm diameter as counter electrode and an aqueous saturated calomel electrode (SCE) as a 

reference electrode. All of the potentials are reported versus SCE isolated from the 

working electrode compartment by a salt bridge. Working electrodes were polished with 

1 and 0.05 micron Alumina paste washed with distilled water and acetone and sonicated 

in acetone for 5 minutes before each measurement. The complexes were dissolved in 

DCM containing the necessary amount of nBu4NPF6 (TBAPF6) as supporting electrolyte 

to yield 0.1 M ionic strength solutions. For electrocatalytic experiments, complexes were 

dissolved in the corresponding water solutions (0.1 M triflic acid solution or acetate buffer 

pH 5.6). CV were recorded at different scan rates (50-1000 mV/s) and DPV were recorded 

using pulse amplitudes of 0.05 V, pulse widths of 0.05 s, sampling widths of 0.02 s, pulse 

periods of 0.1 s and quite times of 2 s. E0 values reported in this work were estimated 

from DPV experiments. The error associated with the potential values is less than 5 mV. 

 

4.10. Typical procedure for the water oxidation  

Catalysis experiments were performed in a homemade thermostated glass cell (V = 15 

mL) at 25 °C which was closed with a septum. The evolution of gases were monitored by 

on-line manometry with a differential pressure manometer (Testo 521), with an operating 

range of 0.1−10 kPa and accuracy within 0.5%, which was connected to a reference cell 

of approximately the same size, as well as by a gas phase oxygen sensor (Unisense Ox-N 

sensor) controlled by Unisense multimeter. The oxygen sensor was calibrated after each 

experiment by addition of known amounts of oxygen to the cell.  



21 
 

In a typical experiment, a solution of complex in 0.1 M triflic acid (pH 1) was degassed 

for 10 minutes using N2 flow. After pressure equilibration between reference and 

measurement cell, baseline was recorded for 20-30 minutes and a solution of cerium 

ammonium nitrate (CAN) in 0.1 M Triflic acid was added to the reference and 

measurement cell. Resulting a final concentration of catalyst 1mM and concentration of 

CAN 100 mM. For second and third injections, this procedure was carried out again 

adding 100 more equivalents of CAN in 0.1 M Triflic acid to the measurement and 

reference cells. Experiments with NaIO4 were performed by using diluted degassed 

solutions of the complex in 0.1 M NaOAc (pH 5.6) or 0.1 M phosphate buffer (pH 7) 

under an otherwise identical setup, resulting a final catalyst/oxidant ratio of varying from 

1:50 to 1:4000 and a final concentration 5µM for the catalyst and 20 mM for the NaIO4. 

TON was calculated from O2-selective Clark-electrode analysis of the reaction 

headspace and TOF values were calculated from the increase of TON in the initial 5 

minutes after addition of oxidant. O2/Gas ratios were calculated dividing total oxygen 

produced detected by O2-selective clark probe by the total gas evolved obtained by 

manometric experiments.  
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