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Abstract: Ru complexes containing the pentapyridyl ligand 6,6’’-

(methoxy(pyridin-2-yl)methylene)di-2,2'-bipyridine (L-OMe) of general 

formula trans-[RuII(X)(L-OMe--N5)]n+ (X = Cl, n = 1, trans-1+; X = H2O, 
n = 2, trans-22+) have been isolated and characterized in solution 

(NMR, UV-Vis) and in the solid state by XRD. Both complexes 

undergo a series of substitution reactions at oxidation state II and III, 

when dissolved in aqueous triflic acid-trifluoroethanol solutions that 
have been monitored by UV-vis spectroscopy and their corresponding 

rate constants reported. In particular, aqueous solutions of the RuIII-

Cl complex trans-[RuIII(Cl)(L-OMe--N5)]2+ (trans-12+) generates a 

family of Ru-aqua complexes namely trans-[RuIII(H2O)(L-OMe--

N5)]3+ (trans-23+), [RuIII(H2O)2(L-OMe--N4)]3+ (trans-33+) and 

[RuIII(Cl)(H2O)(L-OMe--N4)]3+ (trans-42+). While complex trans-42+ is 

a powerful water oxidation catalyst, complex trans-23+ has only a 

moderate activity and trans-33+ is not a catalyst. Further, a parallel 
work has been carried out with related complexes but containing the 

methyl substituted ligand 6,6’’-(1-pyridin-2-yl)ethane-1,1-diyl)di-2,2'-

bipyridine (L-Me). The behavior of all these catalysts has been 

rationalized based on substitution kinetics, oxygen evolution kinetics, 

electrochemical properties and DFT calculations. The best catalysts, 

trans-42+, reach turnover frequencies of 0.71 s-1 using Ce(IV) as a 

sacrificial chemical oxidant with oxidative efficiencies above 95%. 

Introduction 

The oxidation of water to give molecular oxygen together with the 
reduction of water to give molecular hydrogen, are the two key 
reactions involved in the water splitting process. If the energy 
required to perform the reaction comes from sunlight, this process 
becomes a sustainable way of producing a renewable fuel that 
may replace the fossil fuels in a future energy economy.1 Both 
reactions require the use of catalysts that activate the water 
molecule and allow the formation of new O-O and H-H bonds. In 
the particular case of the water oxidation half-reaction, 
mononuclear and dinuclear ruthenium-polypyridyl complexes 
have been described that are very fast and efficient catalysts for 
this reaction.2 Among them, those complexes containing one or 
two anionic carboxylate groups, have shown to give the best 
results in terms of overpotential and turnover frequency, in some 
cases reaching values over one million turnover numbers.3 The 
high efficiency of these catalysts is attributed to the synergistic 
effect of several factors; i) stabilization of Ru high oxidation states 
by high sigma donation of the carboxylate anionic ligands, ii) the 
possibility to form seven coordinated ruthenium species at high 
oxidation states, iii) formation of intramolecular hydrogen bonds 
between the Ru-OH and the carboxylate groups, the latter acting 
as an auxiliary base. Other crucial contributions from the 
ruthenium-polypyridinic complexes research are the mechanistic 
studies of the water oxidation reaction, which shed some light into 
the catalytic pathways that lead to the formation of molecular 
oxygen.4 Indeed, the investigation of the mechanism of the 
reaction, including electrochemical, kinetic studies, detection of 
key intermediates as well as theoretical calculations, are essential 
for a rational design of new and better catalysts. 
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Chart 1. Ligands discussed in this work. 

In this work, two new ruthenium complexes coordinated by the 
pentapyridine ligand 6,6’’-(methoxy(pyridin-2-yl)methylene)di-
2,2'-bipyridine, L-OMe in Chart 1, are prepared. The two 
compounds differ in the sixth coordination ligand, which is either 
a chlorido ligand or an aquo ligand. A comprehensive kinetic 
analysis of the ligand-aquo substitution reactions that generate 
the active species for each compound is described and their 
capacity to oxidize water into oxygen gas is evaluated. The 
kinetics and catalytic results are compared with those obtained for 
analogous complexes containing the methyl derivative ligand 
6,6’’-(1-pyridin-2-yl)ethane-1,1-diyl)di-2,2'-bipyridine, L-Me in 
Chart 1. Density functional Theory (DFT) calculations of 
intermediate species and key transition states support the 
experimental results. 

Results and Discussion 

Synthesis and structural characterization of complexes 1+ 

and 22+ 

Complex [Ru(L-OMe)Cl]+, 1+, was prepared from ligand L-OH 

shown in Chart 1, after methylation of the OH group and insitu 

complexation with RuCl3 (Scheme 1). The reaction gave a 2:1 

mixture of the trans-1+ and cis-1+ isomers that can be clearly 

identified in the 1H NMR spectrum of the reaction crude mixture 

(Figure S2 in SI, here trans and cis refer to the relative disposition 

of the pyridine (in blue) and chlorido ligands as indicated in 

Scheme 1). A pure sample of the trans-1+ isomer was isolated in 

35 % yield after column chromatography and recrystallization. A 

trans and cis mixture is also obtained for the related complex 1’+ 

containing a methyl group instead of a methoxy group attached to 

the C-sp3 atom of the pentapyridyl ligand (L-Me in Chart 1).5 The 

Ru-aquo complex trans-[Ru(L-OMe)(OH2)]2+, trans-22+, was 

prepared in 65 % yield from trans-1+ after reaction with AgNO3 

that removes the Cl-ligand from the first coordination sphere and 

promotes aquation (Scheme 1). 
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Scheme 1. Synthesis of complexes trans-1+ and trans-22+ discussed in this work. 

Complexes trans-1+ and trans-22+ have been characterized 

by NMR, mass spectrometry and elemental analysis. The 1H NMR 

spectra of both complexes show one single set of signals for the 

two bipyridyl groups, as expected according to the symmetry of 

the trans isomer. Good quality crystals, suitable for single crystal 

x-ray diffraction studies, were obtained for both complexes. 

Figure 1 shows the representative molecular structure of the 

chlorido complex trans-1+. The Ru complex has a distorted 

octahedral geometry due to the steric constrains imposed by the 

pentadentate L-OMe ligand, resulting in a Cl-Ru-Npyr angle of 



 
 
 
"This is the peer reviewed version of the following article:  
Ru water oxidation catalysts based on py5 ligands ,which has been published in final form at  
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201701747/full 
 
This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Self-

Archiving." 

FULL PAPER    

 
 
 
 
 

170.0º. The rest of the bond distances and angles are within 

expected values for related octahedral ruthenium complexes 

containing polypyridine ligands.5,6 It is interesting to observe that 

the angle between the two bipyridyl groups of L-OMe situated in 

the equatorial plane is 134.4º as opposed to the 180º expected 

for an ideal octahedron with no restraints between the bipyridyl 

ligands. This is due to constraints imposed by the sp3 carbon atom 

connecting the two bipyridyl groups. Similar structural 

characteristics are observed for the analogous aquo complex 

trans-22+ (Figure S10 in SI). 

Figure 1. ORTEP representation of trans-1+ at 50% probability level. The 
counter ions, solvent molecules and hydrogen atoms have been omitted for 
clarity. Colour code: C, grey; N, blue; O, red; Cl, green; Ru, purple. 

DFT calculations were also carried out to complete the 

structural characterization of the complexes described, as well as 

to shed light into key intermediates and transition states involved 

in the catalytic cycle. Good structural agreement was found 

between structures obtained from geometry optimization with 

DFT using BP867-D38/def2-TZVP9 and the crystallographic data. 

The M06-L10 functional and the PBEh-3c method11 (based on the 

PBE functional12) were also tested and gave similar results for the 

experimentally verifiable structures. Electronic energies were 

obtained with B3LYP13-D3/def2-TZVP/COSMO14 and were 

practically identical to those obtained with PBE0 (PBE0-D3/def2-

TZVP/COSMO) which has been recommended by Kang et al.15 

Unless otherwise noted, energies are reported as free energies 

consisting of electronic energies plus energy corrections from the 

solvation model (B3LYP-D3/COSMO) and thermal corrections 

obtained with the BP86 exchange-correlation functional (for 

details, see SI). We note that the complexes were modelled with 

the methoxy group being 'anti' to the pyridine fragment ('gauche' 

in crystal structures) because the rotational barrier for the 

isomerization was small and subsequent structures showed a 

preference for the 'anti' isomer. 

The trans isomer of 1+ is approx. 1.0 kcal mol-1 more stable 

than its cis counterpart, which is in agreement with trans-1+ being 

the major compound in the synthetic mixture, under the 

assumption that the reaction conditions lead to an equilibrium 

mixture. For the oxidized isomers trans-12+and cis-12+ we find a 

free energy difference of about 0.7 kcal mol-1, which is in very 

good agreement with the experimental value as well as discussed 

below. Although such small computed energy differences in 

general need to be taken with caution, we note that said 

complexes show a high degree of structural similarity which 

supports a high level of error cancellation. 

 

Low oxidation states: substitution and isomerization 

reactions 

We studied the reactivity of complexes trans-1+ and trans-22+ 

towards aquo substitution and oxidation reactions by time 

resolved UV-Visible spectroscopy. For fast processes (t½ < 170 

sec) stopped-flow techniques were employed. The rate constants 

were calculated using Reactlab Kinetics simulation software. 

Species distribution diagrams and simulated spectra were 

obtained with the same software. Cyclic voltammetry (CV) and 

Differential Pulse Voltammetry (DPV) techniques were used to 

study the redox properties of all the complexes described here. 

All potentials reported are given vs. the NHE electrode. In addition, 

we used Density Functional Theory (DFT) calculations to obtain 

theoretical redox potentials and key transition states to support 

our experimental results. Details about the experimental 

procedures and calculations are given in the supporting 

information (SI). 
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Scheme 2. Reaction pathways associated with trans-1+ and trans-1’+ containing 
the L-OMe and L-Me ligands, respectively. The latter complexes and their 
associated kinetic constants are denoted with a prime. 

The kinetics of the conversion of the chlorido complex trans-1+ to 
the aquo complex trans-22+ in aqueous 0.1 M 
trifluoromethansulfonic acid:trifluoroethanol solution (TfOH:TFE, 
95:5) was studied using a 40 µM solution of trans-1+ and 
monitored via UV-vis spectroscopy (Figure 2, left). TFE was used 
to increase the solubility of the complex. The final spectra 
matched that of isolated trans-22+ (Figure S9, SI). The substitution 
reaction is relatively slow, showing a pseudo-first order rate 
constant of k1 = 3.3 x 10-4 s-1 and half time of t½ = 35 min (see 
bottom left of Scheme 2). In sharp contrast, the same reaction for 
the analogue trans-1’+ containing the L-Me ligand is one order of 
magnitude faster under the same conditions with a rate constant 
of k1’ = 1.5 x 10-3 s-1 and half time of t½ = 8 min (Figure 2, right). 
The chlorido to aquo substitution at oxidation state Ru(II) is also 
evident from CV experiments of trans-1+ in an aqueous mixture of 
0.1 M TfOH:TFE. The intensity of the Ru(III/II) redox couple of the 
chlorido complex trans-1+ at E1/2 = 0.93 V slowly decreases when 
the solution is left standing for 30 minutes, while a new redox 

couple at higher potential E1/2 = 1.12 V appears. This value 
matches the potential of the Ru(III/II) couple for the isolated aquo 
complex trans-22+ (Figure S17-S18 in SI). Calculated Ru(III/II) 
redox potentials using DFT reproduce the experimental results 
well, giving values of 0.8 V (0.93 V experimental value) and 1.3 V 
(1.12 V experimental value) for the chlorido and aquo complexes, 
respectively (Figure S24-S25 in the SI). 

Figure 2. Evolution of UV-vis absorption spectra over time of a 40 μM solution 
of trans-1+ (left) and trans-1’+ (right) in 0.1 M TfOH solution containing 5% of 
TFE at 25 °C. The inset figures show the experimental kinetics profile at a 
specific wavelength (blue) and its mathematical fit (red). 

We then explored the substitution reactions upon one 

electron oxidation of trans-1+ with cerium (IV) ammonium nitrate 

(Ce(IV) hereafter). The fast outer sphere electron transfer 

reaction between Ce(IV) and trans-1+ to give trans-12+ was 

followed by stopped-flow UV-Vis spectroscopy and fitted to a 

second order kinetic profile with a rate constant of k2 = 8.0 x 104 

M-1 s-1 (Figure 3 and Scheme 2, center left). Following the 

formation of the oxidized complex trans-12+, a second slower 

process was observed in the stopped-flow experiment, which 

corresponds to the isomerization of trans-12+ to cis-12+ that remain 

in equilibrium as indicated in the top part of Scheme 2. The final 

distribution of species was calculated by means of 1H NMR 

analysis of a solution of trans-1+ after oxidation with Ce(IV) and 

re-reduction with sodium ascorbate (Figure S13 in SI). The kinetic 

constants for this process were calculated to be k3 = 1.7 x 10-2 s-

1 and k-3 = 8.6 x 10-2 s-1. A species distribution diagram is shown 

in Figure 3 that shows that the equilibrium is reached within a few 

seconds giving a final trans and cis mixture of ca. 9:1. A parallel 

isomerization process was observed for the methyl derivative 

trans-1’+ but the final equilibrium gives a calculated distribution of 
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trans-1’2+ and cis-1’2+ in 3:2 ratio and rate constants of k3’ = 3.5 x 

10-2 s-1 and k-3’ = 4.3 x 10-2 s-1 (Figure S12 and S14 in SI). 

Figure 3. (Top) (Left) Evolution of stopped-flow UV-vis absorption spectra of a 
63 μM solution of trans-1+ with 1 equivalent of Ce(IV) in 0.1 M TfOH solution 
containing 5% of TFE at 25 °C for one minute. Inset. Evolution spectra of the 
first process (1 second) attributed to the oxidation of trans-1+ to trans-12+. (Right) 
changes in the absorbance at 500 nm vs time for one minute (blue line) and its 

mathematical fit (red line). Inset. Changes in the absorbance at 498 nm vs time 
(blue line) and its mathematical fit (red line), during 1 second of reaction. 
(Bottom) (Left) calculated concentration distribution diagram vs time for the 
different species. (Right) calculated spectra for the proposed species in solution. 

At longer oxidation reaction times, we observed a complex 

kinetics profile, which indicates that several processes are taking 

place in the mixture (Figure 4, top). As indicated in Scheme 2, the 

key intermediate species trans-12+ can undergo labile chlorido 

ligand substitution to give the Ru-aqua trans-23+ (Scheme 2, 

center right). Alternatively, it is possible that the aquo ligand 

replaces the pyridine giving rise to a trans chlorido-aquo-Ru 

complex with a dangling pyridine group (trans-42+ in Scheme 2, 

center bottom). The latter process is consistent with 

electrochemical results and DFT calculations obtained for trans-

1’2+, which demonstrated that the pyridine group in this type of 

complexes is prone to decoordination.5 Indeed, cyclic 

voltammetry experiments of trans-1+ in dichloromethane show an 

irreversible Ru(III/II) redox couple at Eox = 1.11 V that gives rise to 

a new wave at E1/2 = 0.53 V, associated with a trans-bis(chlorido) 

species with a pendant pyridine group as similarly observed for 

complex trans-1’+ (Figure S19).5 This process is favored by the 

release of strain upon pyridyl decoordination in both ligands L-

OMe and L-Me.  

The transient mono-aquo species trans-23+ and trans-42+, 

both evolve to the bis-aquo complex trans-33+ species after a 

second substitution (Scheme 2, bottom right). This process was 

studied independently for complex trans-23+, which could be 

prepared from the one-electron oxidation of trans-22+ with Ce(IV) 

(Figure 5). The mathematical fit gives pseudo-first order kinetic 

constant of k7 = 3.0 x 10-4 s-1. Cyclic voltammetry experiments in 

aqueous 0.1 M TfOH:TFE mixtures also show the formation of the 

bis(aquo) species trans-33+ with a characteristic Ru(III/II) couple 

at E1/2 = 0.73 V, typical for this type of complexes (Figure 6 and 

Figures S17-S18 in SI).16 

Figure 4. (Top) Evolution of UV-vis absorption spectra of a 40 μM solution of 
trans-1+ with 1 equivalent of Ce(IV) in 0.1 M TfOH containing 5% TFE at 25 °C. 
(inset) Changes in abs. vs. t at 500 nm (blue line) and mathematical fit (red line). 
(Bottom) (Left) calculated spectra of the different species proposed in Scheme 
2. (Right) calculated concentration distribution diagram vs. time for the different 
species. 

The values of the remaining rate constants involved in the 

reaction sequence model indicated in Scheme 2 were calculated 
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by fixing the values of k1, k2, k3, k-3 and k7 obtained independently 

as discussed above. Thus, k5 and k4, assigned to two competitive 

reactions from the trans-12+ intermediate to form the 

corresponding Ru-aqua species trans-42+ and trans-23+, give 

values of k5 = 9.7 x 10-4 s-1 and k4 = 1.0 x 10-4 s-1 respectively. 

Once the RuIII-Cl complex, trans-12+, is formed then the formation 

of the Ru-H2O-Cl is the dominant species. Finally, at longer 

timescales, the bis-aqua trans-33+ complex forms from trans-42+, 

with a rate constant of k6 = 9.5 x 10-5 s-1. 

 

Figure 5. (Left) evolution of UV-vis absorption spectra at 25 °C of a 40 μM of 
trans-23+ in 0.1 M triflic acid solution containing 5% of TFE. (Right) changes in 
the absorbance at 294 nm vs time (blue line) and its mathematical fit (red line). 

Figure 4 (bottom) shows the evolution of all the species 

derived from trans-12+ together with their respective UV-Vis 

calculated spectra. A comparison of the experimental UV-Vis 

spectrum of trans-23+ with its calculated spectrum shows a close 

match that gives a strong support to this reaction model (Figure 

S15 in SI). The same experiment and calculations were done for 

the methyl derivative trans-1’2+ (Figure S16 in the SI). Although 

both complexes follow the same reaction scheme, the changes in 

kinetic constants have a dramatic effect on the relative distribution 

of species, particularly for the mono-aquo intermediates trans-23+ 

and trans-42+, both catalytically active species towards the water 

oxidation reaction. While the chlorido-aquo species trans-42+ is 

the major species in solution during the first minutes, the 

contribution of the trans-23+ is almost negligible (blue and yellow 

lines in Figure 4, respectively). For instance, we obtain a trans-

42+:trans-23+ ratio of 92:8, 20 min after mixing trans-1+ with Ce(IV). 

In contrast, an opposite trend is observed for the methyl derivative 

trans-1’+, for which we observe a trans-4’2+:trans-2’3+ ratio of 

26:74 at the same reaction time (Figure S16 in SI). These 

differences are crucial to understand the differentiated catalytic 

activity observed when the Ru-Cl complexes trans-1+ and trans-

1+’, that are not water oxidation catalysts but catalyst precursors, 

are dissolved in aqueous mixtures of TfOH:TFE. 

DFT calculated standard reduction potentials are in 

qualitative agreement with the CV data. Reduction potentials for 

the redox couple of Ru(III/II) of 0.8 V (exp. 0.92 V) for trans-

12+/trans-1+ and 1.3 V (exp. 1.12 V) for trans-23+/trans-22+ were 

found. Although the thermodynamic tables of both complexes 

show virtually identical values (see Figures S25 and S27 in the 

SI), it is the association of water (and the displacement of 

pyridine) in which they differ, in agreement with the experimental 

description. The displacement of pyridine by a water molecule is 

predicted to be endergonic for both ligands with the ruthenium 

metal center in the oxidation states II or III. The associated free 

energies are 4 and 1 kcal mol-1 for L-OMe (trans-1+), and 14 and 

12 kcal mol-1 for L-Me (trans-1’+), respectively. Reflecting the 

experimental observation, the displacement is consistently 

calculated to be more endergonic (by approx. 10 kcal mol-1) for 

the complex with the L-Me ligand compared to the one with the L-

OMe ligand. 

 

High oxidation states: water oxidation catalysis 

CV and DPV experiments of the Ru-aquo complex trans-22+ in an 

aqueous mixture of 0.1 M TfOH:TFE (95:5) show the redox 

couples Ru(III/II) at E1/2 = 1.12 V, Ru(IV/III) at E1/2 = 1.28 V and 

Ru(V/IV) at E1/2 ≈ 1.73 V, followed by a catalytic wave associated 

with water oxidation catalysis (Figure 6, red line). In the reverse 

scan in the CV, we also observe the characteristic Ru(III/II) redox 

couple at E1/2 = 0.73 V associated with trans-33+, that is formed 

after oxidation (vide supra). 
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Figure 6. Cyclic Voltammograms (left) and Differential Pulse Voltammograms 
(right) of trans-22+ (solid red) and trans-1+ measured 15 minutes after oxidation 
with 1 equivalent of Ce(IV) (solid black) in 0.1 M TfOH solution containing 5% 
of TFE. The addition of Ce(IV) generates four electroactive species in solution 
that are observed in the CV namely, trans-12+:trans-23+:trans-33+:trans-42+ in a 
5:1:1:10 ratio; see text for details. The arrows indicated the assigned redox 
couple for the different species. Blue vertical lines in the DPV correspond the 
Ru(V)/R(IV) couple for trans-23+ and trans-42+, that is associated with water 
oxidation electrocatalysis. Dashed black correspond to a blank with no catalyst. 
Conditions: scan rate of 100 mV s-1, [Complex] = 0.3 mM. Glassy Carbon disk 
as working electrode, Pt disk as counter electrode and Hg/HgSO4 as reference 
electrode. 

CV and DPV were also carried out, 15 minutes after the 

addition of Ce(IV) to a solution of trans-1+ and is shown in the 

black traces in Figure 6. According to the previous kinetic analysis 

this generates a mixture of one Ru(III)-Cl complex and three 

Ru(III)-aqua complexes with the following ratios: trans-12+:trans-

23+:trans-33+:trans-42+ of 5:1:1:10. Ru-aqua complexes trans-23+ 

and trans-33+ have been characterized independently and thus 

simplifies the assignment shown in Figure 6. The most interesting 

feature that is observed in the Figure is the 200 mV cathodic shift 

of the electrocatalytic wave with regard to that of trans-23+ (see 

the blue vertical lines in the DPV in Figure 6), and large 

enhancement of the catalytic current density under comparable 

conditions. This significant negative shift of the onset of the 

catalysis is a consequence of the higher electron density 

transmitted by the anionic chlorido ligand to Ru in trans-42+ as 

compared to the pyridyl group in trans-23+, that highly stabilizes 

Ru(V). The large enhancement in kinetics is associated with the 

dangling pyridyl ligand in trans-42+ that acts as base and accepts 

a proton at the O-O bond formation step during the water 

nucleophilic attack as will be further discussed below. The 

contribution from trans-23+ in this case is negligible due to the 

much lower concentration and activity. 

The same striking differences are observed on manometric 

experiments monitoring the oxygen evolution profiles obtained 

after chemically induced catalysis. Indeed, addition of 100 

equivalents of Ce(IV) to a 1 mM complex solution (black and blue 

lines in Figure 7) shows that while the trans-22+ complex gives 

modest turnover numbers (TONs) of 8 and initial turnover 

frequency (TOFi) of 0.037 s-1, the complex trans-42+ (generated 

by the addition of Ce(IV) to the Ru-Cl complex trans-1+) gives 24 

TONs that represents a 96% oxidative efficiency based on Ce(IV) 

with a TOFi = 0.71 s-1 (20 times faster; see Table 1). Lowering the 

catalyst concentration to 1 µM increases the TONs up to 168 but 

lowers the oxidative efficiency to 67% (Figure S22 in SI). A 

second and third subsequent additions of Ce(IV) to the catalytic 

mixture generated upon dissolving trans-1+, shows that the 

system is still active with oxidative efficiencies higher than 95% 

(Figure S23 in SI). However, the slopes of the catalytically 

generated oxygen over time decrease after each addition of 

Ce(IV). This is a phenomenon that is attributed to the increased 

concentration of nitrate ions in solution due to the successive 

addition of Ce(IV), as observed before for related catalytic 

systems.17 Another deactivation pathway that might be occurring 

is the conversion of trans-1+ to trans-22+ in aqueous solutions at 

longer periods of time that we have shown to occur in the previous 

section. Indeed, when analogous manometry experiments using 

trans-1+ were performed a few minutes after catalyst mixing, the 

catalytic activity dropped to give similar results to those obtained 
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for the Ru-aquo complex trans-22+, in agreement with the kinetic 

analysis described in the previous section. 

Figure 7. Oxygen evolution profile, given in turnover numbers (TON) vs. time 
for complex trans-42+ (generated from the in situ addition of Ce(IV) to trans-1+; 
black line), trans-22+ (blue line), trans-2’2+ (red line) and generated in situ from 
trans-1’+ (green line). Conditions: 1 mM catalyst or precursor catalyst in 0.1 M 

TfOH solution (pH 1) and 100 equivalents of Ce(IV) at 25 °C. 

The coordination environment of complex trans-22+, is 

reminiscent to that of [(trpy)(bpy)Ru(H2O)]2+, 52+, and 

[(trpy)(Hbpp)Ru(H2O)]2+, 62+, complexes (where trpy = 2,2’:2”,6’-

terpyridine, bpy = 2,2’-bipyridine, Hbpp = 2,2’-(1Hpyrazole-3,5-

diyl)dipyridine) in the sense that they are coordinated by five 

neutral pyridyl groups besides the critical aqua ligand. In 

agreement with this analogous coordination environment the 

Ru(V/IV) redox potential of trans-22+, 52+ and 62+ (1.7-1.8V range) 

and their catalytic water oxidation activities are similar.18 In sharp 

contrast the 20 times increase in rate and the nearly 100% 

oxidative efficiencies for trans-42+ as compared to trans-22+, is 

associated with the presence of both the coordinated chlorido 

group au lieu of the pyridyl group, in trans-22+ and in 52+, and the 

presence of the dangling pyridyl moiety as mentioned earlier. 

 

Table 1. Summary of catalytic performance of complexes trans-42+, 
trans-22+, trans-1’+ and trans-2’2+. Conditions: 1 mM catalyst in 0.1 M TfOH 
solution (pH 1) and 100 equivalents of Ce(IV) at 25 °C. 

Complex TON Ox. Eff.[b] (%) TOFi
[c] x103 

trans-42+,[a] 24 96 710 

trans-22+ 8 32 37 

trans-1’+ 0.67 2.7 4 

trans-2’2+ 1 4 21 

[a] Obtained from the addition of Ce(IV) to trans-1+. [b] Ox. Eff. = oxygen 
efficiency = (measured mols O2)/(theoretical mols O2). Calculated from 
manometry and on-line mass spectrometry experiment. [c] Initial turnover 
frequencies in s-1. 

 

Interestingly, the related complex trans-1’+, shows a 

completely different scenario. Oxygen evolution experiments after 

addition of Ce(IV) to solution of the chlorido trans-1’+ and aquo 

trans-2’2+ complexes both show a very poor catalytic activity with 

1 TON or less (Figure 7 and Table 1). This result is consistent with 

the relative concentration of active species extracted from the 

species distribution diagram based on the substitution kinetics 

described earlier (see Figure S16 in the SI). Here the 

corresponding highly active chlorido-aquo complex trans-4’2+ is a 

minor species in the mixture whereas the modestly active mono-

aquo complex trans-2’3+ is the major compound. 

 

Figure 8. DFT calculated energy diagram of the nucleophilic attack of a water 
molecule to the Ru=O species derived from trans-1+ to form a Ru-OOH species. 
The values are given in kcal mol-1 with respect to the separated reactants. 

As previously mentioned the DFT calculated standard 

reduction potentials for the Ru(III/II) redox couple are in qualitative 

agreement with the CV data. In contrast to this, the computed 

reduction potentials for the Ru(IV/III) and Ru(V/IV) couples 

derived from trans-22+ are substantially higher than the ones 

obtained in CV measurements. This might be a failure of the 

implicit solvation model and may, for instance, be mitigated via a 

wider correlation of computed and experimentally determined 

redox potentials. Additionally, we note that test calculations using 
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the DCOSMO-RS19 and SMD20 solvation models predict similar 

values. Despite the flaws in the above case, the calculated 

reduction potential of 1.8 V for the Ru(V/IV) couple of, 

[Ru(O)(Cl)(L-OMe--N4)]+, is supported by the experimental value 

of 1.62 V (extracted from DPV in Figure 6) and validates at least 

qualitative statements regarding trends in activity. For trans-22+ a 

significantly higher reduction potential (600 mV shift) compared to 

the chlorido containing species is obtained (as can be expected 

from its higher charge, Figures S24-S25 in the SI). 

Transition states energies for the WNA in the Ru(V) oxidation 

state for complexes with both ligand frameworks (L-OMe and L-

Me) are practically identical. They are computed to be 16 and 14 

kcal mol-1 with respect to the separated reactants for the OMe and 

Me ligands, respectively (Figures 8 and S27). The transition 

states were modelled with an explicit solvent water molecule as 

the corresponding peroxido species could not be found otherwise. 

The role of the dangling pyridine as a proton acceptor can be 

observed in these structures. A similar transition state for the aquo 

complex with two explicit water molecules, where one water 

molecule would act as the base, could not be obtained. Modelling 

with more water molecules was not further pursued in this study. 

Conclusions 

A detailed kinetic study of the ligand substitution reactions of 
ruthenium complexes trans-1+ and trans-22+ by water, in aqueous 
solution, reveal a multiple reaction sequence involving both the 
chlorido and one pyridyl group of the pentapyridyl ligand L-OMe. 
The same reactions are observed for related complexes trans-1’+ 
and trans-2’2+ containing the ligand L-Me. However, the 
differences on the kinetic constant values of the consecutive steps 
generate a distinct distribution of intermediate species for trans-
1’+ as compared to trans-1+. Thus, for the L-OMe complex trans-
1+ the major species in solution during the first minutes is the 
chlorido-aquo complex trans-42+. In contrast, the aquo complex 
trans-2’3+ is the most abundant species for trans-1’+. These 
differences are responsible for dramatic changes in their water 
oxidation catalytic activity as observed by electrochemical, 
oxygen evolution experiments and DFT calculations. Our 
computational analysis suggests that the formation of the active 
trans-42+-type complex is the crucial step in the catalytic cycle and 
is mainly responsible for the different activities, since subsequent 
steps (PCETs, oxidations, WNA) show virtually identical free 

energies in both systems. This could be used as a handle to 
improve such catalysts. Complex trans-42+ is a fast catalyst that 
operates with TOFi = 0.71 s-1 and produces 168 TON in the 
presence of 1000 equivalents of Ce(IV) as sacrificial agent. On 
the other hand, complexes trans-22+ and trans-2’+ are poor 
catalysts producing less than 8 and 1 TONs respectively. 
Eventually, both catalysts evolve to the inactive bis(aquo) 
complexes trans-33+ and trans-3’3+.21 The difference in the 
catalytic performance of trans-42+ and trans-23+ is due to the 
chlorido ligand in trans-42+ that helps in lowering the redox 
potential to access Ru(V) that is the species responsible for 
electrocatalysis, and in the presence of the pendant pyridine 
group facilitates the O-O bond formation step, lowering the kinetic 
barrier at the water nucleophilic attack step. 
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