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Abstract 

Based on previous work that identified iridium(III) Cp* complexes containing a C,N-bidentate 

chelating triazolylidene-pyridyl ligand (Cp* = pentamethylcyclopentadienyl, C5Me5
–) as 

efficient molecular water oxidation catalysts, a series of new complexes based on this motif has 

been designed and synthesized in order to improve catalytic activity. Modifications include 

specifically the introduction of electron-donating substituents into the pyridyl unit of the 

chelating ligand (H, a; 5-OMe, b; 4-OMe, c; 4-tBu, d; 4-NMe2, e), as well as electronically 

active substituents on the triazolylidene C4 position (H, 8; COOEt, 9; OEt, 10; OH, 11; COOH, 

12). Chemical oxidation using cerium ammonium nitrate (CAN) indicates a clear structure-

activity relationship with electron-donating groups enhancing catalytic turnover frequency, 

especially when the donor substituent is positioned on the triazolylidene ligand fragment 

(TOFmax = 2500 h–1 for complex 10 with a MeO group on pyr and a OEt-substituted 

triazolylidene, compared to 700 h–1 for the parent benchmark complex without substituents). 

Electrochemical water oxidation does not follow the same trend, and reveals that complex 8b 

without a substituent on the triazolylidene fragment outperforms complex 10 by a factor of 5, 

while in CAN-mediated chemical water oxidation, complex 10 is twice more active than 8b. 

This discrepancy in catalytic activity is remarkable and indicates that caution is needed when 

benchmarking iridium water oxidation catalysts with chemical oxidants, especially when 

considering that application in a potential device will most likely involve electrocatalytic water 

oxidation. 

 

 

Introduction 

Water splitting has been considered as the key chemical technology to store transient energy 

from renewable sources such as wind and sunlight and is therefore critical for reducing our 

dependence on slow-growing fossil feedstocks.[1–4] While the water reduction half-cycle 

providing H2 as high-energy fuel has been investigated with considerable success,[5–8] the water 

oxidation half-cycle is much more challenging due to the harsh conditions and the molecular 

complexity of O2 formation from H2O oxidation.[9–11] As a consequence, much effort has been 

devoted to the development of catalysts that mediate water oxidation, including semiconductor 

materials as well as molecularly defined metal complexes. Amongst the various classes of 

homogeneous catalysts, ruthenium(II)[12,13] and iridium(III)[14,15] complexes have shown 

particularly promising properties,[16–21] the former through remarkably high turnover 
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frequencies,[22] the latter by their exceptional longevity with turnover numbers of tens of 

thousands.[23] Despite the harsh conditions required for water oxidation, it has been 

demonstrated that iridium(III) Cp* complexes remain efficient homogeneous catalysts, 

provided they contain a chelating ligand.[24–28] This behavior enabled mechanistic 

investigations, which revealed (i) that the Cp* ligand is degraded, presumably during catalyst 

activation,[29–33] and (ii) that bidentate chelating ligands containing strong donors such as 

alkoxides or (abnormal) carbenes enhance catalytic activity,[26,34–37] suggesting involvement of 

a high-valent iridium species in the turnover-limiting step. Mechanistic investigations of 

homogeneous water oxidation catalysis with molecular sacrificial oxidant such as oxone 

(KHSO5), NaIO4, or cerium ammonium nitrate (CAN, (NH4)2[Ce(NO3)6]) unveiled a prominent 

role of the sacrificial oxidation,[38] and catalyst performance varies considerably when 

modulating the terminal oxidant from e.g. NaIO4 to CAN.[39,40] This variation has been 

attributed in parts to the fact that some oxidants such as oxone or NaIO4 are also oxygen 

donors,[38] and in other parts to direct interactions between the metal center and the oxidant,[41,42] 

which limits the usefulness of the oxidant as a proxy to short-cut the water reduction cycle. 

In an actual water splitting device, the hole injection into the water oxidation catalyst will be 

coupled with electron injection to the water reduction catalyst in a closed loop. Such charge 

separation is most conveniently imparted by a (photo)electrode, and therefore, catalyst 

performance under electrochemical oxidation will be essential.[43] When considering the 

distinct role established for various sacrificial oxidants, it seems unclear whether the catalytic 

activity of a given catalyst in the presence of a molecular oxidant is correlated to water oxidation 

activity under electrochemical conditions. We have therefore engaged in optimizing iridium 

complexes containing a N,C-bidentate chelating pyridyl-triazolylidene ligand as a lead 

structural motif, which have demonstrated previously outstanding molecular integrity under 

acidic conditions as well as excellent turnover numbers for CAN-mediated water 

oxidation.[26,27] Here we show that ligand modifications at both the pyridyl and the carbenic[44–

47] triazolylidene site allows the catalytic activity of the iridium center to be rationally tailored 

for CAN-driven water oxidation. However, the catalytic performance mediated by this 

sacrificial oxidation does not correlate with the performance in electrochemical water oxidation 

and distinctly different orders of activity have been established. This divergence suggests that 

caution is needed when benchmarking iridium catalysts by chemical oxidants for water 

oxidation catalysis. This conclusion is supported by a previous study on manganese oxides for 

water oxidation.[48] and complements related work on the Crabtree-Brudvig Ir(pyalk) system.[49]  
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Results and discussion 

 

1. Synthesis and characterization of a series of pyridyl-triazolylidene iridium complexes 

with different substitution patterns 

Functionalization of the pyridyl-carbene ligand on both the carbene and the pyridyl units was 

facilitated by the functional group tolerance of the [3+2] cycloaddition of alkynes and azides,[50–

52] and the commercial availability of various alkynes and substituted 2-bromopyridines. These 

bromopyridines were readily converted to the pyridyl azides 1 via a copper-catalyzed 

substitution with NaN3 (Scheme 1). Subsequent copper-catalyzed “click” cycloaddition formed 

the triazoles 2–4, which were alkylated selectively at the N3 position in high yields by using 

MeOTf, thus affording the pyridyl-triazolium salts 5–7 as carbene ligand precursors.[53–58] A 

variety of functional groups were incorporated to probe their effect on catalytic water oxidation. 

Specifically, different electron donating groups were installed onto the pyridyl ring in order to 

stabilize the critical high-valent iridium transition states,[33] including –OMe, –tBu or –NMe2 

groups in 4-position, and a –OMe group in 5-position (5b–e). The triazole heterocycle was 

modulated by incorporating a –COOEt group at C4 position as a functional group (6a–c), which 

after hydrolysis has the potential to engage in reversible (de)protonation to facilitate electron-

coupled proton transfer processes.[59–61] The ester functionality offers a reference to distinguish 

electronic withdrawing properties of the carboxylate group from proton shuttling effects of the 

–COOH unit, which are blocked with the ester unit. Complementary, an alkoxy substituent was 

introduced at the triazole (7) as a functional group that serves as electron donor and potential 

hydrogen bond acceptor,[62] and after dealkylation, as proton shuttle.[63,64] These modifications 

gave access to a range of ligands with different electronic properties, demonstrating the 

flexibility of triazole-derived carbene precursors.  

 
Scheme 1. Synthesis of the triazolium salts (5a–e, 6a–c, 7) and iridium complexes (8a–e, 9a–c, 10, 11 and 12). 
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Metalation of the triazolium salts 5–7 was accomplished upon reaction with [IrCp*Cl2]2 in 

toluene at elevated temperatures in the absence of a base. These conditions induced triazolium 

C–H bond activation via cyclometalation and afforded the mesoionic carbene complexes 8–11 

as yellow solids that precipitated from the reaction solution. While all complexes formed within 

1–2 days, complex 9b with an ester functionality and –OMe substituent in the pyridyl 5-position 

reacted much slower and required 6 days. The absence of any additives for the metalation is 

advantageous in the presence of functional groups on the ligands, as for example strong bases 

would induce ester cleavage. However, we noted that the formation of complex 10 with an 

ethoxy-substituent on the triazolylidene was accompanied by partial ether hydrolysis, affording 

complex 11 with an –OH substituent on the triazolylidene as a minor product (approximately 

10%). Complex 11 is the first N-heterocyclic carbene with a hydroxide adjacent to the carbenic 

carbon, a design that is not conceivable for example in imidazolium-derived Arduengo carbenes 

due to the lability of the N–O bond. Furthermore, complexes 12a–c with a pendant carboxylic 

acid unit were obtained by ester hydrolysis from the corresponding complexes 9a–c using 

methanolic LiOH (Scheme 1). All complexes 8–12 were completely air and moisture stable and 

were purified via standard column chromatography over silica in moderate to high yield.  

 

NMR characterization. All complexes were fully analysed by 1H and 13C NMR spectroscopy 

and showed the expected pyridyl and triazolylidene signal patterns. To compare the effect of 

the donor groups on the triazolylidene and on the pyridyl ligand, it is instructive to compare 

series of complexes that are comprised of an identical substitution pattern on one of the two 
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heterocycles while the functionality on the other heterocycle is varied. For example, the series 

of complexes 8b, 9b, 10, 11, and 12b all feature the same 5-methoxy-substituted pyridyl unit, 

but different substituents on the triazole heterocycle, and the series of complexes 8a, 8c–e all 

feature the same triazolylidene ring, but different functional groups on the 4-substituted pyridyl 

unit (Fig. 1). 

 

 
Figure 1. Complexes with a) unfunctionalized pyridyl and different groups on the triazolylidene, b) with 5-OMe 

pyridyl and functionalized triazolylidene, c) with 4-OMe pyridyl and functionalized triazolylidene, and d) with 

unfunctionalized triazolylidene and variable substituents at the pyridyl para position. 

 

Modification of the substituent R on the triazolylidene unit has an obvious effect on the 

electronic configuration of the carbene heterocycle as inferred from the gradual shift of the 

NCH3 resonance from low field (dH = 4.56 for R = COOH, COOEt) continuously to higher field 

for the unsubstituted complex 8b (dH = 4.45 for R = H) and even more pronounced for electron-

donating substituents in 10 and 11 (dH = 4.20 for R = OEt, OH). No such correlation was 

observed for the proton resonances attributed to the pyridyl and Cp* units. The 13C NMR 

chemical shift of the metal-bound carbenic resonance appears at rather high field with the 

OH/OEt substituents (dC = 138) compared to the unsubstituted and carboxylate-functionalized 

derivatives (dC = 153 for 8b and 12b). The ester group induced the most deshielded resonance 

in this series (dC = 158 for 9b). While the NCH3 group provides an useful probe for inductive 

effects, the 13C NMR resonance shifts obviously combine mesomeric and inductive effects. The 

absence of any clear correlation between electronic properties of the substituents and resonance 

frequencies of the carbenic carbon illustrate the difficulties in using 13C NMR shifts to correlate 

electronic properties of N-heterocyclic carbenes.[65,66] 

Similarly, modification of the pyridyl substituent R’ had only very limited effects on the 

adjacent heterocycle. Variation of R’ from H to tBu, OMe, and NMe2 resulted in a small shift 

of the triazolylidene C4-bound proton resonance (dH 8.16 for 8a vs 8.17, 8.15, and 8.07 for 8c–

e, all in CD3CN), which correlates reasonably with the Hammett parameter of the donor group 

OTf

IrN

N
N N

Cl R

a)

  8a
  9a
12a

R = H
R = COOEt
R = COOH

OTf

IrN

N
N N

Cl RMeO

b)

  8b
  9b
10
11
12b

R = H
R = COOEt
R = OEt
R = OH
R = COOH

OTf

IrN

N
N N

Cl R

c)

  9c
12c

R = COOEt
R = COOH

MeO

OTf

IrN

N
N N

Cl

R'

d)

8a
8c
8d
8e

R’ = H
R’ = OMe
R’ = tBu
R’ = NMe2



	 7	

(smeta = +0.12 for OMe, –0.10 for tBu, and –0.16 for NMe2).[67] with the increasing donor 

properties of R’. The carbenic resonance is not affected and appears for all complexes 8c–e at 

157 ppm. Local effects are obviously stronger on the pyridine ring itself, resulting in shift 

differences between 8a and 8e of more than 1 ppm.  

 

Structural characterization in the solid state. The solid state structures of complexes 8–12 

were determined by single crystal X-ray diffraction analyses and confirmed the connectivity 

pattern deduced from NMR spectroscopy. All complexes show the typical three-legged piano-

stool geometry around the iridium center as expected for this type of half-sandwich iridium 

complexes.[68–70] Representative molecular structures of complexes 8b, 9a–b and 10 are shown 

in Figure 2 (see Supporting Information for the structures of complexes 8d, 8e, 9c, 11, 12a, and 

12b). Selected bond lengths and angles are listed in Table 1. Bond lengths and angles around 

the iridium center are unsurprising for complexes 8b, 9a–b (Table 1) and also for all structures 

reported in the supporting information, revealing no significant differences to reported 

triazolylidene iridium(III) complexes.[68–70] In contrast, the bonding in complex 10 deviates 

considerably. In particular the carbene–iridium bond is unusually long (Ir–Ctrz = 2.19(1) Å, cf 

2.02(1) Å in the other complexes). This large distance is counterbalanced by much shorter 

bonds to all the other ligands, in particular to the chloride (Ir–Cl = 2.27(1) Å in 10 vs 2.40(1) 

Å usually observed), and to the Cp* ligand, which is about 0.1 Å closer (Ir–Cpcentr = 1.72(1) vs 

averaged 1.82(1) Å). Furthermore, it is worth noting that the Ctrz–Ctrz bond in complex 10 is 

remarkably long, 1.480(1) Å, indicative of a single bond rather than the typically observed 

1.37–1.39 Å for this formally conjugated bond. While the Ctrz–OOEt distance of 1.34(1) Å is 

similar to other aryl–O bonds (e.g. 1.35(1) Å in complexes 8b and 9b), the pyridyl C–OMe 

bond is considerably stretched with 1.45(1) Å. Even though the bonding parameters of complex 

10 deviate considerably from average, we note that complex 11 with an –OH substituent does 

not show similar behavior and the bond lengths and angles are commensurate to the metrics 

typically observed in such iridium complexes. Therefore, the deviations cannot be attributed to 

the presence of the oxo substituent but may be a curiosity, possibly induced by packing 

effects.[69] 
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Figure 2. Schematic drawing and ORTEP plots for complexes 8b, 9a, 9b and 10 (50% probability, H atoms, non-

coordinating anions, co-crystallized solvent molecules, and second independent molecule of 10 omitted for 

clarity).  

 

Table 1. Selected bond lengths (Å) and angles (°) for complexes 8b, 9a, 9b and 10 

 8b 9a 9b 10 a) 

Ir–Npy 2.123(4) 2.1204(15) 2.123(3) 2.091(8) 

Ir–Ctrz 2.026(5) 2.0198(17) 2.025(4) 2.185(9) 

Ir–Cp*(cent) 1.802(3) 1.811(1) 1.818(1) 1.725(4) 

Ir–Cl 2.4092(13) 2.4094(4) 2.3959(4) 2.275(2) 

Ctrz–Ctrz 1.377(7) 1.391(2) 1.383(5) 1.480(13) 

Ctrz–Ir–Npy 76.67(18) 77.25(6) 77.41(14) 78.0(4) 
a) Bond lengths (Å) and angles (°) for second independent complex molecules in the unit cell are identical within 

esds. 

 

 

2. Chemical water oxidation using cerium(IV) as sacrificial oxidant 

We investigated the performance of these functionalized carbene iridium complexes in water 

oxidation catalysis, firstly chemically driven by using cerium ammonium nitrate (CAN) as 

sacrificial oxidant.[38] Reactions were run initially at a 7,200:1 CAN/iridium ratio (0.37 M 

CAN) and were quantified by manometry and GC-MS.[71] All complexes 8–12 showed 

appreciable activity and high robustness under these conditions, reaching the theoretical limit 

of oxygen production within about 5 h (Fig. 3a). However, a closer inspection reveals distinct 

trends in activity.  

The addition of different electron donating groups (–NMe2, –tBu, –OMe) either at C(4) or C(5) 

position of the pyridyl unit consistently enhanced the catalytic activity of the complexes 
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compared to the ones bearing unmodified pyridine (entry 1 vs 2–5; entry 6 vs 8, 9; entry 11 vs 

12; Table 2, Fig. 3b). The effect is considerable, for example complex 9b with a –OMe group 

at the pyridyl C(5) has a 3-fold higher turnover frequency than the parent complex 9a (TOFmax 

1200 vs 390 h–1, entry 6 vs 7). These substitution changes afford TOFs as high as 1500 h–1 for 

complex 8b containing a OMe group meta to the iridium-bound pyridyl nitrogen. 

 

 

Table 2. Catalytic water oxidation with iridium complexes 8–12 a) 

Entry Complex R’ (pyr) R (trz) Conc [µM] TON TOFmax [h–1] 

1   8a H H 50.1 1920 700 

2   8b 5-OMe H 49.2 1980 1500 

3   8c  4-OMe H 50.9 1850 800 

4   8d  4-tBu H 49.1 1860 540 

5   8e  4-NMe2 H 50.8 1850 1200 

6   9a  H COOEt 49.7 1800 390 

7   9b  5-OMe COOEt 49.3 1900 1200 

8   9c  4-OMe COOEt 50.1 1840 460 

9 10 5-OMe OEt 50.3 1920 2500 

10 11 5-OMe OH 49.8 1920 2200 

11 12a  H COOH 49.9 1740  230 

12 12c  4-OMe COOH 49.5 1780   350 
a) Reaction medium: 0.37 M CAN in 10 mL 1M HNO3 (max O2 = 1.0 mmol) 

 

 

 
Figure 3. a) Oxygen evolution traces for complexes 8b, 8c, 9c, 10 and 11 as representative complexes of the 

series; b) and time-dependent variation of oxygen evolution rates (right). 

 a)                                                                            b) 
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Modification of the triazolylidene substituents reveals that –COOEt, –COOH groups 

consistently decrease catalytic activity (entry 1 vs 6, 11), with complex 9a containing a COOEt 

group performing slightly better than complex 12a with a COOH substituent (TOFmax = 390 vs 

230 h–1, compare 700 h–1 for benchmark complex 8a). A similar ca. 100 h–1 difference in 

TOFmax was also observed when the pyridine was modified with a methoxy group (entry 8 vs 

12), although the incorporation of the OMe group increased the overall activity compared to 

the unfunctionalized pyridine complexes. These results demonstrate that the COOH group on 

the triazole heterocycle does not impart any beneficial proton shuttling function that might 

enhance the catalytic activity of these complexes, presumably because the highly acidic reaction 

conditions prevent (reversible) deprotonation of this benzoic acid-like COOH group. Instead, 

the electron-withdrawing character of this group prevails and leads to a decrease in catalytic 

water oxidation activity. In agreement with this predominantly electronic role of the 

triazolylidene substituent, the introduction of an electron-donating –OEt or –OH substituents 

enhanced the catalytic activity substantially, reaching turnover frequencies of 2500 and 2200 

h–1 (entries 9, 10). This is a substantial increase compared to the TOFmax of 1500 h–1 for the 

corresponding complex 8b with an unsubstituted triazolylidene unit (entry 2). These rates are 

higher than that of most iridium-based water oxidation catalysts which typical range from 700–

1500 h–1, though less active than the fastest known iridium-based catalysts (TOFmax 6,000–

10,000 h–1).[37,39] Most notably, however, the activity of these pyridyl-triazolylidene iridium 

complexes is rationally tunable by modulating the donor properties of both the pyridyl and the 

triazolylidene ligand units, indicative of a catalytically active species that comprises the 

pyridyl-triazolylidene ligand bound to the iridium center. Moreover, the correlation of turnover 

frequencies with ligand donor properties strongly suggests a turnover-limiting step that 

involves the build-up of positive charge, e.g. strongly donating ligands facilitate the 

accessibility of a high-valent iridium species such as an iridium(V)=O complex or an 

iridium(IV)–oxyl species as critical intermediates en route to O–O bond formation.  

Monitoring the oxygen evolution rates over time reveals minor induction times for some of the 

iridium complexes. Variable activity in the low turnover regime is demonstrated when plotting 

the initial 15 min of water oxidation (Fig. 4) for selected complexes 8–10. This selection 

includes benchmark compound 8a without any functionality, 9a as relatively low-performing 

catalyst due to the electron-withdrawing substituent on the triazole, complexes 8b and 9b which 

contain an electron-donating pyridyl substituent imparting intermediate activity, as well as 
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complex 10 with two electron-donating substituents and revealing the highest activity in this 

series. 

The initial activity reflects some of the long-term trend reasonably well. Complex 10 shows 

essentially no induction period and assumes highest activity of the series immediately with 

induction times of a few seconds at best. Complex 8b is turning over slightly better than the 

other complexes of this set with noticeable O2 evolution starting after about 180 seconds (Fig. 

4). In contrast, complexes 8a and 9a–b show only poor activity in this early time regime, in 

agreement with the low initial TOF noted earlier (cf. Fig. 3b). The very low turnovers observed 

for these complexes in the first 15 min (TOF < 10 h–1) suggest that catalyst activation is 

relatively slow for these complexes (e.g. TOFmax of 9b = 1200 h–1). 

 

 
Figure 4. Oxygen evolution traces for the initial 15 min of chemical water oxidation for complex 8a, 8b, 9a, 9b, 

and 10, indicating an enhanced activity of 8b, and considerably enhanced activity of 10 at initial reaction times. 

 

 

3. Electrochemical Water Oxidation 

Water oxidation was expanded towards electrochemical water oxidation catalysis. Based on 

CAN results, a specific set of complexes was chosen for these experiments including complex 

9a as relatively low-performing catalyst due to the electron-withdrawing substituent on the 

triazole, complexes 8b, and 9b which contain an electron-donating substituent and show 

intermediate activity, and complex 10 with two electron-donating substituents and revealing 

highest activity in this series with a TOFmax that is about 6 times higher than that of 9a (cf Table 
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