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ABSTRACT. The catalytic activity toward NaIO4 driven water oxidation of a series of 

[RCp*IrCl(-Cl)]2 dimeric precursors, containing tetramethylcyclopentadienyl ligands with a 

variable R substituent (H, 1; Me, 2; Et, 3; nPr, 4; CH2CH2NH3
+, 5; Ph, 6; 4-C6H4F, 7; 4-C6H4OH, 

8; Bn, 9) has been evaluated at 298 K and pH = 7 (by phosphate buffer). For each dimer, the 

effect of changing catalyst (1-10 M) and NaIO4 (5-40 mM) concentration has been studied. All 
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precursors exhibit a high activity with TOF values ranging from 101 min-1 to 393 min-1 and TON 

values being always those expected assuming a 100% yield. The catalytic activity was strongly 

affected by the nature of the R substituent. Highest TOF values were observed when R was 

electron-donating and small. The results of multiple injection consecutive experiments suggest 

that a fragment of the initial C5Me4R, still bearing the R-substituent, remains attached at iridium 

in the active species, despite the oxidative in situ degradation of the same ligand. The decrease of 

TOF in the second and third catalytic runs was completely ascribed to a drop of the redox 

potential caused by the conversion of IO4
– into IO3

–, according to the Nernst equation. This 

hypothesis was verified by performing catalytic experiments in which the initial redox potential 

(E) was deliberately varied by using water solutions of IO4
–/IO3

– mixtures at different relative 

concentrations. Consistently, TOF versus E plots show that, for a given catalyst, the same TOF 

is obtained at a certain redox potential, irrespectively of the initial reaction conditions used.  

1. INTRODUCTION 

The development of efficient catalysts for water oxidation (WOCs) remains the main obstacle 

to the assembly of a working device for the production of fuels from renewable sources.1–6 

Considerable progress has been achieved, over the last few years, with material-based,7–11 

heterogenized,12–18 and molecular WOCs.19–26 Among the latter, organoiridium complexes have 

been successfully exploited as precursors of WOCs.27,28 Most of them can be formulated as 

[Cp*IrL1L2X]n where L1 and L2 might be either two monodentate or one bidentate ligand(s), 

whereas X is H2O or a labile ligand easily exchangeable with a water molecule.  Despite many 

studies have been performed to understand how the nature of L1 and L2 affects WO 

performances, to the best of our knowledge very little (or no) attention has been dedicated to 
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explore the possible effect of functionalizing the Cp* ancillary ligand.29 This is probably due to 

the difficulty of synthesizing Cp*-substituted precursors and also to the belief that Cp* is easily 

lost under the strongly oxidative conditions used in WO catalysis. As a matter of fact, many 

studies, initially carried out by NMR spectroscopy, indicated that the Ir–C bond of the quaternary 

Cp* ligand is the weak point of [Cp*IrL1L2X]n WOC,30 which can be easily oxidized opening 

reaction pathways leading to the oxidative transformation of Cp*, causing the degradation of the 

latter and formation of small molecules such as CH3COOH, HCOOH, CH2COOH, and CO2.31–33  

At the same time, organometallic species having an oxidatively degraded Cp* still bonded at 

iridium, but with reduced hapticity, have been observed, in some cases.33 Interestingly, the rate 

of CH3COOH and HCOOH formation, two important degradation products of Cp*, was found to 

be substantially higher than that of O2 evolution, indicating that the oxidative degradation occurs 

in the preliminary stage of the catalysis, likely during the induction time, and leads to the 

formation of the active species carrying on most O2 evolution process.34 Nevertheless, to the best 

of our knowledge, no investigation demonstrated that Cp* is completely degraded during such a 

preliminary stage. On the contrary, the few attempts aimed at quantifying the small organic 

oxidized fragments indicated that two/three carbon atoms of Cp* are apparently missing and 

many hypotheses on the nature of WO active species have been proposed according to which a 

part of the Cp* is still coordinated to the iridium.35,36 For instance, Batista suggested a dimeric 

complex bearing a methyl-acetone-acetonate moiety, bonded at each iridium atom and derived 

from Cp* oxidative degradation.37 

In order to shed some light on how the functionalization of Cp* affects WO catalyzed by 

[Cp*IrL1L2X]n catalysts, we decided to synthesize a series of Ir-dimers with R-functionalized 

Cp*, i.e. ([(η5-C5Me4R)IrCl(μ-Cl)]2: R = H, 1; R = Me, 2; R = Et, 3; R = nPr, 4; R = 
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CH2CH2NH3
+, 5; R = Ph, 6; R = 4-C6H4F, 7; R = 4-C6H4OH, 8; R = Bn, 9; Figure 1) and test 

them as WO catalytic precursors. WO catalytic experiments were carried out using NaIO4 as 

sacrificial oxidant at pH = 7 (by phosphate buffer) and at 298 K. For each dimer, seven 

experiments were carried out, changing catalyst and NaIO4 concentration, according to a 

standardized methodology recently applied by us to benchmarking a rather large number of well-

known iridium WOCs.38 

 

Figure 1: Sketch of the investigated Ir-dimers. 

It was found that the WO catalytic activity is strongly affected by the nature of R with best 

performances obtained when electron donating and small R-substituents are used.  

 

2. RESULTS AND DISCUSSION 

The neutral di-iridium complexes, including the novel 1, 3-4, 7-8, were obtained in moderate 

yields using a typical procedure consisting in the reaction of commercial iridium(III) chloride 

hydrate with the appropriate substituted cyclopentadiene precursor in refluxing methanol 

(Scheme 1).39,40 The ammonium chloride salt 5 was obtained following a literature procedure 

whereby the cyclopentadiene C5HMe4CH2CH2NH2HCl and [IrCl(COD)]2 were allowed to react 

in the presence of HCl. The cyclopentadiene C5HMe4(4-C6H4F) is unprecedented, while 

C5HMe4(4-C6H4OH) was synthesized by a modified literature method (see Experimental for 
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details).41 Both these pro-ligands were isolated as almost exclusively single isomeric forms.39 In 

order to prepare 8, the hydroxyl group of C5HMe4(4-C6H4OH) was preliminarily protected, then 

the reaction of C5HMe4(4-C6H4OCMe2OMe) with IrCl3·nH2O, followed by silica 

chromatography, directly afforded 8. The new mononuclear 10 and 11 were obtained from 1 and 

4, respectively, by reaction with picolinic acid (pic) and finally isolated in 40% (10) and 76% 

(11) yields. All the iridium complexes, except 5 and 8, are well soluble in chlorinated solvents 

and exhibit very low solubilities in water and hydrocarbons; instead, 5 and 8 are soluble in 

methanol and dimethylsulfoxide, and 5 also in water. The new complexes were characterized by 

elemental analysis, IR and NMR spectroscopy, and their identity was confirmed by mass 

spectrometry. The 1H and 13C NMR patterns related to the C5Me4 unit are consistent with what 

previously reported for similar species.39 The CH moiety belonging to the five-membered 

C5HMe4 ring in 1 gives raise to resonances at 5.30 ppm (1H) and 68.1 ppm (13C). The hydroxyl 

group in 8 manifests itself with an absorption falling at 3305 cm in the IR spectrum (solid 

state). The 19F NMR resonance due to the fluorine atom undergoes minor shift on going from 

C5HMe4(4-C6H4F) (117.6 ppm) to 7 (112.7 ppm).  

 

 

 R  

1 H 10 

2 Me  

3 Et  
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4 Pr 11 

5 CH2CH2NH2HCl  

6 Ph  

7 4-C6H4F  

8 4-C6H4OH a  

9 Bn  

 

Scheme 1: Synthesis of di- and mono-iridium complexes. aFrom C5HMe4(4-C6H4OCMe2OMe). 

 

The molecular structures of 7 and 11 were ascertained by X-ray diffraction studies. The 

molecular structure of 7 (Figure 2) is closely related to that previously reported for complex 6, 

the latter differing from the former in that the phenyl rings do not contain a F-substituent. The 

Ir(-Cl)2Ir core is perfectly planar (mean deviation from the least squares plane 0.0079 Å) and 

the two F-PhCp* ligands adopt a pseudo-trans conformation. 

 

Figure 2. Molecular structure of [F-PhCp*IrCl(µ-Cl)]2, 7. Displacement ellipsoids are at the 50% 

probability level. H-atoms have been omitted for clarity. Selected bond lengths (Å) and angles 

(°): Ir(1)−Cl(1) 2.382(3), Ir(1)−Cl(3) 2.450(3), Ir(1)−Cl(4) 2.457(3), Ir(1). F-PhCp* 2.115(14)– 
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2.157(13), Ir(2)−Cl(2) 2.386(3), Ir(2)−Cl(3) 2.442(3), Ir(2)−Cl(4) 2.454(3), Ir(2)−F-

PhCp*2.115(14)– 2.161(13), Cl(3)–Ir(1)–Cl(4) 88.56(13), Cl(3)–Ir(2)–Cl(4) 88.13(13), Ir(1)–

Cl(3)–Ir(2) 99.23(13), Ir(1)–Cl(4)–Ir(2) 98.71(12). 

 

The geometry and bonding parameters of 11 (Figure 3) are analogous to those reported for 

related piano-stool complexes where IrIII is bonded to a C5Me5
42–44 or a C5Me4Ph40 ring, one 

chelating picolinato ligand and one terminal chloride. In particular, the replacement of one 

methyl substituent with a propyl one (compound 11) on the cyclopentadienyl moiety does not 

determine any significant change in the distances between the iridium center and the atoms 

bound to it. 

 

 

Figure 3. Molecular structure of [PrCp*IrCl(pic)], 11. Displacement ellipsoids are at the 50% 

probability level. H-atoms have been omitted for clarity. Selected bond lengths (Å) and angles 

(°): Ir(1)−Cl(1) 2.4014(11), Ir(1)−N(1) 2.083(4), Ir(1)−O(1) 2.104(3), Ir(1)−PrCp* 2.130(4)- 

2.170(4), C(1)−O(1) 1.284(5), C(1)−O(2) 1.227(5), C(1)−C(2) 1.509(6), O(1)−Ir(1)−N(1) 
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77.43(13), Ir(1)−N(1)−C(2) 115.1(3), N(1)−C(2)−C(1) 115.0(3), C(2)−C(1)−O(1) 114.6(4), 

C(1)−O(1)−Ir(1) 116.9(3), C(2)−C(1)−O(2) 119.6(4), O(2)−C(1)−O(1)125.8(4). 

 

All complexes shown in Scheme 1 exhibit high activity with TOFmax values included between 

393 min-1 and 101 min-1, depending on the nature and concentration of the complex, and on the 

concentration of NaIO4 (Tables S1-S4). For each dimer, the orders in iridium and NaIO4 were 

determined by varying the catalyst concentration (1, 2.5, 5, and 10 µM) at [NaIO4] = 20 mM and 

the NaIO4 concentration (5, 10, 20, 40 mM) at [Ir] = 5 µM, respectively. The orders in iridium 

and NaIO4 are close to 1 and 0.5, respectively, for all catalysts (Supporting Information). 

Six graphs are reported in the Supporting Information for each catalyst, showing: i) TON versus t 

at different catalyst concentrations; ii) TOF versus time at different catalyst concentrations; iii) 

TOF versus X at different catalyst concentrations; iv) TON versus t at different NaIO4 

concentrations; v) TOF versus time at different NaIO4 concentrations; and vi) TOF versus X at 

different NaIO4 concentrations. An example of such graphs is reported in Figure 4 for the dimer 

1. Looking at the plots of Figure 4, and the analogous ones reported in the Supporting 

Information, it is clear that dimers 1–9 act as extremely efficient WOCs. From TON versus t and 

TOF versus t trends, it is evident that all moles of O2 expected, based on the amount of NaIO4 

used, are formed at every catalyst and NaIO4 concentrations. TOF versus X plots are instead 

useful to graphically evaluate the order in catalyst according to reaction progress kinetic analysis 

(RPKA) proposed by Blackmond.45,46 For instance, because the TOF versus X plots at different 

catalyst concentration values show a substantial overlap (Figure 4 and Supporting Information), 

it can be immediately concluded that the reaction order in catalyst is 1. TOF versus X plots can 

also provide important information about the tendency of catalysts to activate. 
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Figure 4: Kinetic trends for catalyst 1 (water solution at pH 7 by phosphate buffer 0.2 M, 25°C) 

at different iridium (a, b, c: black, 1 μM; red, 2.5 μM; green, 5 μM; blue, 10 μM) and NaIO4 (d, 

e, f: orange, 40 mM; green, 20 mM; violet, 10 mM; cyan, 5 mM) concentrations. 

 

As stated above, the reaction yield is always close to 100% with TONmax ≈ 10000. The dimeric 

complexes show the following relative scale of average TOF values (calculated on all the 

individual TOF values of the seven experiments carried out at different [Ir] and [NaIO4]): 2 (Me, 

299 min-1) ≥ 3 (Et, 285 min-1) ≥ 1 (H, 260 min-1) ≥ 5 (CH2CH2NH2HCl, 244 min-1) ≈ 4 (nPr, 239 

min-1) ≥ 9 (Bn, 216 min-1) ≥ 8 (4-C6H4OH, 193 min-1) ≈ 6 (Ph, 192 min-1) ≥ 7 (4-C6H4F, 177 

min-1). By comparing the blue series reported in Figure 5, in which the steric hindrance of R is 

varied, whereas its electronic contribution is approximately constant, it appears evident that the 

catalytic activity of dimers is significantly decreased when the steric hindrance of R increases. 

As a matter of fact, averaged TOF decreases from 299 min-1 for 2 (Me) down to 216 min-1 for 9 

(Bn). It is also evident that less electron donating R substituents have a detrimental effect on the 

activity of dimers. Indeed, aryl-substituted Cp* dimers (green in Figure 5) exhibit considerably 
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lower averaged TOF values than alkyl substituted ones (blue in Figure 5). Interestingly, dimer 5, 

having a dangling substituent (CH2CH2NH3
+), behaves exactly as the isosteric complex 4 (nPr, 

red bar in Figure 5); since it has been shown in complexes analogous to 5 that the amine function 

may coordinate the metal center leading to mononuclear derivatives, the experimental evidence 

suggests that the ammonium group in 5 is not deprotonated under the catalytic conditions. 

Finally, the electronic factor appears to be predominant over the steric factor in 1 (H), which 

shows an average TOF (yellow bar in Figure 5) significantly lower than 2 (Me) and even 3 (Et). 

 

Figure 5. Average TOF values for NaIO4 driven WO catalyzed by dimeric complexes 1-9 (water 

solution at pH 7 by phosphate buffer 0.2 M, 25°C, error bar = 10%). 

 

Based on the results of previous studies, indicating, at least, a partial degradation of the Cp* 

ligand,33 the observed catalytic trends can be interpreted in two different ways: i) a fragment of 

C5Me4R, still bearing the R-substituent, remains attached at iridium in the active species 

(hypothesis 1); ii) the active species is the same independently of R, nevertheless, the latter 
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affects the achievement rate and/or the amount of the active species (hypothesis 2). If hypothesis 

1 were correct, it would be reasonable to conclude that an oxidative step of the water oxidation 

catalytic cycle is the turnover limiting step, since catalysis is favored by more electron donating 

substituents, and the achievement of the active species is an associative process, because it is 

disfavored by bulky substituents. In case hypothesis 2 were correct, it could be presumed that 

more electron-donating C5Me4R groups might undergo faster oxidative transformation, since 

they are more strongly coordinated at iridium and, consequently, more activated toward oxygen 

attack, whereas bulkier substituents ask for more oxidative equivalents to be degraded, which are 

subtracted to catalysis, thus reducing the efficiency. In order to discriminate between the two 

hypotheses, multiple injections consecutive catalytic experiments have been performed for the 

fastest (2) and slowest (7) catalysts (Table S5). The rationale underlying such an experiment is 

that if the active species is the same for all complexes (hypothesis 2), the difference in the TOF 

of the two catalysts should become smaller and smaller or even vanish in runs successive to the 

first. The results are reported in Figure 6. 
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Figure 6. TOF values for NaIO4 driven WO catalyzed by dimeric complexes 2 and 7 (water 

solution at pH 7 by phosphate buffer 0.2 M, 25°C, error bar = 10%) in triple run experiments. 

 

Both 2 and 7 exhibit significant decrease of TOF passing from the first [2, 305 31 min-1; 

7_Ph_F, 141 14 min-1] to the second [2, 204 20 min-1; 7, 100 10 min-1] and third [2_Me, 

150 15 min-1; 7_Ph_F, 79 8 min-1] run. Nevertheless, it is clear that their activity is not the 

same in each run: this finding supports hypothesis 1. The observed reduced TOF in the second 

and third runs might be due to a decrease of the redox potential due to the presence of IO3
-, 

according to the Nernst equation (E = E0– RT/nFln([IO4
–]/[IO3

–]). Because TOF should be a 

function of E (where E = E – E0 = –RT/nFln([IO4
–]/[IO3

–]),47 this can be verified by plotting 

the measured TOF at any time as a function of E  for all three consecutive runs (Figure 7). 
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Figure 7. TOF versus E for NaIO4 driven WO catalyzed by the dimeric complex 2 (down) and 

7 (top) (water solution at pH 7 by phosphate buffer 0.2 M, 25°C) in a triple run experiment 

showing that at the same redox potential TOF values are the same in all three experiments. 

 

Before discussing the trends, it is important to outline that the initial decrease of E from ca. 0.3 

V down to the value corresponding to TOFMAX, ca. 0.15 V, occurs very rapidly (tMAX = 1.6 min 

and 2.5 min for 2 and 7, respectively; XMAX = 0.13 and 0.08 for 2 and 7, respectively). Whereas 

the second part of the trends in Figure 7, from TOFMAX on, is responsible for most of the reaction 

time. For example, E = –0.1 V is reached at t = 16.9 min and 30.3 min, for 2 and 7, respectively 
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(X = 0.98 for both precursors). It is reasonable to believe that during the initial growth of TOF a 

sort of activation is occurring leading to the transformation of the precursors into the active 

species. Interestingly, after that period, the three trends are perfectly coherent and the same TOF 

are observed for the three catalytic runs at the same potential value. This is a strong indication 

that the active species is the same during all the catalytic runs. The same coherent trends are 

observed for 7, clearly with different TOF values with respect to those of 2. This means that also 

in this case the same active species is present in all three catalytic runs that, nevertheless, has to 

be different from that derived from 2. It seems reasonable to deduce that a fragment of RCp* still 

containing R has to be present in the active species, consistently with hypothesis 1. Another 

battery of experiments has been performed to enforce hypothesis 1. Catalytic runs were carried 

out for 2 at a definite initial redox potential injecting fresh catalyst into a water solution of a 

mixture of IO4
–/IO3

–. In such experiments the following concentrations were used: [IO4
–] = 20 

mM and [IO3
–] = 0 mM, 1 mM, 5 mM, 10 mM, 20 mM, and 40 mM. Furthermore, for each 

starting situation the second run (and in one case a third run) was also recorded. All catalytic 

experiments (first and second runs) are perfectly coherent in that exactly the same TOF is always 

observed at the same redox potential (Figure 8). Consistently, the same trends are observed for 

the successive runs and the ones with the fresh catalyst, when the initial IO4
–/IO3

– ratio is the 

same.48 This is, in our opinion, an unambiguous demonstration that the active species must be 

always the same and should, consequently, contain a fragment of the initial RCp* still bearing R. 
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Figure 8. TOF (black) and TON (orange) versus E trend for NaIO4 (20 mM) driven WO 

catalyzed by the dimeric complex 2 (5 M, water solution at pH 7 by phosphate buffer 0.2 M, 

25°C). Blue (RUN I), red (RUN II) and green (RUN III) points represent the TOFMAX/E pair of 

values of independent catalytic runs carried out in the presence of variable amount of NaIO3. 

Numbers near the error bar indicate the time (expressed in minutes) at which TOFmax is reached 

for each individual catalytic run.  

 

3. CONCLUSIONS 

The effect of functionalizing the Cp* on the catalytic activity of organometallic Ir WOCs has 

been explored. At this aim, a series of complexes of formula [(η5-C5Me4R)IrCl(μ-Cl)]2 were 

synthesized, fully characterized, and tested in WO driven by NaIO4. All complexes exhibited 

remarkable performances and, more importantly, their investigation provided clear evidence for 

the active species containing an R-substituted fragment, derived from the oxidative degradation 

of the C5Me4R ligand. As a matter of fact, the nature of R significantly affected catalytic activity, 
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which increased on decreasing the steric hindrance and enhancing electron-donating tendency of 

the R group. Furthermore, multiple injection catalytic experiments evidenced that the R-effect on 

catalytic performance persists in the second and third runs, ruling out the hypothesis that an 

identical active species is generated from all the different precatalysts. TOF versus E (redox 

potential) plots shed some additional light on the nature and generation of the active species. 

They indicate that, after a short activation period, during which the transformation of the 

precursors occurs, individual active species for each dimer form, through an oxidative and 

associative turnover limiting step, and remain the same also after multiple additions of sacrificial 

oxidant. It can be therefore speculated that such active species are small iridium clusters bearing 

R-functionalized likely O,O-bidentate ligands.   

 

4. EXPERIMENTAL SECTION 

Synthesis and characterization of compounds 

General details. Organic reactants were commercial products (TCI Europe or Merck) of the 

highest purity available. Solvents were purchased from Merck and, when required, distilled 

before use over appropriate drying agents. IrCl3·nH2O was purchased from Merck, and                   

IrCl(COD)]2 from Alfa Aesar. The cyclopentadienes C5HMe4(CH2CH2NH2HCl) and 

C5HMe4(Bn) and the complexes 2,49 5, 639 and 939 were prepared according to the respective 

literature procedures. Infrared spectra of solid samples were recorded on a Perkin Elmer 

Spectrum One FT-IR spectrometer, equipped with a UATR sampling accessory (4000-400 cm-1 

range). UV-Vis spectra were recorded on an Ultraspec 2100 Pro spectrophotometer. IR and UV-

Vis spectra were processed with Spectragryph software.50 NMR spectra were recorded at 298 K 

on a Bruker Avance II DRX400 instrument equipped with a BBFO broadband probe. Chemical 
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shifts (expressed in parts per million) are referenced to the residual solvent peaks51 (1H, 13C) or 

to external standard (19F, CFCl3). NMR spectra were assigned with the assistance of 1H-13C (gs-

HSQC and gs-HMBC) correlation experiments.52 NMR signals due to a second isomeric form 

are italicized. Carbon, hydrogen and nitrogen analyses were performed on a Vario MICRO cube 

instrument (Elementar). Mass spectrometry measurements in positive ion scan mode were 

performed with an API 4000 instrument (SCIEX), equipped with an electrospray source. 

C5HMe4(4-C6H4F). A solution of 2,3,4,5-tetramethyl-2-cyclopentenone (0.950 g, 1.09 mL, 6.87 

mmol) in anhydrous THF (10 mL) was cooled down to -78°C with a dry ice-acetone bath, then a 

solution of 4-fluorophenylmagnesium bromide (14.5 mL, 14.5 mmol) in THF was added 

dropwise. The mixture was stirred for 1 hour at -78°C, and then allowed to warm to room 

temperature and stirred for additional 20 hours. The resulting reaction mixture was cooled to 0 

°C and quenched with HCl (20 mL of a 1 M aqueous solution, 20 mmol). The obtained yellow 

solution was warmed to room temperature and stirred for 1 hour. The organic phase was washed 

with water (30 mL x 3) and dried over MgSO4. The crude product was purified by alumina 

column chromatography, using pentane as eluent. A yellow solid was obtained upon solvent 

removal under vacuum. Yield: 0.577 g, 40%. IR (solid): ῦ/cm-1 = 3072w, 2919w, 1748w, 

1484w-m, 1448m, 1379m, 1085m, 1020vs, 797m-s, 736w-m, 689w.1H NMR (CDCl3): δ/ppm = 

7.20, 7.07 (m, 4 H, C6H4), 3.17 (m, 1 H, MeCH), 2.02 (d, 4JHH= 1.5 Hz, 3 H, CMe), 1.95, 1.89 (s, 

6 H, CMe), 0.96 (d, 3 H, 3JHH = 7.34 Hz, MeCH). 13C NMR (400 MHz, CDCl3): δ/ppm = 161.0 

(d, 1JCF = 244 Hz, CF),141.7, 140.6, 137.1, 135.0 (CMe), 133.3 (C-C5Me4), 129.4 (d, 3JCF = 

7.4Hz, C6H4), 115.0 (d, 2JCF = 20.8 Hz, C6H4), 50.3 (CHMe), 14.5, 12.6, 11.9, 11.1 (CMe). 19F 

NMR (400 MHz, CDCl3): δ/ppm = 115.7, 116.7, 117.6. Isomer ratio ca. 1 : 1.5 : 32. Signals 

due to secondary isomeric forms are italicized. ESI-MS(+) m/z = 217.1 [M+]+. 
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C5HMe4(4-C6H4OH).41 The title compound was obtained by using a modified literature 

procedure.41 2-Methoxypropene (3.0 mL, 0.031 mol) was added to 4-C6H4(Br)(OH) (2.63 g, 

0.015 mol), then a drop of POCl3 was added to the mixture, which was stirred at room 

temperature for 1 hour under protection from the light. Then few drops of NEt3 were added, and 

the volatile materials were removed under reduced pressure. The resulting colourless oil, 

corresponding to 1,4-C6H4(Br)(OCMe2OMe), was dissolved in Et2O (20 mL) under 

N2atmosphere. The solution was cooled to ca. 70 °C, and a 2.5 M solution of butyllithium in 

hexanes (6.0 mL, 0.015 mol) was added dropwise. The solution was stirred for 90 min during 

which time it was allowed to warm to room temperature. The final mixture was cooled to ca. 

70°C and treated dropwise with 2,3,4,5-tetramethyl-2-cyclopentenone (2.3 mL, 0.015 mol) 

under nitrogen atmosphere. The resulting yellow solution was stirred overnight, then it was 

quenched with H2O (2 mL). A yellow mixture was obtained which was stirred for additional 10 

minutes. The liquid was separated, and the residue was washed with Et2O (2 x 20 mL) in order to 

extract more organic substrate. The collected organic phases were eliminated of the volatiles 

under vacuum, thus affording a dark brown oil, which was dried over P2O5 overnight. Yield: 

2.70 g, 83% respect to 4-C6H4(Br)(OH). 1H NMR (400 MHz, CDCl3): δ/ppm = 7.11, 6.89 (d, 2 

H, 3JHH = 8.31 Hz, C6H4), 4.93 (br, 1 H, OH), 3.13 (m, 1 H, MeCH), 2.00, 1.93, 1.86 (s, 9 H, 

CMe), 0.94 (d, 3 H, 3JHH = 7.83 Hz, MeCH). 

C5HMe4(4-C6H4OCMe2OMe).41 C5HMe4(4-C6H4OH) (2.05 g, 9.57 mmol) was treated with 2-

methoxypropene (1.8 mL, 19 mol), then a drop of POCl3 was added to the mixture. The resulting 

mixture was stirred at room temperature for 1 hour, and then quenched with five drops of NEt3. 

Removal of the volatiles under reduced pressure afforded an orange-brown oil, which was 

purified by filtration through an alumina column using Et2O as eluent. Yield: 2.32 g, 85%. 1H 
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NMR (400 MHz, CDCl3): δ/ppm = 7.17, 7.15 (d, 2 H, C6H4); 3.47 (s, 3 H, OMe); 3.15 (m, 1 H, 

MeCH); 2.03, 1.94, 1.88 (s, 9 H, CMe); 1.52 (s, 6 H, CMe2); 0.97 (d, 3 H, 3JHH = 7.34 Hz, 

MeCH). 

[HCp*IrCl(µ-Cl)]2 (1). A solution of tetramethylcyclopentadiene (0.38 mL, 2.1 mmol) and 

IrCl3·nH2O (54.6% of Ir, 0.500 g, 1.42 mmol) in degassed MeOH (20 mL) was heated at reflux 

for 48 hours. Then the resulting mixture was allowed to cool to room temperature, concentrated 

under reduced pressure and stored at 30 °C for 24 hours. An orange precipitate was recovered, 

washed with cold methanol and diethyl ether and dried under vacuum. Yield: 0.128g, 23%. Anal. 

calcd. for C18H26Cl4Ir2: C, 28.13; H, 3.41. Found: C, 28.21; H, 3.50. IR (solid): ῦ/cm-1 = 3072w, 

2919w, 1748w, 1484w-m, 1448m, 1379m, 1085m, 1020vs, 797m-s, 736w-m, 689w.1H NMR 

(400 MHz, CDCl3): δ/ppm = 5.30 (s, 1 H, C5Me4H), 1.70, 1.65 (s, 12 H, Me). 13C NMR (400 

MHz, CDCl3): δ/ppm = 91.8, 86.3 (CMe), 68.1 (CH), 11.0, 9.3 (CMe). ESI-MS(+) m/z = 733.0 

[MCl]+. 

[EtCp*IrCl(µ-Cl)]2 (3). A solution of tetramethyl(ethyl)cyclopentadiene (0.31 mL, 1.8 mmol) 

and IrCl3·nH2O (54.6% of Ir, 0.400 g, 1.17 mmol) in degassed MeOH (20 mL) was heated at 

reflux for 48 hours. The resulting mixture was allowed to cool to room temperature, filtered to 

eliminate some dark solid, and concentrated under reduced pressure. The crude product was 

purified by washing with diethyl ether (2 x 20 mL) and subsequent crystallization from a double 

layer CH2Cl2/hexane at -30 ºC, affording an orange solid. Yield:  0.142 g, 30%. Anal. calcd. for 

C22H34Cl3Ir2: C, 33.46; H, 4.31. Found: C, 33.28; H, 4.33. IR (solid): ῦ/cm-1 =  2965m, 2905w-

m, 2115m, 1995w-m, 1456vs, 1379s, 1158w, 1088w, 1056m, 1030vs, 968m, 825w, 735w-m. 1H 

NMR (400 MHz, CDCl3): δ/ppm = 2.18 (q, 3JHH = 7.7 Hz, 2 H, CH2), 1.61, 1.59 (s, 12H, CMe), 
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1.11 (t, 3JHH = 7.7 Hz, 3 H, CH2CH3). 13C NMR (400 MHz, CDCl3): δ/ppm = 89.1 (CEt), 86.5, 

86.2 (CMe), 17.6 (CH2), 11.7 (CH2CH3), 9.3, 9.2 (CMe). ESI-MS(+) m/z = 789.3 [MCl]+. 

[PrCp*IrCl(µ-Cl)]2 (4). The title compound was obtained by using the same procedure described 

for the synthesis of 3, from tetramethyl(propyl)cyclopentadiene (0.43 mL, 2.1 mmol) and 

IrCl3·nH2O (54.6% of Ir, 0.500 g, 1.42 mmol). Orange solid, yield: 0.152 g, 20%. Anal. calcd. 

for C24H38Cl4Ir2: C, 33.80; H, 4.46. Found: C, 33.67; H, 4.52. IR (solid): ῦ/cm-1 = 2963m-s, 

2913m, 2837w, 1450vs, 1381s, 1226w, 1153w, 1086m, 1029vs, 818m-s, 760m, 673m-s.1H 

NMR (400 MHz, CDCl3): δ/ppm = 2.15, 1.47 (m, 4 H, CH2), 1.61, 1.59 (s, 12H, CMe), 0.96 (t, 

3JHH = 7.4 Hz, 3 H, CH2CH3). 13C NMR (400 MHz, CDCl3): δ/ppm = 87.9 (CPr), 86.5 (CMe), 

26.1, 20.9 (CH2), 14.27 (CH2CH3), 9.5, 9.4 (CMe). ESI-MS(+) m/z = 817.3 [MCl]+. 

[F-PhCp*IrCl(µ-Cl)]2 (7). The title compound was obtained by using the same procedure 

described for the synthesis of 3, from 4-floro-(2,3,4,5-tetramethylcyclopenta-2,4-dien-1-

yl)benzene (0.463 g, 2.14 mmol) and IrCl3·nH2O (54.6% of Ir, 0.503 g, 1.43 mmol). The crude 

product was purified by washing with pentane (2 x 20 mL) and subsequent crystallization from a 

double layer CH2Cl2/pentane at -30 ºC, affording a dark yellow solid. Yield:  0.294 g, 43%. 

Anal. calcd. for C30H32Cl4F2Ir2: C, 37.66; H, 3.35. Found: C, 37.40; H, 3.47. IR (solid): ῦ/cm-1 = 

3072w, 2992w, 2952w, 2915w, 2774w-m, 2058m, 1985w, 1607m-s, 1518vs, 1458 m-s, 1394w, 

1380m-s, 1301w-m, 1227s, 1159s, 1097w-m, 1027m, 994m, 848s, 818s, 743m-w, 721w-m, 

676m, 669m. 1H NMR (400 MHz, CDCl3): δ/ppm = 7.57 (dd, 4JHF = 5.20 Hz, 3JHH = 8.31 Hz, 2 

H, C6H4), 7.04 (t, 3JHF = 8.31 Hz,3JHH = 8.31 Hz, 2 H, C6H4), 1.71, 1.60 (s, 12 H, Me). 13CNMR 

(400 MHz, CDCl3): δ/ppm = 162.9 (d, 1JCF = 248 Hz, CF),132.2 (d, 3JCF = 8.9 Hz, C6H4), 115.9 

(d, 2JCF = 22.3 Hz, C6H4), 125.7 (C-C5Me4), 93.6, 85.7 (CMe), 81.4 (C-C6H4), 10.3, 9.6 

(CMe).19F NMR (400 MHz, CDCl3): δ/ppm = 112.7. ESI-MS(+) m/z = 921.3 [MCl]+. Crystals 
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of 7 suitable for X-ray analysis were obtained from a concentrated CDCl3 solution stored at -30 

°C. 

[HO-PhCp*IrCl(µ-Cl)]2 (8). A solution of C5HMe4(4-C6H4OCMe2OMe) (0.400 g, 1.40 mmol) and 

IrCl3·3H2O (0.350 g, 0.993 mmol) in degassed MeOH (30 mL) was heated at reflux for 72 h 

under N2 atmosphere. Afterwards, the reaction mixture was allowed to cool to room temperature, 

and the volatiles were removed under reduced pressure. The resulting brown oil was charged on 

a silica column; after elimination of undesired substances with hexane/Et2O mixtures, an orange 

fraction was collected by using a mixture of diethyl ether and acetone (1:1 v/v) as eluent. The 

product was obtained as an orange solid upon removal of the volatile materials under vacuum. 

Yield:0.142 g, 30%. Anal. calcd. for C30H34Cl4Ir2O2: C, 37.82; H, 3.60. Found: C, 37.56; H, 

3.51. IR (solid): ῦ/cm-1 = 3305m (OH), 2921w, 1611m, 1590w, 1519s, 1499w, 1446m, 1376w, 

1365w, 1346w, 1265s, 1211m-s, 1173s, 1103w-m, 1031m, 994w, 850vs, 818s, 761m-s, 692m. 

1H NMR (400 MHz, CD3OD): δ/ppm = 7.45 (d, 2 H, 3JHH = 8.3 Hz, C6H4), 6.81 (d, 2 H, 3JHH = 

8.8 Hz, C6H4), 1.68, 1.61 (s, 12 H, CMe). 13C NMR (400 MHz, CD3OD):  = 157.9 (COH), 

131.3, 115.0 (C6H4), 120.0 (C-C5Me4), 93.2, 85.2 (CMe), 78.1 (C-C6H4), 9.1, 8.2 (CMe). ESI-

MS(+) m/z = 952.8 [MCl]+. 

[HCp*Ir(2-N,O)Cl] (10, 2-N,O = 2-pyridinecarboxylate). Compound 1 (0.128 g, 0.166 

mmol), 2-pyridinecarboxylic acid (0.048 g, 0.38 mmol) and sodium methoxide (0.021 g, 

0.38mmol) were dissolved in MeOH (20 mL) in the order given. The mixture was refluxed for 3 

hours. Afterwards, the solvent was removed, and the crude product was extracted with 

CH2Cl2/H2O. The organic phase was dried over Na2SO4, filtered and concentrated under reduced 

pressure affording 10 as a yellow solid. Yield: 0.062 g, 40%. Anal. calcd. for C15H17IrNO2: C, 

41.37; H, 3.93. Found: C, 41.44; H, 4.00. IR (solid): ῦ/cm-1 = 1651vs, 1602m-s, 1568w, 1494w-
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m, 1469w-m, 1441m, 1385w, 1338s, 1304w-m, 1285m, 1264m, 1247m, 1166w-m, 1097m, 

1053m, 1029m-s, 849m, 835m, 806m, 787s, 735w-m, 709m, 693m-s, 655 m. 1H NMR (400 

MHz, dmso-d6): δ/ppm = 8.98, 8.16, 7.93, 7.78 (m, 4 H, C5H4N), 5.57 (s, 1 H, C5Me4H), 1.73, 

1.67, 1.64, 1.63 (s, 12 H, Me). 13C NMR (400 MHz, dmso-d6): δ/ppm = 172.8 (OCO), 152.3, 

150.6, 140.4, 129.7, 126.9 (C5H4N), 92.8, 91.0, 86.7, 83.5 (CMe), 67.1 (CH), 10.6, 10.3, 8.9, 8.8 

(CMe). ESI-MS(+) m/z = 436.0 [MCl]+. 

[PrCp*Ir(2-N,O)Cl] (11, 2-N,O = 2-pyridinecarboxylate).  The title compound was prepared 

by the same procedure described for the synthesis of 10, from 4 (0.111 g, 0.130 mmol), 2-

pyridinecarboxylic acid (0.039 g, 0.32 mmol) and sodium methoxide (0.017 g, 0.32 mmol). 

Yellow solid, yield: 0.101 g, 76%. Anal. calcd. for C18H23ClIrNO2: C, 42.14; H, 4.52. Found: C, 

42.02; H, 4.58. IR (solid): ῦ/cm-1 = 2876w, 1661v-s, 1605m, 1568w, 1495w, 1469m-w, 1456m-

w, 1384m-w, 1338s, 1286m, 1244m-w, 1170m, 1112w, 1096m-w, 1056m-w, 1035m, 991w, 

960w, 917w, 917m-w, 847m, 827m, 816m-w, 775s, 733w, 706m, 692m, 674 m-w, 658w cm-1. 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.57, 8.17, 7.95, 7.57 (m, 4 H, C5H4N),2.12 (td, 2 H, JHH= 

7.5 and 4.2 Hz, CH2),1.72, 1.71 (s, 12 H, CMe), 1.51 (dq, 2 H, JHH= 15.1 and 7.5 Hz, 

CH2),0.97(t, 3 H, 3JHH = 7.5 Hz, CH2CH3). 13C NMR (400 MHz, CDCl3): δ/ppm = 172.9 (OCO), 

151.1, 149.5, 139.3, 128.8, 127.6(C5H4N), 86.9, 86.5, 86.0, 85.6 (CMe), 25.9, 21.5 (CH2), 14.2 

(CH2CH3),9.1, 9.0 (CMe). ESI-MS(+) m/z = 478.0 [MCl]+. Crystals suitable for X-ray analysis 

were obtained from a dichloromethane solution layered with hexane and stored at -30 °C for one 

week. 

 

X-ray crystallography. Crystal data and collection details for 7 and 11 are reported in Table 1. 

Data were recorded on a Bruker APEX II diffractometer equipped with a PHOTON2 detector 
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using Mo–K radiation. Data were corrected for Lorentz polarization and absorption effects 

(empirical absorption correction SADABS).The structures were solved by direct methods and 

refined by full-matrix least-squares based on all data using F2.53 The crystals of 7 appeared to be 

non merohedrally twinned. The TwinRotMat routine of PLATON was used to determine the 

twinning matrix and to write the reflection data file (.hkl) containing the two twin components. 

Refinement was performed using the instruction HKLF 5 in SHELXL and one BASF parameter, 

which refined as 0.603(16). The crystals of 11 are racemically twinned with refined Flack 

parameter 0.394(7).54 Hydrogen atoms were fixed at calculated positions and refined by a riding 

model. All non-hydrogen atoms were refined with anisotropic displacement parameters. 

 

WO catalysis driven by NaIO4. Catalytic tests were performed in water at pH 7 by 0.2 M 

phosphate buffer at 25°C using NaIO4 as a sacrificial oxidant. The formation of molecular 

oxygen, in the gas phase, was detected with a differential manometer Testo 521-1. Manometric 

measurements were performed using two homemade-jacketed glass reactors coupled to the 

manometer. In a typical run, NaIO4, weighed with an analytical balance, was transferred directly 

into the measuring reactor and dissolved in buffered solution (4.6 – 4.9 mL). The same amount 

of water was added to the reference reactor. Both reactors were equipped with a side arm to 

connect to the manometer and a septum to seal the system, which was kept at a constant 

temperature (T = 25°C). After ca. 20 min, equilibration was reached and the measurement was 

started. Afterward, 100 – 400 µL of water and catalyst solution were injected into the reference 

and measuring reactors, respectively. The concentration of the stock solution of catalyst was 

adjusted, depending on the desired final concentration of the catalyst, to have a final volume of 5 

mL. For each complex, the orders in iridium and NaIO4 were determined by varying the catalyst 
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concentration (1, 2.5, 5, and 10 µM) at [NaIO4] = 20 mM and the NaIO4 concentration (5, 10, 20, 

40 mM) at [Ir] = 5 µM, respectively. The multiple addition tests were carried out by adding to 

the 5 mL of reaction solution 250 µL of NaIO4 solution 0.4 M. Some kinetic measurements were 

done in duplicate and triplicate to evaluate the error in TOF and TON values, which was found to 

be approximately equal to 10%. All solvents and reagents were purchased from Sigma – Aldrich 

and used without any further purification. Purelab Option-R7 (Elga labwater) was used to purify 

water [resistivity = 18 MΩcm-1; TOC (total organic carbon) < 20 ppb]. Solutions of NaIO4 for 

kinetic experiments were prepared by dissolving NaIO4 (ACS reagent, ≥ 99.8%) in ultrapure 

water. Buffer solutions were prepared by mixing different volumes of previously prepared acid 

and base stock solutions (0.2 M). pH was checked using a Hanna Instrument pH-meter HI 2221. 
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Table 1. Crystal data and measurement details for 7 and 11. 
 

 7 11 

Formula C18H23ClIrNO2 C30H32Cl4F2Ir2 

FW 513.02 956.75 

T, K 100(2) 100(2) 

 Å 0.71073 0.71073 

Crystal system Orthorhombic Triclinic 

Space group P212121 P1�2 

a, Å 8.2268(3) 8.7487(10) 

b, Å 14.3426(6) 17.713(2) 

c, Å 14.5746(6) 20.308(3) 

,° 90 73.261(4) 

 90 89.913(4) 

,° 90 83.794(4) 

Cell Volume, Å3 1740.95(12) 2994.6(6) 

Z 4 4 

Dc, g∙cm-3 1.957 2.122 

mm 7.831 9.267 

F(000) 922 1808 

Crystal size, mm 0.210.180.14 0.250.180.11 

 limits 1.980-26.998 1.814-24.999 

Reflections collected 25212 40544 

Independent reflections 3816 [Rint = 0.0371] 10506 [Rint = 0.0808] 

Data / restraints /parameters 3816 / 0 / 214 10506 /451 / 694 

Goodness on fit on F2 
1.189 

1.074 

R1 (I > 2σ(I)) 0.0145 0.0612 

wR2 (all data) 0.0330 0.1479 

Absolute structure parameter 0.394(7) - 

Largest diff. peak and hole, e Å-3 0.615 / -0.892 3.229 / -3.698 

 

 

ASSOCIATED CONTENT 

Supporting Information. Complete data and graphics of WO catalytic experiments (Figures S1-

S22 and Tables S1-S5); NMR spectra of new compounds (Figures S23-S40). CCDC reference 

numbers 2014602 (7) and 1953420 (11) contain the supplementary crystallographic data for the 
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X-ray studies reported in this paper. These data can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data 

Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (internat.) +44-1223/336-033; e-mail: 

deposit@ccdc.cam.ac.uk). 
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