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Graphical abstract 
 

Introduction 

A brief introduction is given onto current energy use, 

its production, influences on world’s climate and 

possible alternatives. The function of oxygenic 

photosynthesis is explained, plus the use of its 

principles for artificial photosynthesis. Additionally, 

the chemistry of ruthenium, related aqua complexes 

and its implication into the catalytic water oxidation 

reaction is provided.  

 

Objectives 

 
Paper A: New Isomeric Ru(Cl)2(H3p)(DMSO)2 complexes: 
Synthesis, Characterization and Reactivity. 

Isomeric Ru(Cl)2(L)(DMSO)2 complexes, with L = 3-

(2-pyridyl)-5-phenyl-1H-pyrazole (H3p) are reported 

together with their structure, spectroscopic 

properties, electrochemistry and reactivity. The 

paper deals with S- to O-linkage isomerisation and 

a photolytic reaction of both isomers in chloroform, 

forming a third Ru(Cl)3(L)(DMSO) complex, with 

retained S-DMSO binding mode. 
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Paper B: The RuIV=O catalyzed sulfoxidation: a gated 
mechanism where O to S linkage isomerization switches 
between different efficiencies.  

Two new families of [Ru(X)(L1)]y+ and 

Ru(X)(L2)(L3)]y+ (Y = 1 (X = Cl), Y = 2 (X = H2O)) 

with L1 = pentadentate bispidine, L2 = H3p, L3 = trpy 

are introduced, together with its  characterization. A 

very different efficiency as oxygen transfer catalysts 

for the selective oxidation of sulfides to sulfoxides is 

observed, which is linked to differences in S- to O-

linkage isomerization. DFT-based data confirm 

these interpretations. 

 
 
Paper C: Chemical, Electrochemical, and Photochemical 
Catalytic Oxidation of Water to Dioxygen with Mononuclear 
Ruthenium Complexes.  

New Ru-complexes containing the meridional 

2,2’:6’,2”-terpyridine (trpy) ligand, (L1) and the 

chelating 3-(2-pyridyl)-5-R-1H-pyrazole  (R = phenyl 

(H3p), R = (2-pyridyl) (Hbpp)) ligand, (L2) of general 

formula in- and out-[RuII(L1)(L2)(X)]n+ (X = Cl, n = 1; 

X = H2O, n = 2) have been prepared and 

characterized. The capacity of the Ru-H2O 

complexes to act as water oxidation catalysts 

(WOCs) has been investigated chemically, 

electrochemically and photochemically. 
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Paper D: Fine-tuning of Electronic Communication in a Family 
of Dinuclear Ru-Complexes, Structurally Based on a WOC 
Model Complex.  

A family of dinuclear Ru(II)-complexes were 

synthesized and thoroughly characterized em-

ploying structural, spectroscopic, electrochemical 

and spectro-electrochemical analyses. The 

interconversion of enantiomeric isomers and the 

grade of electronic coupling are studied. DFT based 

calculations provide insights into involved MO’s. 

 
 
Paper E: Electronic modification on the „Hbpp-WOC“ and its 
effect on the catalytic water oxidation reaction.  

New dinuclear Ru-compounds, structurally based 

on the “Hbpp WOC” complex are presented. The 

influence of a variety of substitutents onto their 

structural, spectroscopic, electrochemical and 

catalytic properties is studied. The rates for electron 

transfer reactions together with rates for key 

processes during a catalytic cycle are presented.  A 

new non-symmetric Ru-dimer is identified to 

perform the catalytic reaction in an enhanced 

manner. 

 
 
Summary / Conclusions 
 
Resumen 
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EPR…electron paramagnetic resonance 

ESI…electrospray ionization 
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FTIR…	  frustrated total internal reflection 
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H3p…3-(2-pyridyl)-5-phenyl-1H-pyrazole 
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I2M…bimolecular process 

ic…cathodic current 

ia…anodic current 

IR…infra-red 

IVCT…inter valence charge transfer 

Kc…comproportionation constant 

€ 

KO→ S
III KO→ S

II …equilibrium constants for the linkage isomerization of O- 

DMSO to S-DMSO in Ru(III)/Ru(II) complexes 

€ 

kO→ S
III kO→ S

II …kinetic constants for the linkage isomerization of O-DMSO  

to S-DMSO in Ru(III)/Ru(II) complexes 

€ 

kS→O
III kS→O

II … kinetic constants for the linkage isomerization of S-DMSO  

to O-DMSO in Ru(III)/Ru(II) complexes 

kET…kinetic constants for electron transfer 

LUMO…lowest unoccupied molecular orbital 

MALDI…matrix-assisted laser desorption/ionization 

Me-Hbpp…3,5-Bis(2-pyridyl)-4-Methyl-1H-pyrazole 

MeCN…acetonitrile 

UNIVERSITAT ROVIRA I VIRGILI 
MONO- AND DINUCLEAR RUTHENIUM COMPLEXES: SYNTHESIS, CHARACTERIZATION 
AND THEIR IMPACT IN OXIDATION REACTIONS 
Stephan Röser 
ISBN:/DL:T.1241-2011 



Abbreviations 

 9 
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Introduction 
 

 
 

 

A brief introduction is given onto current energy use, its production, 

corresponding influences on world’s climate and possible alternatives. 

The function of oxygenic photosynthesis is explained. The principle of 

operation of PS II is described, highlighting the OEC on the donor side. 

Mankind uses these principles for a new approach towards the use of 

renewable energies in the field of artificial photosynthesis. Additionally, 

the chemistry of ruthenium and its implication into redox catalysis is 

described, with special emphasis in water oxidation reaction. A leitmotif 

for the thesis is provided at the end of this chapter. 
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Introduction. World’s energy use is predicted to grow from 495 

quadrillion British thermal units (Btu) in 2007 to 590 quadrillion Btu in 

2020 and 739 quadrillion Btu in 2035.1 Most of this demand is and will 

be supplied by fossil fuels (liquid fuels and other petroleum), as well as 

natural gas and coal, but its overall contribution to the energy supply is 

degreasing.1 

This has mainly two reasons. One is the inevitable fact that resources 

are limited, for that their prizes will raise over time.2 The second reason 

is related to the fact that the carbon based energy system and its end 

products, mainly CO2, have major influence on the ecological system we 

live in.  

Energy from the sun drives the earth's weather and climate. The earth 

absorbs energy from the sun, and also radiates energy back into space. 

However much of this energy going back to space, is absorbed by 

“greenhouse” gases in the atmosphere (Figure 1).  

 

  
Figure 1. The Greenhouse Effect. 
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Because the atmosphere then radiates most of this energy back to the 

Earth’s surface, our planet is warmer than it would be if the atmosphere 

did not contain these gases. Without this natural "greenhouse effect," 

temperatures would be around 15°C lower than they are now, and life as 

we know it today would not be possible.  

 

 

Figure 2. Photovoltaic (PV) cell panel in Barcelona, Spain. 
 
 
Since the “Industrial Revolution” in the 1700’s, human activities, such as 

the burning of oil, coal and gas, and deforestation, have increased CO2 

concentrations in the atmosphere. In 1980, global atmospheric 

concentrations of CO2 were 21% higher than they were in 1880.3 An 

increase of the greenhouse gases is directly linked to the increase of the 

global surface temperature4 and the corresponding physical effects such 

as raise in extreme weather scenarios, glacier retreat, rise of sea level or 

acidification of oceans.5  

In 2006 N. Lewis and D. Nocera introduce three general routes to 

produce large amounts of carbon neutral power to meet the 

Intergovernmental Panel on Climate Change projection the average 

carbon intensity in 2050.6  
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The three methods comprise of a) nuclear fission, b) carbon capture and 

storage and c) use of renewable energy. According to the authors the 

only plausible of the presented methods in terms of feasibility, safety 

and reproducibility is the use of renewable energy. The sun provides the 

most abundant, out of the variety of renewable energy resources.  

The solar energy that hits the earth’s surface in one hour is about the 

same as the amount consumed by all human activities in a year.6 Direct 

conversion of sunlight into electricity by photovoltaic (PV) cells already 

supplies 0.375% of the total global electricity generation and is expected 

to be a major contributor in 20 years hence.7 But solar energy utilization 

not only requires capture and conversion, its main challenge is storage. 

As capture and conversion of solar energy and its efficiency is directly 

and inevitably linked to the day/night cycle as well to the seasons, but its 

peak consumption lies often on the opposite, one has to find an efficient, 

cost-effective way of store the produced electricity.  

As in many other examples nature provides us a design where chemical 

bonds are broken and formed to produce energy-rich compounds using 

solar energy. This process is known as photosynthesis and has powered 

life on earth for approximately 3 billion years.8  

In oxygenic photosynthesis, solar energy is used to form carbohydrates 

from H2O and CO2, by oxidizing the former and reducing the latter.  

 

€ 

2H2O
4 hν⎯ → ⎯ ⎯ O2 + 4H+ + 4e−     (eq. 1) 

€ 

4H+ + 4e− + 2Q → 2QH2
CO2⎯ → ⎯ ⎯ ⎯ → ⎯ ⎯ ⎯ ⎯ Carbohydrates  

        (eq. 2) 
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The photosynthetic process is divided into light-dependent and light-

independent (“dark”) reactions. The photon-driven reactions take place 

in Photosystem I and II (PS I; PS II), found in the thylakoid membranes 

in the chloroplasts of green plants, algae and cyanobacteria.9, 10 (Figure 

3) The key step in the photosynthetic process is the light induced 

oxidation of water to molecular oxygen, that takes place in PS II. 

 
 

 

Figure 3. Simplified illustration of the oxygenic photosynthesis systems 
of green plants, algeas and cyanobacterias.  
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Photosystem II 

The Acceptor Side. Light is being absorbed by chlorophyll and other 

antenna pigments and is transferred to the PS II reaction center.11 At the 

reaction center, the chlorophyll P680 is excited and induces an electron 

transfer (ET) to a nearby pheophytin (pheo)12. This creates a charge 

separated radical pair P680•+Pheo•-. The reduced pheophytin has a very 

short lifetime as it gets quickly oxidized by the next acceptor in the 

electron transfer chain, a protein bound quinone named QA.8 The QA
- 

transfers the electron to another quinone, QB, on the opposite site of the 

protein. Successive iteration of these processes results in a doubly 

reduced QB, which leaves PSII in form of QBH2.13 These reduction 

equivalents are used in subsequent process to generate “high-energy 

end products”, namely the synthesis of carbohydrates from CO2.  

The Donor Side. The photogenerated P680•+ radical gets reduced by 

ET form the Mn4Ca-cluster across a redox-active TyrZ unit.14 Successive 

one electron reduction of P680•+ leads to accumulation of oxidation 

equivalents on the Mn4Ca-cluster and initiates the oxidation of water to 

molecular oxygen. Due to this reaction, the Mn4Ca-cluster is also known 

as the “Oxygen Evolution Complex” (OEC), which is unique in nature. It 

has been known for some time, that there are at least five intermediate 

states leading to the formation of dioxygen, known as S-states. The 

sequential advancement from S0 to S4 is driven by each photochemical 

turnover of the PS II reaction centre as depicted in the S-state cycle (see 

Figure 4). 
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Figure 4. The S-state cycle showing how the absorption of four photons 
of light (hν) by P680 drives the splitting of two water molecules and 
formation of O2 through a consecutive series of five intermediates (S0, 
S1, S2, S3 and S4). Protons (H+) are released during this cycle except for 
the S1 to S2 transition. Electron donation from the Mn4Ca-cluster to 
P680+ is aided by the redox active tyrosine YZ. Also shown are half-
times for the various steps of the cycle. 
 
 
Also extensive investigation on PS II was done for the last couple of 

decades, a variety of proposed structural motifs exists and the exact 

mechanism behind the water oxidation reaction is still uncertain.14-19 

The grand challenge for science is now to create an artificial system for 

splitting water efficiently into hydrogen and molecular oxygen, thereby 

mimicking natural reactions carried out by PS II and hydrogenase 

enzymes.20 
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Artificial Photosynthesis 

Artificial photosynthesis is based on three main principles, namely light 

absorption, charge separation and generation of a so-called “solar fuel”. 

The first to describe a functional model system for artificial 

photosynthesis were A. Fujishima and K. Honda in 1972.21 Molecular 

oxygen on the anode (TiO2) and hydrogen evolution on the cathode 

(platinum) was observed, with no requirement of external bias, during 

light irradiation using a 500 W xenon-lamp at pH = 4.6 (see Figure 5).  

 

 
Figure 5. Reproduction of the original setup of A. Fujishima and K. 
Honda from 1972, representing an electrochemical cell in which the TiO2 
electrode (1) is connected with a platinum electrode (2) through an 
electric circuit. Both half-cells are connected through a proton permeable 
membrane (3).  
 
 
From this moment on the challenge was to find a more efficient system 

for artificial photosynthesis. A second cornerstone towards a functional 

artificial photosynthesis device was laid seven years later by K. 

Kalyanasundaram and M. Grätzel, when they reported the combined 

use of RuO2 and a ruthenium-polypyridyl photo-sensitizer in a device to 

perform cyclic cleavage of water into H2 and O2 under visible light 

irradiation.22 T. J. Meyer and coworkers disclosed the first well defined 
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molecular approach in homogeneous phase, as they presented in 1982 

an oxo-bridged dinuclear ruthenium complex capable of performing 

catalytic water oxidation driven by a sacrificial oxidant (Ce4+) at pH = 1.23 

This molecular approach was refined by Llobet et. al., using a pyrazolate 

bridged dinuclear ruthenium based catalyst, displaying superior catalytic 

activity.24 For almost three decades it was thought that only a 

multinuclear approach would lead to successfully splitting of water into 

molecular oxygen. In the end of 2008 contemporaneously two research 

groups present catalytic systems based on well-defined mononuclear 

ruthenium complexes.25, 26 After that, investigation focused more on 

these type of catalysts, due to the more facile synthesis of compounds in 

addition to the maintaining high degree of modifiability.27-30 Recently a 

broad range of different approaches are identified to achieve water 

splitting. This reflects the importance of the research field. These 

approaches include the use of different metal centers as active site, 

including non-noble metals such as Mn31-33, Fe34, Co35, 36, Ni37, or noble 

metals like Ru38-42 or Ir43-45. Catalysis is described in homogeneous27, 30 

or heterogeneous phase37, 46-48 and in hybrid structures49. Additionally 

the reaction can be driven by chemical24, 25, 50, electrochemical31, 35, 51-53 

or photo-generated oxidants36, 40, 54, 55. A number of recent reviews 

summarize the latest advances.56  
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Figure 6. Representation of examples for WOC’s with major impact. (a) 
[Co4(H2O)2(PW9O34)2]10– (Hill et al.)57; (b) CoPi (Nocera et al.)35; (c) 
Fe(III)-TAML (Bernhard et al.)34; (d) Ir(Cp*)(phpy)(Cl) (Crabtree et al.)44; 
(e) Ru4O6-POM (Bonchio et al.)50; (f) Ru(Cl)(bpz)(trpy)2+ (Meyer et al.)25 
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General aspects on water oxidation and fuel production. 
The balanced reaction for electrochemical water oxidation (eq. 3) is 

described in any textbook of basic chemistry.  

€ 

2H 2O→O2 + 4H + + 4e−   (eq. 3) 

From the Frost diagram presented in Figure 7 we can extract that the 

standard potential (E°) for this reaction is 1.23 V vs. NHE at pH = 0.  

 

 
Figure 7. Frost diagram for Oxygen in acid solution (solid line) and basic 
solution (dotted line). 
 

The minimum energy required to drive this reaction by electrolysis can 

be calculated by eq. 4 and results to ca. 120 kJ mol-1 per mole electrons.  

€ 

ΔG° = nFE°     (eq. 4) 

Theoretically this reaction could be driven by a photon with a wavelength 

of 1000 nm. The energy required for this is higher since the making and 

breaking of bonds give rise to the activation energy. This additional 

energy or overpotential can be minimized by the use of a catalyst.  

From eq. 1 we can see that each generated molecule of oxygen by 

water oxidation produces 4H+ and 4e-. One way to make use of the so 

generated energy, other then using it right away, is accumulation. This 
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can be either achieved through the use of batteries or converting it into a 

fuel. In artificial photosynthesis the emphasis is laid on fuel production. 

There are many ways proposed with a variety of high-energy end 

products.58 The simplest of all is the recombination of two electrons and 

two protons to form molecular hydrogen.59 The use of fuel cell 

technology closes the cycle by controlled reaction of H2 with O2 

producing utilizable electrical energy with water as the only side product.  

 

Ruthenium chemistry 

Ruthenium holds the atomic number 44, is member to the group 8 in the 

periodic table and has an electronic configuration 4d7 5s1. It is one of the 

few elements that can exist over a wide range of oxidation states. 

Variations from -2 to +8, e.g. in [Ru(CO)4]-2 in RuO4 respectively, are 

feasible allowing plenty of possible compounds. The main interest in 

ruthenium chemistry lies in the field of metal complexes bearing 

polypyridylic ligands, due to their interesting spectroscopic, 

photophysical, photo- and electrochemical properties. Investigation into 

the chemistry became of interest in the late 1950´s and 60´s with the 

publication of the dinuclear complex [((NH3)5Ru)2(µ-pz)]2+ (pz is 

pyrazine) by Creutz and Taube60 and the first report of the luminescence 

of the paradigm complex [Ru(bpy)3]2+ (bpy is 2,2´-bipyridine) by Paris 

and Brandt61. Many thousands of compounds have been prepared since 

and a very extensive literature has evolved dealing with synthesis, 

photo-physics, catalysis, electrochemistry, solar cells, biosensors, 

modified electrodes, displays and therapeutic purpose.  
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Ruthenium-polypyridyl complexes containing DMSO ligands. 
Ruthenium complexes containing DMSO ligands gathered attention with 

the presentation of a New Anti-tumor Metastasis Inhibitor drug, NAMI-

A.62 This compound is one of few examples of non-platinum anti-tumor 

drugs and entered phase I clinical trials at the Netherland Cancer 

Institute of Amsterdam in 1999.63 Besides this, another widely studied 

research field is the basic coordination chemistry for the ambidentate 

nature of sulfoxides. DMSO as a typical sulfoxide can coordinate 

through either the sulfynil group, which provides a good acceptor site for 

π-electron donor species, such as low spin Fe(II) and Ru(II) ions, or 

through the oxygen atom, which is the preferred site for hard metals, 

such as the 3d trivalent cations, Al(III) and lanthanides. In the case of 

ruthenium, most of the metal complexes in the oxidation state Ru(II) 

have a great affinity for sulfur ligands. In contrast, in oxidation state 

Ru(III), it prefers the oxygen-donor site. Exceptions of higher oxidation 

state ruthenium complexes with sulfur-bounded DMSO are already 

reported.64, 65 The ambident nature of the DMSO ligand is responsible for 

the linkage isomerism that often accompanies the change in the 

oxidation state of ruthenium metal centre.66-68 The efficiency of this 

linkage isomerism was shown to have significant influence on the 

selective oxidation of sulfides69, which is of importance in preparative 

organic chemistry, specifically in the area of asymmetric synthesis and 

enantioselective catalysis.70, 71 
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Ruthenium-polypyridyl complexes containing H2O ligands.  
Ruthenium polypyridyl aqua complexes have proven to be very suitable 

in the design of redox catalysts for a variety of reasons. These 

complexes are, concerning their synthesis, relatively easy accessible 

and properties can be tuned by the vast amount of existing ligands. 

They tend to remain structurally unchanged in solution and during redox 

processes. A particular property of these complexes is the possibility to 

undergo proton-coupled electron transfer (PCET) processes.72  

PCET processes lower the potential difference between adjacent redox 

states and therefore permit this class of compounds to reach higher 

oxidation states. A classical example is the analogy between 

[Ru(Cl)(bpy)(trpy)]+ and [Ru(H2O)(bpy)(trpy)]2+. 

[Ru(Cl)(bpy)(trpy)]+ presents a pH independent wave at 0.68 V vs. SSCE 

in aquous media. The electrochemical property of the complex changes 

drastically, substituting the chloro- for an aquo ligand. At pH = 7, 

[Ru(H2O)(bpy)(trpy)]2+ present two chemical reversible redoxwaves with 

halfwave potentials at 0.49 V and 0.62 V (vs. SSCE).73 These redox 

potentials strongly depend on the pH, revealing a one-electron redox 

process coupled to one-proton acid/base equilibrium in the pH range of 

1.5-10.  

 
[(trpy)(bpy)RuII    OH2]2+

- e-, - H+
[(trpy)(bpy)RuIII    OH]2+ [(trpy)(bpy)RuIV    O]2+

+ e-, + H+

- e-, - H+

+ e-, + H+
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Starting from pH = 11.5, due to different pH dependences for the two 

redox couples, Ru(III) gets unstable with respect to disproportionation. 

This results in the observation of a single wave, consistent with a two-

electron, one proton couple.  

 
This fact has very important implications in catalysis since two-electron 

pathways with concomitant formation of the two-electron oxidized 

product are the most favorable energetically.74  

One application for ruthenium-aqua compounds that recently has 

attracted great attention is catalytic water oxidation reaction. The 

molecular structures for two of the most famous dinuclear ruthenium 

catalysts are shown in Figure 8.  

 

      

Figure 8. Molecular structures of two ruthenium based water oxidation 
model complexes. Left, The “blue dimer” developed by T.J. Meyer and 
coworkers75 right, The “Hbpp-WOC” developed by A. Llobet and 
coworkers38. 
 
 

[(trpy)(bpy)RuII    OH]+ [(trpy)(bpy)RuIV    O]2+

- 2e-, - H+

+ 2e-, + H+
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A comprehensive mechanistic study for oxygen-oxygen bond formation 

was performed by Llobet et. al. during 2009, which revealed that 

molecular oxygen evolution occurs exclusively via an intramolecular 

coupling process.76 Elaborate studies of electronic modification of the 

[Ru(H2O)(bpy)(trpy)]2+ scaffold revealed the importance of the grade of 

electron density on the metal center towards catalytic rates and 

activity.28, 29 

Polynuclear ruthenium-polypyridyl complexes. Efficient electronic 

coupling in dicnuclear Ru-complex is one of the crucial properties to be 

fulfilled in order to achieve an active catalyst towards water oxidation 

reaction. This can be clearly seen by comparing the electro-catalytic 

properties of a strongly coupling example like the “Hbpp-WOC”48 and 

compare it to the ones reported for systems with electronically isolated 

nuclei.53, 77 The grade of electronic coupling in dinuclear complexes can 

be determined by a variety of techniques.  

A first approximation can be obtained from electrochemical data, by 

calculating the comproportionation constant Kc using eq. 5.  

     (eq. 5) 

This value though has to be handled with care, since it is the sum of 

various effects.78  

Kc = Σ( Kc(electrostatic) + Kc(solvent) + Kc(delocalization) + Kc(redox-

asymmetry))       (eq. 6) 

More precise evidence on electronic coupling can be given through 

spectroscopic analysis. Multinuclear metal compounds present in their 
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mixed valence redox state an electronic transition that is denoted as 

Inter-Valence-Charge-Transfer (IVCT) transition. Electromagnetic 

radiation is used to move an electron spatially. A simplified depiction of 

this process is presented in Figure 9.  

 

 
Figure 9. Depiction of an IVCT-process, mediated by (a) LUMO and (b) 
HOMO of the bridging ligand. Figure was taken from Coord. Chem. Rev. 
2006, 250, 1653-1668. 
 
 
The position and magnitude of this transition strongly depends upon the 

grade of electronic coupling between the two metal centers. Robin and 

Day were the first to classify the degree of coupling.79  

Class I compounds present negligible electronic interaction (Hab), due to 

large distance between the metal centers or insulating property of the 

bridging ligand; regarding Class II (0 < Hab < λ/2), the electronic 

interaction is small; in addition that the system retains its individual 

properties, additional properties are observed. In Class III compounds 

(Hab ≥  λ/2.), the electronic interaction is very strong; the systems 

properties are usually completely different from those of its individual 

components. This difference is best explained by taking a look at the 

parabolic energy surface represented in Figure 10.  
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Figure 10. Potential energy curves for a symmetric mixed valence 
compound showing: (a) negligible (Class I), (b) weak (Class II) and (c) 
strong (Class III) electronic coupling. Figure was taken from Chem. Soc. 
Rev. 2006, 25, 424-440. 
 
 
In a symmetric system (ΔG° = 0, ΔG°…energy difference between two 

potential curve minima), following the Franck-Condon principle, the 

energy of transition (Eop) equals λ (eq. 7). 

 

€ 

Eop = λ + ΔG°     (eq. 7) 

From the IVCT-bands one can calculate parameters of particular 

interest, such as delocalization parameter (α2) and the coupling constant 

(Hab), through eq. 8 and eq. 9 respectively.  

€ 

α 2 = 4.2 •10−4( )εmaxΔν1 2( ) /d2Eop    (eq. 8) 

€ 

Hab = a2Eop
2( )1 2      (eq. 9) 

Where Δν1/2 is the peaks width at half height, given in cm-1, d (Å) the 

inter component metal-to-metal distance and Eop (cm-1) is the energy of 

the absorption maximum of the intervalence band. A close 

approximation for Δν1/2 can be made using the Hush formula, eq. 10.80-82 

    (eq. 10) 

! 

"#1 2 = 16RT ln2 #max( )( )1 2
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Leitmotif of the thesis 

This thesis is divided into 4 chapters (Introduction, Objectives, Results 

and Summary / Conclusions). The chapter “Results” is divided into 5 

manuscripts (Paper A-E), of which two are already published in high 

impact journals. In Paper A we dedicate the investigation on the 

synthesis and characterization of new mononuclear Ru-compounds, 

introducing the non-symmetric bidentate ligand (H3p). In addition to this 

ligand, the metal center is coordinated by two ambidentate DMSO 

ligands. A general introduction onto redox coupled linkage isomerization 

is made. Influences of protonation grade, ligand arrangement and 

electron density on the metal center onto this isomerization process are 

depicted. Introducing a tridentate ligand, 2,2’:6’,2’’-terpyridine, to the 

coordination sphere, by substituting two DMSO and one chloro ligand, 

we create precursors utilizable in catalysis. Substitution of the chloro 

ligand by an aquo ligand completes the process.  In Paper B we apply 

these new mononuclear Ru-H2O compounds in redox catalysis, 

oxidizing selectively sulfides to their corresponding sulfoxides. To 

understand the difference in catalytic activity we further investigate the 

influence of distinct steric and electronic properties of the ligand system 

onto the redox coupled linkage isomerization process. This is achieved 

by electrochemical measurements on their Ru-DMSO analogs. In Paper 
C the emphasis stays on mononuclear Ru-H2O compounds. Their 

chemistry is described in more detail and reactivity towards water 

oxidation catalysis is depicted for a variety of different compounds. We 

compare compounds containing the H3p ligand with the once with the 

Hbpp ligand. Their reactivity is investigated regarding electronic 

properties and coordination geometry. In Paper D the deprotonated form 
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of the Hbpp ligand is now used to bridge two Ru-metal centers to obtain 

symmetrical dinuclear compounds. Their electrochemical and 

spectroscopic properties are altered introducing different substituents on 

either the bridging or on the auxilliar ligands. IVCT-transitions of 

dinuclear Ru2(MeCN)2-compounds in their mixed valence state are used 

to gain information on the grade of electronic coupling of the two metal 

centers and their differences are related to the structural alteration. In 

Paper E the two inner acetonitrile ligands of the prior introduced 

dinuclear compounds are substituted by aquo ligands. Each of these 

new compounds represents an electronically modified version of a prior 

developed dinuclear WOC. Afore obtained results on electronic 

communication in combination with different theoretical reaction models 

are used to relate their activity regarding the water oxidation reaction 

towards its structure. 
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Objectives 
 

 

This thesis objectives are related to the synthesis and characterization of 

new mono- and dinuclear ruthenium polypyridyl complexes and the 

investigation of their performance in relevant redox-catalyses. In general 

the effects of steric and electronic modifications towards catalytic 

activity, on key steps in the reaction mechanism and grade of electronic 

coupling are elaborated. More specific, the objective of Paper A, B, is to 

establish a connection between modification of ligand environment in 

mononuclear Ru(DMSO)-compounds and the kinetic and thermo-

dynamic characteristics of an occurring redox coupled linkage 

isomerization process and relate these findings to the activity in 

sulfoxidation redox catalysis. The objective of Paper C is to evaluate the 

steric and electronic influences onto the reactivity of mononuclear 

Ru(H2O)-compounds towards water oxidation catalysis. The objective of 

Paper D is to understand the influence of alteration of the ligand system 

on electrochemical and spectroscopic properties of dinuclear 

Ru2(MeCN)2-compounds. The objective of Paper E is to combine the 

findings from the prior chapter with the influence of ligand system 

alteration to explain the reactivity of a variety of dinuclear Ru2(H2O)2-

compounds towards water oxidation catalysis and the underlying 

reaction mechanism. 
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Abstract. Two new isomeric [Ru(Cl)2(L)(DMSO)2] complexes, where L 

is the nonsymmetric chelating ligand 3-(2-pyridyl)-5-phenyl-1H-pyrazole 

(H3p) are reported together with their structure, spectroscopic 

properties, electrochemistry and reactivity. It is shown that there is S- to 

O-linkage isomerisation of the Ru(II)-sulphoxide product complexes 

upon one electron oxidation. This isomerisation depends strongly on 

coordination geometry and protonation grade of the ligand backbone. 

Thermodynamic and kinetic data for these processes are presented. 

Further a photolytic reaction of either of these isomers in chloroform is 

presented leading to the formation of a third complex, 

[Ru(Cl)3(L)(DMSO)], where the remaining coordinated DMSO ligand 

retains its binding mode through the sulphur atom.  

 
Introduction. Ruthenium-complexes containing sulphoxide type of 

ligands or their sulfide precursors are of interest for a variety of reasons. 

Some have antitumor1-3 and radio sensitizing properties4 and some have 

been used as catalyst precursors in several processes. Among those 

are key reactions such as air oxidation of thioethers to sulphoxides5-7 

and of sulphoxides to sulphones8, 9, hydrogenolysis of O2 to H2O2
10, 

polymerization of olefins11 and cyclic olefins12 as well as isomerisation of 

allylic alcohols13. Another important characteristic of those complexes is 

the ability to undergo light-14, 15 or electron transfer16, 17 induced 

conformational changes. This property is crucial to the operation of 

molecular machines and other types of molecular bistability,18, 19 with 

possible usage in information storage devices20. The focus of this study 

is on the synthesis and of a pair of isomeric Ru(II)-complexes, their 

thoroughly characterization and investigate the tendency towards 
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electron transfer induced DMSO isomerisation. Further we report a 

Ru(III)-complex where the DMSO ligand coordinates through its sulphur 

atom rather than through the expected oxygen atom. 

 
Experimental Section. 

Materials. All reagents used in this work were obtained from 

Aldrich Chemical Co. and were used without further purification. 

Reagent grade organic solvents, CH3CN (ACN), CH2Cl2 (DCM) and 

(CH3)2SO (DMSO), were obtained from SDS and used as received. 

Chloroform (CHCl3) and methanol (MeOH) were freshly distilled (basic 

alumina or Mg/I2 respectively) before use. If not directly used, CHCl3 was 

stored over basic Alumina in amber glassware. 

Preparations. Cis-[Ru(Cl)2(DMSO)4]21 and the H3p22, 23 ligand 

were prepared according to literature procedures. All synthetic 

manipulations were routinely performed under argon atmosphere using 

Schlenck reaction vessels and vacuum line techniques. All 

spectroscopic and electrochemical experiments were performed in the 

absence of light unless explicitly mentioned. 

trans,cis-[Ru(Cl)2(H3p)(DMSO)2], (1a). A sample of 100 mg 

(0.206 mmol) of [Ru(Cl)2(DMSO)4] and 46 mg (0.206 mmol) of H3p are 

dissolved in 30 mL of freshly distilled MeOH and refluxed for 45 min 

under a static Ar atmosphere. The volume of the reaction is decreased 

until a precipitate is formed. The yellow solid is filtered off, washed with 

Et2O and dried in vacuum. Yield = 79 mg (0.144 mmol, (70%)). Anal. 

Calcd. for C18H23Cl2N3O2RuS2·H2O: C, 38.09; H, 4.44; N, 7.40; S, 11.30. 

Found: C, 38.37; H, 4.14; N, 7.36; S, 11.32.  
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1H-NMR (d6-DMSO): δ (ppm) 8.81 (d, 3J = 5.6 Hz, 1H (H14)), 8.26 (d, 3J 

= 7.7 Hz, 1H (H11)), 8.15 (t, 3J = 7.7, 1H (H12)), 7.8 (d, 3J = 1.8 Hz, 1H 

(H8)), 7.73 (d, 3J = 7.7 Hz, 2H (H1,H5)), 7.59 (t, 3J = 7.7 Hz, 2H 

(H2,H4)), 7.54 (t, 3J = 6.4 Hz, 1H (H13)), 7.49 (t, 3J = 7.3 Hz, 1H (H3)), 

3.48 (s, 6H), 3.44 (s, 6H). 13C-NMR (d6-DMSO): δ (ppm) 153.8, 152.3, 

151.6, 144.0, 139.2, 130.2, 127.9, 125.2, 122.2, 102.1, 44.6, 43.1. ESI-

MS (MeOH): m/z 574.0 (M+Na)+. UV-Vis (CH3Cl): λmax, nm (ε, M-1cm-1) 

253 (22230), 290 (21970), 385 (3040). Echem (vs. SSCE): E1/2
III/II (S-

DMSO) = 0.94 V; ΔE = 80 mV (DCM-TBAH (0.1 M)), E1/2
III/II (O-DMSO) 

= 0.39 V; ΔE = 60 mV (DCM-TBAH (0.1 M)), E1/2
III/II (S-DMSO) = 0.28 V; 

ΔE = 60 mV (DCM-TBAH (0.1 M)/NaOtBu), E1/2
III/II (O-DMSO) = -0.27 V; 

ΔE = 80 mV (DCM-TBAH (0.1 M)/NaOtBu), E1/2
III/II (S-DMSO) = 0.41 V; 

ΔE = 60 mV (ACN-TBAH (0.1 M)/NaOtBu), E1/2
III/II (O-DMSO) = -0.16 V; 

ΔE = 80 mV (ACN-TBAH (0.1 M)/NaOtBu).  

cis(out),cis(in)-[Ru(Cl)2(H3p)(DMSO)2], (1b). The same 

procedure as for 1a is used, only now the reaction time is extended to 

18 h. Yield = 85 mg (0.155 mmol (75%)). Anal. Calcd. for 

C18H23Cl2N3O2RuS2·2H2O: C, 36.92; H, 4.65; N, 7.18; S, 10.95. Found: 

C, 36.77; H, 4.33; N, 7.03; S, 10.86. 1H-NMR (d6-DMSO): δ (ppm) 9.29 

(d, 3J = 5.7 Hz, 1H (H14)); 8.26 (t, 3J = 7.6 Hz, 1H (H11)); 8.22 (t, 3J = 

7.6 Hz, 1H (H12)); 7.81 (s, 1H (H8)); 7.71 (m, 3H (H1, H5, H13)); 7.58 (t, 
3J = 7.5 Hz, 2H (H2, H4)); 7.49 (t, 3J = 7.3 Hz, 1H (H3)); 3.51 (s, 3H); 

3.49 (s, 3H); 2.96 (s, 3H); 2.21 (s, 3H). 13C-NMR (d6-DMSO): δ (ppm) 

152.8, 152.1, 151.9, 145.3, 139.3, 130.1, 127.5, 125.4, 122.3, 103.0, 

45.5, 45.0, 44.9, 43.7. ESI-MS (MeOH): m/z 574.0 (M+Na)+. UV-Vis 

(CH3Cl): λmax, nm (ε, M-1cm-1) 277 (18920), 292 (19500), 415 (1990). 

Echem (vs. SSCE): E1/2
III/II (S-DMSO) = 1.03 V; ΔE = 60 mV (DCM-
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TBAH (0.1 M)), E1/2
III/II (S-DMSO) = 0.46 V; ΔE = 120 mV (DCM-TBAH 

(0.1 M)/NaOtBu). 

in-[Ru(Cl)3(H3p)(DMSO)], (2). This compound was isolated after 

overnight light irradiation (200 W Tungsten lamp) of solutions of either 

1a or 1b in CHCl3. Evaporation of the dissolvent, washing the solid with 

Et2O and drying it in vacuum, produced 2 in quantitative yield. Anal. 

Calcd. for C16H17Cl3N3ORuS•0,4H2O: C, 37.39; H, 3.49; N, 8.17; S, 6.24. 

Found: C, 37.59; H, 3.28; N, 7.99; S, 5.98. ESI-MS (MeOH): m/z 507.8 

(M)-; 471 (M-Cl)-; 429.8 (M-DMSO)-. UV-Vis (CH3Cl): λmax, nm (ε,           

M-1cm-1) 277 (18200), 341 (3350), 405 (5250), 462 (3500), 565 (1500). 

Echem (vs. SSCE): E1/2
III/II (S-DMSO) = 0.05 V; ΔE = 80 mV (DCM-

TBAH (0.1 M)). 

Instrumentation and Measurements. UV-Vis spectroscopy was 

performed either on a Cary 50 (Varian), or a Tidas II (J&M) UV-Vis 

spectrophotometer in 1 cm quartz cuvettes. Cyclo-voltammetric (CV) 

experiments were performed on an IJ-Cambria HI-660 potentiostat using 

a three-electrode cell. Glassy carbon disk (2 mm diameter) or gold disk 

(1 mm diameter) was used as working electrode, platinum disk (1 mm 

diameter) as auxiliary electrode, and SSCE as the reference electrode. 

Working electrodes were thoughtfully polished with 0.05 micron Alumina 

paste and washed consecutively with distilled water and acetone 

followed by blow-drying before each measurement. Unless otherwise 

stated, all cyclic voltammograms presented in this work were recorded at 

a scan rate of 50 mV/s in the absence of light. The complexes were 

dissolved in CH2Cl2 (DCM) or CH3CN (ACN) containing the necessary 

amount of (n-Bu4N)(PF6) (TBAH) as supporting electrolyte to yield a 

0.1 M ionic strength solution. All E1/2 values reported in this work were 
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estimated from cyclic voltammetric experiments as the average of the 

oxidative and reductive peak potentials (Ep,a + Ep,c)/2.  

NMR spectroscopic experiments were performed on a Bruker Avance 

400 Ultrashield NMR spectrometer. Samples were run in d6-DMSO with 

internal references (residual protons). Elemental analyses were 

performed using a CHNS-O EA-1108 elemental analyzer from Fisons. IR 

measurements were recorded on a Bruker Alpha FTIR spectrometer 

with ATR accessory. ESI-mass spectra were recorded on a Waters LCT 

Premier Micromass spectrometer. Kinetic data treatment was performed 

using Specfit/32 from Spectrum Software Ass.24  

X-ray Structure Determination. Suitable crystals of trans,cis-

[Ru(Cl)2(H3p)(DMSO)2] (1a) were grown from slow diffusion of Et2O into 

CH2Cl2 as small orange prismatic cubes. Crystals of in-

[Ru(Cl)3(H3p)(DMSO)] (2) were obtained from slow diffusion of EtOAc 

into a solution of 1b in CHCl3 left upon light irradiation as prismatic 

cubes. Both single crystals were of moderate quality, as only 94% (1a) 

and 93% (2) of the reflections could be measured.  

All structures were solved by Direct methods, using SHELXS-97 

computer program25 and refined by full-matrix least-squares method with 

SHELXL-97 computer program26. 

Data Collection. trans,cis-[Ru(Cl)2(H3p)(DMSO)2], (1a).  The 

measurement in the range 3.41-31.87° was made on a MAR345 

diffractometer equipped with a molybdenum tube and a graphite 

monochromator at 293 K. A total of 12480 reflections were collected of 

which 6526 are unique (R(int) =  0.0482).  
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Data Collection. in-[Ru(Cl)3(H3p)(DMSO)], (2). The 

measurement in the range 3.41-31.87° was made on a MAR345 

diffractometer equipped with a molybdenum tube and a graphite 

monochromator at 293 K. A total of 20771 reflections were collected of 

which 9909 are unique (R(int) =  0.0635).  

 
Results and Discussion. 

Synthesis, Structure and Stereoisomerism. The equimolar 

reaction of H3p with cis-[Ru(Cl)2(DMSO)4] in refluxing methanol in the 

absence of light results after 45 min in the formation of one out of six 

possible isomers (including two pairs of enantiomers).  

 

 

Scheme 1  Possible stereo-isomers for [Ru(Cl)2(H3p)(DMSO)2].  
	  
This trans,cis-[Ru(Cl)2(H3p)(DMSO)2] complex (1a) is isolated in 70% 

yield. Prolonging the reaction time to 18 h, a second isomer, the 

cis(out),cis(in)-[Ru(Cl)2(H3p)(DMSO)2] complex (1b), can be isolated as 

main product in 75% yield. The prefix (out)- relates to the position of the 

coordinated chloro ligand, which lies in the plane spanned by the 

coordinated bidentate ligand H3p, pointing towards the outside of the 

centre point of the H3p ligand. For the in the same plane lying DMSO 

ligand the prefix (in)- is used, as it points towards the inside of the centre 

point of the H3p ligand. 
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Scheme 2  Synthetic strategies for the preparation of complexes 1a, 1b 
and 2. 
 
 
The yield could be increased to almost unity by chromatographically 

treating the filtrate, as it contains mainly the desired complex, which 

could be demonstrated by NMR experiments (Fig. S5, see Supporting 

Information). This result suggests the succeeding formation of first 

complex 1a as the kinetically favoured product, followed by the 

isomerisation into the thermodynamic favoured complex 1b. The attempt 

to follow the isomerisation process in d6-DMSO by 1H-NMR 

spectroscopy failed, as even after 4 h at 45°C, no sign of 1b could be 

observed. This behaviour hints towards the possibility that isomerisation 

initiates through decoordination of DMSO ligand, followed by a 

rearrangement and finally recoordination of the DMSO ligand. In neat 

DMSO the first step would be thermodynamically hindered and therefore 
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no isomerisation of 1a in d6-DMSO occurs. In contrast, almost complete 

transformation was obtained in the same solvent after 7 h using a 200 W 

Tungsten lamp, keeping the temperature constant at 28°C (Fig. S6, see 

Supporting Information).  

Irradiating a sample of complex 1a or 1b in freshly distilled CHCl3, a 

colour change from bright yellow to deep red can be observed. This 

spectral change (Fig. S1, S2, S3, S4 see Supporting Information) is due 

to a reaction, where one DMSO ligand is substituted by a chloro-ligand 

accompanied by change in oxidation of the Ru(II)-metal centre to 

Ru(III). This results in the formation of complex 2, in-

[Ru(Cl)3(H3p)(DMSO)]. The prefix in- of complex 2 refers to the position 

of the remaining coordinating DMSO ligand, which points towards the 

inside of the H3p ligand . 

This photo induced oxidation/substitution reaction is likely to occur 

through the following pathways.27  

C-Cl bond homolysis of CHCl3 is caused by UV-light absorption, which 

leads to the formation of �Cl and �CHCl2 radicals. Either of these 

radicals can induce the formation of peroxy radicals in the presence of 

oxygen by the following route. 

 
•Cl + CHCl3 

€ 

→ HCl + •CCl3     (1) 

•CHCl2 + CHCl3 

€ 

→ CH2Cl2 + •CCl3           (2) 

•CCl3 + O2 

€ 

→ CCl3OO•             (3) 

CCl3COO• + CHCl3 

€ 

→ CCl3OOH + •CCl3    (4) 
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As CCl3OO• and CCl3OOH are good oxidation reagents27, the formation 

of complex 2 could occur in two different ways. 

Through a direct pathway (DM):  
 
[RuII(Cl)2(H3p)(DMSO)2] + •Cl 

€ 

→ [RuIII(Cl)3(H3p)(DMSO)]    

    + DMSO       (5) 
 

or two-step pathway (2SM): 
 
RuII(Cl)2(H3p)(DMSO)2 + CCl3OO• 

€ 

→ 

  [RuIII(Cl)2(H3p)(DMSO)2]+ + CCl3COO-  (oxidation step) 

(6) 
 
[RuIII(Cl)2(H3p)(DMSO)2]+ + HCl + CCl3COO 

€ 

→ 

  [RuIII(Cl)3(H3p)(DMSO)] + CCl3COOH + DMSO  

(substitution step)  (7) 

 
In both cases, the outer DMSO ligand for complex 1a or the axial one for 

complex 1b is substituted selectively. This is due to stabilizing hydrogen 

bonding of the oxygen atom (O1) of the inner DMSO ligand with the 

pyrazolic hydrogen (H2N) (see Fig. 1). 

Crystallographic data for complex 1a, 2 are presented in Table 1 
respectively.  
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Table 1 Crystallographic Data for complexes trans,cis-
[Ru(Cl)2(H3p)(DMSO)2], 1a, and in-[Ru(Cl)3(H3p)(DMSO)], 2. 

Complex 1a 2 

empirical formula     C20H28Cl2N4O3RuS2 C16H17Cl3N3ORuS 

FW 608.55 506.81 

cryst. system, space group     Triclinic, P  Monoclinic, P21 

a, Å 10.697(5) 7.969(4) 

b, Å 11.077(4) 11.107(5) 

c, Å 11.761(3) 23.004(6) 

α, deg 74.41(3) 90 

β, deg 72.69(2) 93.30(3) 

γ deg 80.15(3) 90 

V, Å3 1275.2(8) 2032.7(15) 

formula units/cell 2 4 

T, K 293(2) 293(2) 

λ (Mo Kα), Å 0.71073 0.71073 

ρcalc, g/cm3 1.585 1.656 

µ, mm-1 1.017 1.277 

R1 0.0546 0.0622 

wR2 0.1355 0.1188 
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Ortep plots of their molecular structures are depicted in Fig. 1. Metal-

ligand bond distances are of similarity to complexes previously 

reported.28-30 Of most interest are the distances of coordinated DMSO 

ligand(s) in 1a and 2. In complex 1a are two DMSO ligands present, 

which differ as well in their Ru-S distance (Ru-S(1) = 2.2625 (13) Å; Ru-

S(2) = 2.2814(14) Å) as in the S-O bond distance (d(S(1)-O(1)) = 

1.491(4) Å; d(S(2)-O(2)) = 1.477(4) Å). The coordinated DMSO(2)-ligand 

presents a shorter S-O bond than in free DMSO (1.492(1) Å)31, which is 

attributed to a higher degree of S-O double bond character. In complex 

2 the Ru-S distance is measured to d(Ru(1)-S(11)) = 2.266(3) Å and the 

S-O bond distance is given to d(S(11)-O(11)) = 1.493(8) Å. 

Summarizing, this suggests that the DMSO(2) ligand in 1a acts primary 

as sigma donor ligand. The contracted Ru-S- and prolonged S-O-bond 

length of the DMSO(1) ligand in 1a and of the DMSO ligand in 2 could 

arise from either π-back bonding from the Ru-metal centre or from the 

hydrogen bonding interaction with H2N. 
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Fig. 1  Ortep plot of the molecular structures (ellipsoids at 50% 
probability) of trans,cis-[Ru(Cl)2(H3p)(DMSO)2], (1a) (left) and in-
[Ru(Cl)3(H3p)(DMSO)], (2) (right). Hydrogen atoms are calculated and 
are represented as spheres with fixed size. Color code: Ru, cyan; S, 
yellow; Cl, green; O, red; N, blue; C, gray; H, white. 
 
 
In the pseudo-octahedral coordination of the Ru-metal centre of complex 

1a, the chloro ligands are in trans position and present an angle (Cl(1)-

Ru-Cl(2)) of 175.9°, which is only slightly minor to ideal octahedral 

coordination. This is regarded as occupying the axial positions of the 

coordination sphere. A more drastic difference from ideal coordination is 

represented by the acute angle of 75.6° of N(3)-Ru-N(1), aroused by the 

chelating coordination behaviour of the H3p ligand. Consequently all 

other equatorial cis angles are larger than 90° (N(1)-Ru-S(1) (93.2°), 

S(1)-Ru-S(2) (91.2), S(2)-Ru-N(3) (100.3)). The strong interaction of 

H2N with the oxygen atom of the inner DMSO(1) ligand (N(2)-O(1) = 

2.679 Å, O(1)-H(2)N = 2.001 Å) produces that the angle of N(2)-Ru-S(1) 

of 93.2°, which is still close to the ideal 90°. This stabilizing hydrogen 

bond interaction induces that the methyl groups arrange in a way that 

they point above and below of the equatorial plane described by N(1)-

N(2)-S(2)-S(1). This again has direct effect on the conformation of the 

second DMSO(2) ligand, pointing with its O(2) atom towards the spatial 

H2N H2N 
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centre of the two methyl groups of DMSO(1), resulting in the same 

arrangement of its two methyl groups as in DMSO(1). This ligand 

arrangement induces a σh-symmetry in the molecule, spanned through 

N(1)-N(2)-S(1)-S(2).  

The chelating coordination behaviour of the H3p ligand provokes that 

the torsion angle between the pyridyl- and the pyrazole-ring is only 4.4°, 

whereas the torsion angle between the pyrazole- and the phenyl-ring is 

15.6°, very likely through steric repulsion of the hydrogen atoms.  

All main structural features (chelating effect on coordination angles, 

intramolecular hydrogen bonding) of complex 1a, are also found in the 

solid state structure of complex 2. For this molecule, the strong 

hydrogen-bond feature between the inner DMSO ligand and the 

pyrazolic H2N-hydrogen, provokes an rather unusual behaviour of ligand 

coordination in Ru(III)-sulphoxo complexes. While normally the sulphoxo 

ligand-motif switches from sulphur to oxygen atom coordination (linkage-

bonding isomerisation) changing from lower (Ru(II)) to higher (Ru((III)) 

oxidation state,32, 33 in complex 2 the DMSO ligand is coordinated 

through its sulphur atom. This characteristic has been reported before, 

where all complexes have in common that the Ru(III)-metal centre is 

coordinated by three chloro ligands.3, 34, 35 Therefore, we propose that in 

addition, the strong σ-donating property of the chloro ligands could 

weaken the lewis acid character of the Ru(III)-metal centre and hence 

the DMSO ligand prefers coordination through the softer S-donor atom.  
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Spectroscopic and Photochemical Properties. Complete 

mono- and bi-dimensional NMR spectra are presented in the Supporting 

Information (Fig. S7-S19). Fig. 2 shows the 1H-NMR in d6-DMSO of 1a 

and 1b with the corresponding assignations.  

Both isolated isomers with their corresponding ligand arrangement could 

be identified unambiguously through 1H-NMR techniques. The trans,cis-

[Ru(Cl)2(H3p)(DMSO)2] complex (1a) contains a σh-symmetry plane 

which provokes that the two methyl-groups of either DMSO ligands are 

magnetically identical and are represented in the 1H-NMR as two singlet 

peaks at 3.45 and 3.48 ppm, integrating each to six protons. Looking at 

the NOESY-NMR spectrum, one can make the differentiation of these 

two peaks, as the Hα of the pyridyl ring (H14) presents a strong NOE 

interaction with both methyl groups of the outer DMSO ligand (3.45 

ppm). These two facts lead to the conclusion that both DMSO ligand 

occupy equatorial coordination positions, leaving the chloro ligands in 

the axial positions. In complex 1b the before mentioned symmetry is 

broken and the two singlets for the methyl-groups, split up into four, 

integrating each to 3H. This implies that one DMSO must occupy an 

equatorial and the other an axial coordination position. One can easily 

identify the position of the coordinating chloro ligands looking at the 1H-

NMR spectrum. In 1a the Hα presents a chemical shift of 8.81, in isomer 

1b this signal is shifted significantly towards lower field to 9.29 ppm. This 

is attributed to the de-shielding effect of the free electron pair of a chloro 

ligand, which therefore must be in the equatorial out-position. Having 

assigned the positions of the two chloro ligands, one must only assign 

the four singlets to each DMSO ligand.  
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Fig. 2  1H-NMR (aromatic region) spectra and assignment for complex 
1a (top) and 1b, (bottom) registered in d6-DMSO. 
	  
	  
The equatorial DMSO ligand presents two singlets at 2.21 and 2.95 

ppm, showing strong coupling in COSY-NMR experiment. The 

geometrical orientation of this DMSO ligand is fixed by the strong 

interaction with the pyrazolic hydrogen. For that reason one methyl 

group is affected by the de-shielding effect of the free electron pair of the 

axial chloro ligand, presenting a higher chemical shift at 2.95 ppm. The 

two singlets at 3.49 and 3.51 ppm are assigned as the methyl groups of 

the axial coordinating DMSO ligand, presenting its signals at lower field 

due to the anisotropic effect of the aromatic ring current of the H3p 

ligand.  
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UV-Vis spectra of 1a, 1b and 2 in CHCl3 are presented in Fig. 3. The 

absorption spectra of 1a, 1b are relatively alike. Absorption bands of 

λ>330 nm can be assigned to dπ

€ 

→ π* (MLCT) transitions regarding 

their similarity to their transition energy and extinction coefficients with 

related complexes.28, 30 A totally different pattern of absorption transitions 

is observed in complex 2.  

This difference is related to additional Cl pπ 

€ 

→ Ru dπ* LMCT transitions 

in the visible region.34 Major spectral features of 1a, 1b and 2 are 

summarized in Table S1 (see Supporting Information). 

 

 
Fig. 3  UV-Vis spectra of 1a (solid), 1b (dashed) and 2 (dotted) in CHCl3. 
Inset shows change in absorption during photochemical transformation 
of 1a into 2 in CH3Cl. 
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Identification of the molecular structure of complex 2 through single 

crystal X-ray diffraction experiments revealed that only one DMSO 

ligand is substituted, which is either the outer DMSO ligand in 1a or the 

axial DMSO ligand in 1b. In both cases the inner DMSO ligand is 

stabilized through hydrogen bond interaction with the pyrazolic hydrogen 

(H2N).   

Additional Information on the binding mode in solid state of the 

coordinated DMSO ligand(s) of 1a, 1b and 2 can be obtained from IR-

spectroscopy. All three complexes show strong characteristic absorption 

bands in the range between 1100-1000 cm-1 (1a:   1061 cm-1, 1009 cm-1; 

1b: 1083 cm-1, 1010 cm-1; 2: 1084 cm-1, 1047 cm-1) (Fig. S21-S23 see 

Supporting Information). These vibrations can be attributed to the 

ν(S=O) vibrations of S-bonded sulphoxide.36-39 For comparison, 

[Ru(Cl)2(DMSO)4] features ν(S=O) at 1120 cm-1 and 1090 cm-1 for three 

S-bonded DMSO ligands and ν(S=O) at 915 cm-1 for a single O-bonded 

DMSO ligand. The typical range for O-bonded DMSO is                      

≈950-850 cm-1.31, 36 
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Redoxchemistry and Linkage Isomerisation. The redox 

properties of the here presented complexes were investigated by cyclic 

voltammetric experiments, which are presented in Fig. 4 and Fig. S24-
S31 (see Supporting Information). 

 

  
Fig. 4  CV of complex 1a in DCM-TBAH (0.1 M) vs. SSCE starting from 
0 V (left, inset shows CV at ν = 50 mV/s) and from 1.4 V (right, applying 
E = 1.4 V for 3 min, before scan). Arrow indicates initial scan direction; 
colour code indicate scan rate in mV/s. 
 
 
Complex 1a presents a quasi-reversible wave for the E1/2 of the redox 

couple Ru(III/II) at 0.94 V vs. SSCE (Ep,a = 0.98 V, Ep,c = 0.90 V, ΔE = 

80 mV). If the measurement is carried out in a presents of a base, the 

potential shifts to lower potential by 660 mV to a value of 0.28 V (Ep,a = 

0.31 V, Ep,c = 0.25 V, ΔE = 60 mV). This is in agreement with the 

following reaction occurring.  

 
trans,cis-[Ru(Cl)2(H3p)(DMSO)2] (1a) + tBuO- à 

trans,cis-[Ru(Cl)2(3p)(DMSO)2]- ([1a-H+]-) + tBuOH    (8) 
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The same behaviour is observed with complex 1b. In its protonated state 

the redox potential for the E1/2 of the redox couple Ru(III/II), lies at 1.03 

V (Ep,a = 1.06 V, Ep,c = 1.00 V, ΔE = 60 mV), upon deprotonation, it shifts 

by 570 mV to 0.46 V (Ep,a = 0.52 V, Ep,c = 0.40 V, ΔE = 120 mV). 

The substitution of one DMSO ligand through a chloro ligand in complex 

2, shifts the potential by around 1 V to 0.05 V (Ep,a = 0.1 V, Ep,c = 0 V, 

ΔE = 100 mV), which is due to the much higher electron-donating 

property of the formally negatively charged chloro ligand compared to 

the DMSO ligand. 

The cyclic voltammograms shown in Fig. 4, S24-S28 of complexes 1a, 

[1a-H+]- and 1b suggest the existence of a linkage isomerisation 

process. With anodic scanning starting at 0 V for 1a, a single peak (ia1) is 

observed at E = 0.98 V. In the reverse segment the corresponding ic1 

peak (Ep,c = 0.90 V) becomes less intense and a new peak (ic2) at Ep,c = 

0.25 V grows in. This effect gets more distinct with cathodic scanning, 

starting at 1.4 V, applying this potential for 3 min prior scan to achieve 

equilibrium. The distinctive change of potential can be associated to the 

change of coordination mode of a DMSO ligand from S- to O-bounded, 

analogous to those previously reported by Toma and co-workers40. In 

accordance with the previously said, the ratios of [ic1]/[ia1] and [ic2]/[ia2] 

strongly depend on the scan rate. The occurring equilibrium can be 

described as the following: 

€ 

RuIII −O
kS→O
III

kO→S
III

RuIII − S KO→S
III

    (9)
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The equilibrium constant for the RuIII-O/RuIII-S reaction can be 

approximated from cyclic voltammograms starting at either 1.4 V, for 1a 

or 0.6 V for the corresponding complex in its deprotonated state [1a-H+]-. 

Plotting the ratio [ic1]/[ic2] vs. ν-1 and extrapolating ν

€ 

→∞, results in 

KIIIOàS = 0.27 (1a) and KIIIOàS = 0.74 ([1a-H+]-) (see Fig. S32-S33). The 

kinetic isomerization constants were calculated from the working curves 

proposes by Shain and co-workers41 for a reversible chemical reaction 

preceding an electron transfer (case III; for more details on calculation, 

see Formula section in the Supporting Information). The ratios ik/id (ik 

beeing the measured peak current (ic1); id beeing the corresponding 

diffusion current in the absence of a chemical reaction (ia1)) were 

calculated by measuring ik, starting at 1.4 V (3 min QT) in case of 1a and 

0.6 V (3 min QT) for [1a-H+]- and id starting from 0 V (Fig. S34-S35, see 

Supporting Information). By means of the equilibrium constant KIIIOàS 

and assuming that E° = E1/2, the thermodynamic cycle shown in 

Scheme 3 is build and allows one to calculate KIIOàS. 

The kinetic isomerization constants in the Ru(II) oxidation state can be 

calculated from the dependency of ln(ia1/ν1/2) vs. time40 (see Fig. S36-

S37) and the equation 

! 

KO" S
II =

kO" S
II

kS"O
II .  
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Scheme 3  Thermodynamic cycle for the isomerisation process 
occurring during electrochemical oxidation of complex 1a, its 
deprotonated analog (1a-H+)- and 1b. 
 
 
The same methodology was used to calculate the equilibrium- and rate 

constants for complex 1b (see Fig. S38-S40). Results are summarized 

in Table 2.  

Table 2  Thermodynamic and kinetic parameters for the linkage 
isomerisation for 1a, [1a-H+]- and 1b together with related Ru-DMSO 
complexes. 

compound 
K III (OàS) 

 
k IIIOàS 

(s -1) 
k IIISàO 

(s -1) 
K II(OàS) 

 
k IIOàS 

(s -1) 
k IISàO 

(s -1) 

E1 / 2   

(S) 
(V) 

E1 /  2   

(O) 
(V) 

1a 2.7E-1 5.7E-2 2.2E-1 5.3E+8 8.7E-2 1.6E-10 0.94a 0.39a 

(1a-H+)- 7.4E-1 5.9E-1 8.0E-1 1.5E+9 2.7E-2 1.8E-11 0.41b -0.16b 

1b 1.7 2.8E-1 1.7E-1 5.2E+11 4.9E-1 9.3E-14 1.03a 0.46a 

trans,cis- 
[Ru(Cl)2(bpp)(DMSO)2]- 

[28] 
2.6E-1 1.7E-2 6.5E-2 6.5E+9 1.3E-1 2.1E-11 0.38b -0.20b 

out- 
[Ru(L2)(L3)(DMSO)]+ [29] 

1.3E-1 7.7E-2 6.0E-1 5.5E+8 2.5E-1 4.6E-10 0.98a 0.41a 

[Ru(L1)(DMSO)]2+ [29] 1.7E-3 1.1E-2 6.5 7.4E+7 3.6E-2 5.0E-10 1.24a 0.68a 
a E1/2 measured in DCM-TBAH (0.1M), b E1/2 measured in ACN-TBAH (0.1 M).  
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In the Ru(II)-redox state, complex 1a and its deprotonated analog [1a-
H+]-, the DMSO ligand is dominantly bound to the metal center through 

the S-atom (KIIOàS = 5.3•108 and 1.5•109 respectively). In oxidation state 

Ru(III),	  the DMSO ligand switches coordination linkage from S- to the O-

atom (KIIIOàS = 2.7•10-1 and 7.4•10-1 respectively). In both redox states 

deprotonation promotes DMSO bonding through the S-atom. Comparing 

the potential shift observed here with those priories reported, we suggest 

that only one DMSO ligand isomerizes. The second DMSO ligand, most 

likely the inner one, stays in its original coordination mode. Complex 1b 

presents rather different linkage isomerisation behaviour. Linkage 

isomerisation is still observed upon oxidation, but the dominant specie at 

equilibrium is still the S-bounded DMSO complex. This can be nicely 

seen in Fig. S28, as after reaching equilibrium, the anodic scan shows 

ia1>ia2. This equilibrium is even further shifted towards S-bounded DMSO 

upon deprotonation. No linkage isomerisation at all is observed for [1b-
H+]-. This significant alteration to its isomeric analogue is most likely due 

to a trans effect, as steric hindrances should be of comparable 

magnitude for both isomers.  

Complex 2 shows no isomerisation process during CV measurements 

(Fig. S31). The high electron density on the metal center resulting from 

the three anionic chloro-ligands, plus the stabilizing effect of the before 

described hydrogen bond formation to H2N explain this behaviour. This 

result goes well with the findings for complex 1a, 1b and enables one to 

identify which DMSO ligand is performing the linkage isomerisation. 
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Summary / Conclusions. The synthesis of two new isomeric 

Ru(II)-complexes containing the non-symmetric chelating ligand H3p are 

described. Two isomers, having the general formula 

[Ru(Cl)2(H3p)(DMSO)2], are thoroughly characterized through various 

techniques. For complex 1a, its deprotonated form (1a-H+)- and complex 

1b, the bonding isomerisation of one of the coordinating DMSO ligand is 

investigated via cyclo voltametric experiments. The differences in the 

behaviour towards this process compared with previously reported 

complexes are highlighted. It could be shown that there exist a strong 

dependency of equilibrium constants and isomerisation kinetics towards 

different ligand arrangement and electronic factors. Additionally the light 

induced substitution/oxidation reaction in CHCl3 of both isomers towards 

complex 2 was studied. In complex 2 no redox-coupled isomerisation 

process was observed. In its oxidation state Ru(III), the DMSO ligand 

exclusively coordinates through its sulphur atom, owing this to the 

metal’s weakened Lewis-acid character, and an intra-molecular 

hydrogen bond.   
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Two RuIV=O catalysts with either a pentadentate bispidine ligand L1 or a bidentate
pyrazolate L2/terpy L3 combination of ligands have very different efficiencies as oxygen transfer
catalysts for the selective oxidation of sulfides to sulfoxides: the [RuII(L1)(solvent)]2+/iodosyl benzene
system has an initial TOF of approx. 40 h-1 and quantitative yield, with [RuII(L2)(L3)(solvent)]+ the
initial TOF is approx. 12 h-1 with a maximum yield of approx. 60%. By experiment (cyclovoltametry) it
is shown that there is S- to O-linkage isomerization of the RuII sulfoxide product complex, and this may
partially switch off the catalytic cycle for the L2/L3-based catalyst. It emerges that the reasons for the
reduced efficiency in the case of the L2/L3, in comparison with the L1-based catalyst, are a more
efficient linkage isomerization, a more stable S-bonded, in comparison with the O-bonded, RuII-based
isomer, and inefficient ligand exchange in the product (hydrolysis produces the free sulfoxide and the
RuII precatalyst). These interpretations are qualitatively in good agreement with preliminary
DFT-based data.

Introduction

Due to the versatility of sulfoxides, the efficient and selective
oxidation of sulfides is of importance in preparative organic
chemistry, specifically in the area of asymmetric synthesis and
enantioselective catalysis.1-5 Ruthenium- and iron-based catalysts
with pentadentate ligand systems have been found to be partic-
ularly efficient. We have used high-valent iron complexes with
a variety of bispidine ligands in oxidation catalysis,6,7 and more
recently have also studied the corresponding ruthenium chemistry8

to compare the relative reactivities and selectivities, specifically
because with ruthenium there are no ambiguities with respect to
the spin states.9 Bispidines (see Chart 1 for ligand structures) are
very rigid and widely variable ligand systems10,11 and, specifically
in the area of non-heme iron oxidation catalysis, have yielded a
wealth of unique results.12-14

Here, we report the preparation and characterization of
two RuIV=O-based catalysts (see Fig. 1 for the structures of
[Ru(L1)(dmso-S)]2+ (computed structure, see below; the X-ray
structures of the corresponding Cl- and OH2 complexes have been
reported8) and [Ru(L2)(L3)(dmso-S)]+ (X-ray crystal structure);
for L1, L2, L3, see Chart 1, dmso = dimethylsulfoxide), which
both selectively oxidize thioanisol to the corresponding sulfoxide
but with very different efficiencies. Mechanistic studies reported
here indicate that the strikingly different efficiencies are due to a

aInstitute of Chemical Research of Catalonia (ICIQ), Av. Paı̈sos Catalans
16, E-43007 Tarragona, Spain
bUniversität Heidelberg, Anorganisch-Chemisches Institut, INF 270, D-
69120 Heidelberg, Germany. E-mail: peter.comba@aci.uni-heidelberg.de;
Fax: +49-6221-546617
† Electronic supplementary information (ESI) available: The electrochem-
ical analysis of [Ru(L2)(L3)(OH2)]2+, the DFT-based computational study
and crystal data. CCDC reference number 755687. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b924614b

Chart 1 Structures of the three ligands used.

Fig. 1 Plots of the molecular structures of [Ru(L2)(L3)(dmso-S)]+ (X-ray
single crystal structure; ellipsoids are drawn at the 25% probability level)
and [Ru(L1)(dmso-S)]2+ (calculated; the corresponding structure of the
aqua complex has been reported8).

gated mechanism, involving for the less efficient catalyst an O to S
linkage isomerization, which stabilizes the RuII-sulfoxide product
and therefore prevents fast ligand exchange to allow reoxidation
of RuII to the catalytically active high-valent species: if the

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 3315–3320 | 3315
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Table 1 Selected bond distances (Å) and angles (!) for [Ru(L1)(dmso)]2+ a

and [Ru(L2)(L3)(dmso)]+. Structural data of [Ru(L1)(OH2)]2+ 8 appear for
comparison

[Ru(L2)(L3)-
(dmso)]+ [Ru(L1)(dmso)]2+ [Ru(L1)(OH2)]2+

M–N3 1.967 (4) 2.104 2.069 (2)
M–N7 2.070 (4) 2.190 2.119 (2)
M–Npy1 2.086 (5) 2.040 2.053 (3)
M–Npy2 2.077 (5) 2.049 2.040 (3)
M–Npy3 2.128 (5) 2.086 2.040 (3)
M–X
(X = dmso, OH2)

2.265 (2) 2.267 2.134 (2)

Npy1–M–Npy2 159.5 (2) 163.8 163.5 (1)
N3–M–Npy3 170.7 (2) 164.1 172.2 (1)
N7–M–X 173.7 (1) 170.2 175.1 (1)
N3 ! ! ! N7 2.953 (6) 2.92 2.91 (1)

a Calculated structure; geometry optimization was done using SVWN/
LACVP** as implemented in the Jaguar 6.5 package.

RuII-sulfoxide product isomerizes to an inert S-bonded form,
it switches off the efficient catalytic pathway. The linkage iso-
merization is analyzed in detail and strategies to prevent the
partial inhibition and thus increase the efficiency are discussed.
Preliminary data of a qualitative DFT calculation support this
interpretation.

Results and discussion

The RuII complexes were obtained in good yield from equimolar
amounts of [Ru(Cl)2(dmso)4] and the ligands, refluxed for 18 h
under Ar in pure MeOH.15 The structural properties of the
two complexes are rather similar to each other (see Fig. 1
and Table 1; note that the geometric parameters of the com-
puted structure of the [Ru(L1)(dmso-S)]2+ complex are in good
agreement with the earlier reported experimental data of the
corresponding aqua complex8). The only possibly significant
difference is that the site of the coordinated sulfoxide (dmso in
the reported structures and in the electrochemical experiments,
thioanisoloxide in the catalytic experiments and DFT calculations)
is open in the [Ru(L2)(L3)(substrate)]+-based system, while in the
[Ru(L1)(substrate)]2+ system the N3-appended methyl substituent
may lead to some steric congestion (see Fig. 1).

The catalytic cycle studied here (see Scheme 1) involves the
usually observed oxygen transfer from the high-valent metal–
oxygen fragment, RuIV=O in the present case, to the sulfur atom,

Scheme 1 Catalytic cycle for the RuII-catalyzed oxidation of sulfides to
sulfoxides, involving the linkage isomerization gate RuII-O ! RuII-S.

yielding a RuII-sulfoxide-O complex, which may isomerize to the
corresponding RuII-sulfoxide-S intermediate;1 by ligand exchange,
both linkage isomers then produce the metal-free sulfoxide
product and the RuII-OH2 precursor complex, which, in our
experiments, is reoxidized by iodosyl benzene to the active RuIV=O
form. RuIV=O has been proposed before to be the active oxidant
in catalytic oxidation reactions and, for other similar ligand
systems, high-valent ruthenium complexes have been trapped and
characterized, e.g. by ESI mass spectrometry.9 Moreover, iodosyl
benzene is an oxygen atom transfer agent, leading to a two
electron oxidation and, in the absence of a Ru-based catalyst
under otherwise identical conditions, we have shown that it is not
able to oxidize sulfide substrates. The pH dependence of the one-
electron potentials (Pourbaix plots) of RuII complexes has been
used to show the formation of RuIII and RuIV intermediates,16,17

and the corresponding electrochemistry of [Ru(L1)(OH2)]2+ has
been described in detail and unambiguously demonstrates the
formation of RuIV=O.8 Similar differential pulse voltammetric
measurements of the second catalyst, [Ru(L2)(L3)(OH2)]2+, at two
different pH values (DPV; see ESI, Fig. S1†) show two signals for
the RuIII/II and RuIV/III redox-couples. These potentials are proton
coupled one electron processes, as shown by a shift of the potential
according to the Nernst equation, i.e. approx. 59 mV per pH unit,
and therefore involve RuII-OH2, RuIII-OH and RuIV=O. A similar
behavior was observed for [Ru(L1)(OH2)]2+.8

Ligand exchange (solvation, formation of the aqua complex
in the reaction studied here) of the two isomeric RuII-sulfoxide
complexes (S- and O-bonded) is believed to follow a mechanism
with a dissociative activation mode (Id),18,19 and the linkage isomer
with the softer S-bonded donor is expected to be considerably more
stable and, therefore, to significantly decrease the exchange rate
and partially inhibit catalysis. In fact, in [(bpy)(terpy)RuII(dmso-
S)]2+ (bpy = 2,2¢-bipyridine; terpy = L3), the substitution of dmso
with water has the exceedingly slow rate of kaq = (1.46 ± 0.04)
10-5 s-1 at 50 !C.20 The inertness of the two linkage isomers
of the two catalysts and the corresponding exchange rates were
probed experimentally by scan-rate-dependent CV of the RuIII/II

dmso complexes (catalysis product analogs; see Fig. 2). For the
[Ru(L1)(dmso)]2+-based system there is a much larger amount of
O- than S-bonded isomer on the returning scan, when scans were
at 100 mV s-1. In sharp contrast, for the [Ru(L2)(L3)(dmso)]+-based
system, the amount of S-bonded isomer is much larger than the
O-bonded form. The quantitative analysis of the CV’s, based on
a square scheme involving the linkage isomer equilibria of the
oxidized and reduced forms and the two electron transfer steps15

also shown in Fig. 2, indicates that, in the catalytically relevant RuII

oxidation state (see Scheme 1), the L1-based bispidine complex
remains primarily O-bonded, while the L2,L3-based complex
isomerizes to the more inert sulfur-bonded form (see Table 2),
and this may partially block catalysis.

Indeed, the differing stability and reactivity of the O-bonded
linkage isomer of the two RuII complexes leads to a remark-
able difference in the catalytic efficiency (see Fig. 3). While
[Ru(L1)(solvent)]2+, with a largely isomerization-inert RuII-dmso-
O complex, is one of the most efficient Ru-based sulfoxidation
pre-catalysts, [Ru(L2)(L3)(solvent)]+ leads to a slower and less
efficient catalytic transformation, and this is assumed to be
due to the relatively fast isomerization to the substitution-inert
S-bonded isomer. Both catalysts selectively yield the sulfoxide

3316 | Dalton Trans., 2010, 39, 3315–3320 This journal is © The Royal Society of Chemistry 2010
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Additional Information. Catalysis experiments were performed 

and analyzed by Sebastian Wiesner, a doctoral student in the group of 

Prof. P. Comba at the Heidelberg University, Heidelberg, Germany. 

DFT-calculations were carried out by P. Vadivelu of the same group. 

Supporting Information is provided as a PDF-file in an, at the end of this 

thesis, enclosed CD. 
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Additional Information. Photochemical induced oxidation 

experiments were performed and analyzed by Dr. P. Farras, a 

Postdoctoral fellow of the group of Prof. A. Llobet at the Institute of 

Chemical Research of Catalonia (ICIQ), Tarragona, Spain. 

Mechanistical studies, including the determination of rate konstants were 

performed by myself with support from Dr. F. Bozoglian, head of the 

research support unit „Spectroscopy and Reaction Kinetics“ of the same 

institute. Supporting Information is provided as a PDF-file in an, at the 

end of this thesis, enclosed CD. 
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Fine-tuning of Electronic Communication in a Family of 
Dinuclear Ru-Complexes, Structurally Based on a WOC 
Model Complex. 
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Abstract. A family of dinuclear Ru(II)-complexes are synthesized and 

thoroughly characterized employing structural (single crystal X-Ray), 

spectroscopic (UV-Vis, NMR and EPR), electrochemical (cyclic 

voltammetry) and spectro-electrochemical (chronoamperometry, UV-Vis-

NIR) analyses. NMR analysis is used to study dynamic behavior and 

corresponding activation energy of the interconversion of enantiomeric 

isomers. Spectro-electrochemical measurements are performed to 

generate a mixed-valence dinuclear Ru(II)Ru(III)-compound and 

determine the electronic coupling strength by looking at the IVCT-

transition band. The resulting value of Hab allowed us to integrate our 

complexes as Class II compounds in the Robin-Day classification. EPR 

analysis confirms effective coupling at highest accessible redox state 

Ru(III)Ru(III), presenting overall diamagnetic characteristics. Theoretical 

modeling at density functional level reveals a complex distribution of 

HOMO and LUMO over the entire dinuclear system, which is appropriate 

for good electronic communication between the two metal centers. 

Electrochemical measurements show the existence of three reversible 

oxidation states, generated by sequential one electron oxidation of an 

initial Ru2
II,II to a final Ru2

III,III redox state. Results from the calculation of 

the comproportionation constant Kc from these data, reproduce the trend 

obtained from spectro-electrochemical experiments. 
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Introduction. Bimetallic compounds present interesting 

characteristics. Depending on the nature of the bridging ligand they 

demonstrate metal-metal interactions, which are also referred to as a 

corporative effect. The use of bridging ligands to mediate interaction 

over larger distances relies on effective overlap of ligand orbitals (e.g. π 

or π* orbitals of the aromatic bridging heterocycle with those of the metal 

centers).1 Such overlap requires both spatial and energetic matching of 

molecular orbitals. Through this interaction, the physical and chemical 

properties of the metal centers can vary substantially.2-5 As a result of 

this, these complexes display enhanced or unique reactivity in 

stoichiometric or catalytic reactions.6-8 Llobet et al. presented in 2004 a 

dinuclear Ru-compound bridged by a fully conjugated planar pyridyl-

substituted pyrazole ligand.6 The so provoked rigid planar arrangement 

of the two metal centers led to an enhanced performance towards water 

oxidation catalysis. This was compared to the only other molecular 

catalyst existing at that time, the so called “blue dimer” from Meyer’s 

group.9 One of the advantages Llobet’s catalyst possessed was the 

enhanced spatial arrangement of the two aquo ligand to each other, 

which after four consecutive proton coupled electron transfer (PCET) 

processes bind and are finally released as molecular dioxygen.6 These 

were the first examples for a catalytic reaction, in homogeneous phase, 

mimicking the performance of the WOC of natures PS II, which is 

thought to be a serious approach to overcome today’s world energy 

problem.10-13 This improved catalyst presents electrochemical evidence 

of strong electronic coupling between the two Ru-metal centers, which 

could be crucial for dinuclear compounds in this type of reaction. The 

presented work deals with the study of the degree of electronic coupling 
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of various dinuclear Ru(II)-bis(acetonitrile) complexes, structurally based 

on the “Ru-Hbpp” water oxidation model complex. Modifications, either 

on the bridging ligand itself or on the auxiliary ligands are performed to 

test the influence of electron-withdrawing or -donating groups on the 

electronic coupling of both metal centers. The degree of coupling is 

examined using electrochemical and spectroscopic (UV-Vis-NIR, EPR) 

techniques. We could show that all presented compounds with the 

general formula in,in-[Ru2(MeCN)2(µ-(R1-bpp))(R2-trpy)2]3+ can be 

categorized as Class II compounds, following the Robin-Day 

classification. The effective electronic coupling demonstrated by the inter 

valence charge transfer transitions in the mixed valence redox state 

could be verified by EPR spectroscopy in the highest possible Ru2
III,III 

redox state. Finally, the beneficial effect of electron donating 

substituents towards electronic coupling prior observed by NIR-

spectroscopy, is supported by results obtained from electrochemistry. 
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Experimental Section 

Materials. Trifluoromethanesulfonicacid (99+%) was purchased 

from STREM/CYMIT. 4’-Methyl-2,2’:6’,2’’-terpyrdine (4’Me-trpy) was 

purchased from HetCat. All other reagents used in this work were 

obtained from Aldrich Chemical Co. and were used without further 

purification. Dichloromethane (DCM) and Acetonitrile (MeCN), both 

Chromasolve® HPLC grade, were obtained from Aldrich Chemical Co. 

Acetone RS and methanol (MeOH), again both HPLC grade, were 

purchased from PANREAC. Methanol was freshly distilled (Mg/I2) before 

use. Highly purified water was achieved by passing it through an 

UltraClear water purifier from SG Wasseraufbereitung und 

Regenerierstation GmbH. 

Preparations. 1,3-Bis(2-pyridyl)-1,3-propanedione (Dione1)14, 

3,5-Bis(2-pyridyl)-1H-pyrazole (Hbpp)14, 15, 4-Nitro-3,5-bis(2-pyridyl)-1H-

pyrazole (NO2-Hbpp)16, 4’-Methoxy-2,2’:6’,2’’-terpyrdine (4’MeO-trpy)17, 

[Ru(Cl)2(DMSO)4]18, [Ru(Cl)3(trpy)]19, [Ru(Cl)3(4’MeO-trpy)]19 and 

[Ru(Cl)3(4’Me-trpy)]19 were prepared according to previous published 

procedures. The µ-Cl- and µ-OAc-dinuclear Ru2
II,II-complexes 22+-92+, 

used as precursors for the synthesis of the bis-acetonitrile dinuclear 

Ru2
II,II-complexes, were prepared by a slightly modified version of the 

synthetic route A or B described in a prior publication.6 All reactions were 

performed routinely under argon atmosphere using Schlenk technique. 
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3,5-Bis(2-pyridyl)-4-Methyl-1H-pyrazole, (Me-Hbpp). A sample of 

330 µL (5.30 mmol) of MeI is added to a suspension of 1.00 g (4.42 

mmol) of Dione1 and 177 mg (4.42 mmol) NaOH in 100 mL dry CH3CN 

and heated to reflux overnight. The white precipitate is separated from 

the yellow solution by filtration. The crude product (Dione2) is obtained 

by evaporation of the solvent, as yellow oil. Characterization through 1H-

NMR confirmed successful conversion and sufficient purity. A sample of 

1.14 g (4.74 mmol) of Dione2 is dissolved in 20 mL of absolute ethanol 

and purged for 15 min with argon. To this solution, 250 mg (4.99 mmol) 

of hydrazine-hydrate is added and the reaction mixture is put to reflux for 

1h. After completion, the reaction volume is decreased to half its original 

volume and put into the fridge overnight. The formed white precipitated 

is filtered off and washed with a minimum amount of absolute ethanol, 

followed by vacuum drying. Yield = 785 mg (3.32 mmol, (70%)). Anal. 

Calcd. for C14H12N4: C, 71.17; H, 5.12; N, 23.71. Found: C, 71.01; H, 

5.01; N, 23.71. 1H NMR (d6-acetone, T = 200 K): δ (ppm) 8.73 (d, 3J = 

4.7 Hz, 1H, H1); 8.68 (d, 3J = 4.7 Hz, 1H, H13); 8.10 (d, 3J = 7.8 Hz, 1H, 

H10); 8.03 (t, 3J = 7.3 Hz, 1H, H3); 7.90 (t, 3J = 7.3 Hz, 1H, H11); 7.86 

(d, 3J = 7.8 Hz, 1H, H4); 7.45 (t, 3J = 5.7 Hz, 1H, H2); 7.37 (t, 3J = 5.7 Hz, 

1H, H12), 2.75 (s, 3H, CH3). (Labeling is keyed in Chart 1.) 13C NMR 

(d6-acetone, T = 200 K): δ (ppm) 154.6, 150.0, 149.6, 148.9, 148.8, 

140.1, 137.6, 136.8, 123.0, 122.3, 121.4, 121.1, 113.6, 10.8. ESI-MS 

(MeOH): m/z 259.1 ((M+Na)+, 237.1 (M+H)+.  
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out-[Ru(Cl)(NO2-bpp)(trpy)], (1). A sample of 700 mg (1.45 mmol) 

of [Ru(Cl)2(DMSO)4] and 386 mg (1.45 mmol) of NO2-Hbpp are 

dissolved in 200 mL of MeOH. The yellowish reaction mixture is refluxed 

overnight. To the deep orange solution, 337 mg (1.45 mmol) of trpy is 

added and once more refluxed overnight. The solvent is removed and 

the resulting ruby colored solid is dissolved in the necessary amount of 

DCM. The DCM solution is added onto a 10 cm long column, using 

neutral alumina (Brockmann I) as stationary phase. The desired product 

is eluted as a long-drawn violet band using DCM:MeCN (2:1) as mobile 

phase. After concentration of the combined eluent to a minimum, the 

formed solid is filtered off and washed consecutively with little H2O/Et2O 

and dried under vacuum. Yield = 280 mg (0.440 mmol, (30%)). Anal. 

Calcd. for C28H19ClN8O2Ru: C, 52.88; H, 3.01; N, 17.62. Found: C, 

53.13; H, 3.10; N, 17.21. 1H-NMR (d6-DMSO): δ (ppm) 10.12 (d, 3J = 5.4 

Hz, 1H, H1); 8.68 (d, 3J = 7.8 Hz, 1H, H4); 8.66 (d, 3J = 8.1 Hz, 2H, H20, 

H22); 8.58 (d, 3J = 8.1 Hz, 2H, H17, H25); 8.35 (d, 3J = 4.8 Hz, 1H, H10); 

8.20 (t, 3J = 8.0 Hz, 1H, H3); 8.03 (t, 3J = 7.8 Hz, 1H, H21); 7.92 (t, 3J = 

7.8 Hz, 2H, H16, H26); 7.83 (t, 3J = 6.6 Hz, 1H, H2); 7.70 (d, 3J = 5.4 Hz, 

2H, H14, H28); 7.62 (t, 3J = 7.8 Hz, 1H, H12); 7.39 (t, 3J = 6.6 Hz, 2H, 

H15, H27); 7.19 (t, 3J = 6.2 Hz, 1H, H11); 7.07 (d, 3J8-7 = 7.8 Hz, 1H, 

H13). (Labeling is keyed in Chart 1.) 13C-NMR (d6-DMSO): δ (ppm) 

159.3, 158.4, 152.6, 152.3, 152.1, 151.6, 149.7, 149.1, 144.8, 136.6, 

136.5, 136.4, 132.4, 130.0, 127.5, 124.2, 123.4, 123.2, 123.1, 122.3, 

121.9. MALDI-MS (pyrene-DCM): m/z 636.1 (M)+. Echem (DCM-TBAH 

(0.1 M), vs. SSCE): E1/2
II/III = 0.53 V, ΔE = 80 mV. 
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[Ru2(µ-Cl)(µ-(NO2-bpp))(trpy)2](PF6)2, (22+)(PF6)2.  
To 100 mg (0.157 mmol) of 1 in 250 mL of MeOH, 76.0 mg (0.173 mmol) 

of [RuCl3(trpy)], 20.0 mg (0.471 mmol) of LiCl and 91.0 µL (0.865 mmol) 

of NEt3 are added. This suspension is heated under reflux for 20 h, 

followed by irradiation with a 200 W Tungsten lamp overnight at RT. 

Addition of 2 mL of NH4PF6(sat., aq.) initiates and storage in the fridge 

overnight completes precipitation. The dark solid is filtered off, washed 

consecutively with H2O/Et2O and is dried under vacuum. Yield = 160 mg 

(0.127 mmol, (73%)). Anal. Calcd. for C43H30ClF12N11O2P2Ru2•H2O: C, 

40.40; H, 2.52; N, 12.05. Found: C, 40.22; H, 2.70; N, 11.91. 1H-NMR 

(d6-acetone): δ (ppm) 9.24 (d, 3J = 8.5 Hz, 2H, H4, H10); 8.69 (d, 3J = 

8.1 Hz, 4H, H20, H22, H35, H37); 8.53 (m, 8H, H14, H17, H25, H28, 

H29, H32, H40, H43); 8.23 (d, 3J = 8.1 Hz, 2H, H21, H36); 8.00 (t, 3J = 

8.1 Hz, 2H, H3, H11); 7.97 (t, 3J = 8.1 Hz, 4H, H16, H26, H31, H41); 

7.79 (d, 3J = 5.4 Hz, 2H, H1, H13); 7.54 (t, 3J = 6.6 Hz, 4H, H15, H27, 

H30, H42); 7.07 (t, 3J = 6.6 Hz, 2H, H2, H12). (Labeling is keyed in 

Chart 1.) 13C-NMR (d6-acetone): δ (ppm) 171.1, 158.9, 158.1, 156.7, 

154.2, 153.6, 145.6, 137.7, 137.1, 135.3, 127.3, 125.4, 124.8, 124.0, 

122.8. ESI-MS (MeOH): m/z 1115 (M-PF6)+, 485 (M-2PF6)2+. UV-Vis 

(DCM): λmax, nm (ε, M-1cm-1) 274 (51600), 282 (47600), 313 (74700), 359 

(15600), 449 (15200), 500 (17800), 545 (11600), 630 (3200). Echem 

(DCM-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.900 V, ΔE = 60 mV; 

E1/2
III,III/II,III = 1.255 V, ΔE = 70 mV; ΔE1/2 = 355 mV. 
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Synthetic strategy for symmetric [Ru2(µ-Cl)(µ-(R1-bpp))(R2-trpy)2]2+ 

(32+-52+): 

Compounds 32+-52+ were synthesized following the synthetic procedure 

(Route A) previously published.6  

[Ru2(µ-Cl)(µ-(Me-bpp))(trpy)2](PF6)2, (32+)(PF6)2.  

Yield: 68%. Anal. Calcd. for C44H33ClF12N10P2Ru2·0,5H2O: C, 42.68; H, 

2.77; N, 11.31. Found: C, 42.13; H, 2.23; N, 10.67. 1H-NMR (d6-

acetone): δ (ppm) 8.66 (d, 3J = 8.2 Hz, 4H, H20, H22, H35, H37); 8.52 

(d, 3J = 8.2 Hz, 4H, H17, H25, H32, H40); 8.39 (d, 3J = 5.4 Hz, 4H, H14, 

H28, H29, H43); 8.27 (d, 3J = 8.4 Hz, 2H, H4, H10); 8.15 (t, 3J = 8.2 Hz, 

2H, H21, H36); 7.94 (t, 3J = 7.9 Hz, 4H, H16, H26, H31, H41); 7.81 (t, 3J 

= 7.9 Hz, 2H, H3, H11); 7.59 (t, 3J = 6.3 Hz, 4H, H15, H27, H30, H42); 

7.44 (d, 3J = 5.6 Hz, 2H, H1, H13); 6.79 (t, 3J = 6.6 Hz, 2H, H2, H12); 

3.38 (s, 3H, CH3 (Me-bpp)). (Labeling is keyed in Chart 1.) 13C-NMR (d6-

acetone): δ (ppm) 159.4, 159.3, 158.6, 153.8, 153.6, 137.0, 136.6, 

133.9, 127.3, 123.5, 122.4, 121.6, 120.2, 117.6, 10.1. ESI-MS (MeOH): 

m/z 1084.1 (M-PF6)+. UV-Vis (DCM): λmax, nm (ε, M-1cm-1) 275 (50100), 

313 (51400), 383 (25800), 476 (16500), 500 (15300),  571 (3800), 661 

(1800). Echem (DCM-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.67 V,    

ΔE = 60 mV; E1/2
III,III/II,III = 1.12 V, ΔE = 60 mV; ΔE1/2 = 450 mV. 

[Ru2(µ-Cl)(µ-bpp)(4’Me-trpy)2](PF6)2, (42+)(PF6)2.  

Yield: 77%. Anal. Calcd. for C45H35ClF12N10P2Ru2·2H2O: C, 42.25; H, 

3.07; N, 10.95. Found: C, 42.30; H, 3.02; N, 10.89. 1H-NMR (d6-

acetone): δ (ppm) 8.57 (s, 4H, H20, H22, H35, H37); 8.49 (d, 3J = 8.4 

Hz, 4H, H17, H25, H32, H40); 8.48 (s, 1H, H7); 8.36 (d, 3J = 5.4 Hz, 4H, 

H14, H28, H29, H43); 8.24 (d, 3J = 7.9 Hz, 2H, H4, H10); 7.94 (t, 3J = 7.9 

Hz, 4H, H16, H26, H31, H41); 7.81 (t, 3J = 7.9 Hz, 2H, H3, H11); 7.59 (t, 
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3J = 6.6 Hz, 4H, H15, H27, H30, H42); 7.44 (d, 3J = 5.4 Hz, 2H, H1, 

H13); 6.81 (t, 3J = 6.6 Hz, 2H, H2, H12); 2.76 (s, 6H, CH3 (4’Me-trpy)). 

(Labeling is keyed in Chart 1.) 13C-NMR (d6-acetone): δ (ppm) 158.2, 

153.7, 150.0, 148.5, 147.9, 146.2, 137.0, 136.7, 127.1, 123.3, 122.1, 

120.3, 20.8. ESI-MS (MeOH): m/z 1099.2 (M-PF6)+, 476.6 (M-2PF6)2+. 

UV-Vis (DCM): λ max, nm (ε, M-1cm-1) 275 (65500), 315 (58400), 385 

(26300), 477 (17200), 502 (16200), 565 (4600), 665 (1800). Echem 

(DCM-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.710 V, ΔE = 80 mV; 

E1/2
III,III/II,III = 1.115 V, ΔE = 90 mV; ΔE1/2 = 405 mV. 

[Ru2(µ-Cl)(µ-bpp)(4’MeO-trpy)2](PF6)2, (52+)(PF6)2.  

Yield: 80%. 1H-NMR (d6-acetone): δ (ppm) 8.54 (d, 3J = 8.1 Hz, 4H, H17, 

H25, H32, H40); 8.45 (s, 1H, H7); 8.35 (d, 3J = 5.6 Hz, 4H, H14, H28, 

H29, H43); 8.33 (s, 4H, H20, H22, H35, H37); 8.22 (d, 3J = 8.1 Hz, 2H, 

H4, H10); 7.92 (t, 3J = 8.1 Hz, 4H, H16, H26, H31, H41); 7.80 (t, 3J = 8.1 

Hz, 2H, H3, H11); 7.57 (t, 3J = 6.8 Hz, 4H, H15, H27, H30, H42); 7.52 (d, 
3J = 5.6 Hz, 2H, H1, H13); 6.82 (t, 3J = 6.6 Hz, 2H, H2, H12); 4.21 (s, 

6H, CH3 (4’MeO-trpy)) (Labeling is keyed in Chart 1.) 13C-NMR (d6-

acetone): δ (ppm) 165.9, 159.5, 159.1, 159.0, 153.8, 148.5, 136.8, 

136.5, 127.2, 123.7, 121.9, 120,6, 109.4, 103.1, 56.5. ESI-MS ((MeOH): 

1131 (M-PF6)+. Echem (DCM-TBAH (0.1 M), vs. SSCE):              

E1/2
II,III/II,II = 0.680 V, ΔE = 60 mV; E1/2

III,III/II,III = 1.085 V, ΔE = 70 mV;                       

ΔE1/2 = 405 mV. 
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[Ru2(µ-OAc)(µ-(NO2-bpp))(trpy)](ClO4)2, (62+)(ClO4)2.  

A sample of 190 mg (0.15 mmol) of [Ru2(µ-Cl)(µ-(NO2-bpp))(trpy)2]2+ and 

25 mg (0.15 mmol) of AgOAc are dissolved in 40 mL of H2O/acetone 

(1:3) solvent-mixture in total absence of light. The brownish solution is 

brought to reflux for 2 h. The crude product is transferred via canula 

(combined with filter paper) into a second flask, to separate it form the 

formed AgCl precipitate. To this crude, 62 mg (0.75 mmol) of NaOAc are 

added and brought to reflux for additional 3 h. The final product is 

isolated either as the PF6- or ClO4-salt, by adding 1 mL of NH4PF6(aq.,sat.) 

or NaClO4(aq.,sat.) and concentration until precipitation. The purple solid is 

filtered off, washed consecutively with H2O/Et2O and is dried under 

vacuum. Yield = 90%. Anal. Calcd. for C45H33Cl2N11O12Ru2·0.4NaClO4: 

C, 43.52; H, 2.68; N, 12.41. Found: C, 43.58; H, 2.70; N, 12.46. 1H-NMR 

(d6-acetone): δ (ppm) 8.74 (d, 3J = 7.9 Hz, 4H, H20, H22, H35, H37); 

8.73 (d, 3J = 7.9 Hz, 2H, H4, H10); 8.62 (d, 3J = 7.9 Hz, 4H, H17, H25, 

H32, H40); 8.55 (d, 3J = 7.9 Hz, 4H, H15, H28, H29, H43); 8.26 (t, 3J = 

8.0 Hz, 2H, H21, H36); 8.04 (t, 3J = 8.0 Hz, 4H, H16, H26, H31, H41); 

7.87 (t, 3J = 8.0 Hz, 2H, H3, H11); 7.72 (d, 3J = 5.8 Hz, 2H, H1, H13); 

7.43 (t, 3J = 6.6 Hz, 4H, H15, H27, H30, H42); 7.04 (t, 3J = 6.6 Hz, 2H, 

H2, H12); 0.48 (s, 3H, CH3 (OAc)). (Labeling is keyed in Chart 1.) 13C-

NMR (d6-acetone): δ (ppm) 192.4, 171.1, 159.4, 154.4, 154.1, 153.8, 

147.5, 137.9, 135.9, 135.2, 127.3, 124.4, 123.9, 123.6, 123.0, 25.3. 

MALDI-MS (acetone, DCM, dctb): m/z 1139.1 (M-PF6)+. UV-Vis (DCM): 

λmax, nm (ε, M-1cm-1) 274 (52100), 282 (47000), 314 (76300), 357 

(16500), 453 (13100), 508 (17700), 630 (3000). Echem (DCM-TBAH 

(0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.89 V, ΔE = 80 mV; E1/2

III,III/II,III = 1.15 V, 

ΔE = 160 mV; ΔE1/2 = 260 mV. 

UNIVERSITAT ROVIRA I VIRGILI 
MONO- AND DINUCLEAR RUTHENIUM COMPLEXES: SYNTHESIS, CHARACTERIZATION 
AND THEIR IMPACT IN OXIDATION REACTIONS 
Stephan Röser 
ISBN:/DL:T.1241-2011 



Paper D, manuscript in progress 
	  

102 

Synthetic strategy for symmetric [Ru2(µ-OAc)(µ-(R1-bpp))(R2-

trpy)2]2+ (72+-92+). A sample of 0.15 mmol of [Ru2(µ-Cl)(µ-(R1-bpp))(R2-

trpy)2]2+ and 0.75 mmol of NaOAc are dissolved in 40 mL of 

H2O/acetone (1:3) solvent-mixture. The brownish solution is brought to 

reflux for 4 h. After a short period, a color change into purple can be 

observed. The final product is isolated either as the PF6- or ClO4-salt, by 

adding 1 mL of NH4PF6(aq.,sat.) or NaClO4(aq.,sat.) and concentration of the 

volume until precipitation. The dark solid is filtered off, washed 

consecutively with H2O/Et2O and is dried under vacuum. Yield ≈ 93%. 

[Ru2(µ-OAc)(µ-(Me-bpp))(trpy)2](ClO4)2, (72+)(ClO4)2.  

Anal. Calcd. for C46H36Cl2N10O10Ru2·0.5NaClO4: C, 45.17; H, 2.97; N, 

11.45. Found: C, 44.79; H, 2.98; N, 11.62. 1H-NMR (d6-acetone): δ 

(ppm) 8.72 (d, 3J = 8.1 Hz, 4H, H20, H22, H35, H37); 8.60 (d, 3J = 8.1 

Hz, 4H, H17, H25, H32, H40); 8.41 (d, 3J = 5.6 Hz, 4H, H14, H28, H29, 

H43); 8.29 (d, 3J = 8.1 Hz, 2H, H4, H10); 8.19 (t, 3J = 8.1 Hz, 2H, H21, 

H36); 8.02 (t, 3J = 7.9 Hz, 4H, H16, H26, H31, H41); 7.75 (t, 3J = 7.8 Hz, 

2H, H3, H11); 7.47 (t, 3J = 6.6 Hz, 4H, H15, H27, H30, H42); 7.43 (d, 3J 

= 5.8 Hz, 2H, H1, H13); 6.83 (t, 3J = 6.6 Hz, 2H, H2, H12); 3.30 (s, 3H, 

CH3 (Me-bpp)); 0.42 (s, 3H, CH3 (OAc)). (Labeling is keyed in Chart 1.) 
13C-NMR (d6-acetone): δ (ppm) 190.7, 159.9, 159.7, 157.5, 149.6, 137.3, 

135.7, 133.9, 127.3, 123.6, 122.6, 121.7, 119.7, 117.425.3, 10.6. ESI-

MS (MeOH): m/z 1109.1 (M-PF6)+. UV-Vis (DCM): λmax, nm (ε, M-1cm-1) 

276 (63500), 317 (63300), 378 (25700), 499 (14100), 607 (3900), 700 

(1600). Echem (DCM-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.685 V,   

ΔE = 70 mV; E1/2
III,III/II,III = 1.030 V, ΔE = 80 mV; ΔE1/2 = 345 mV. 
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[Ru2(µ-OAc)(µ-bpp)(4’Me-trpy)2](ClO4)2, (82+)(ClO4)2.  

Anal. Calcd. for C47H38Cl2N10O10Ru2·3H2O: C, 45.90; H, 3.61; N, 11.39. 

Found: C, 45.80; H, 3.49; N, 11.29. 1H-NMR (d6-acetone): δ (ppm) 8.63 

(s, 4H, H20, H22, H35, H37); 8.59 (d, 3J = 8.1 Hz, 4H, H17, H25, H32, 

H40); 8.50 (s, 1H, H7); 8.43 (d, 3J = 5.4 Hz, 4H, H14, H28, H29, H43); 

8.19 (d, 3J = 7.9 Hz, 2H, H4, H10); 8.01 (t, 3J = 8.1 Hz, 4H, H16, H26, 

H31, H41); 7.73 (t, 3J = 7.9 Hz, 2H, H3, H11); 7.49 (t, 3J = 6.6 Hz, 4H, 

H15, H27, H30, H42); 7.40 (d, 3J = 5.6 Hz, 2H, H1, H13); 6.84 (t, 3J = 6.6 

Hz, 2H, H2, H12); 2,82 (s, 6H, CH3 (4’Me-trpy)); 0.45 (s, 3H, CH3 (OAc)). 

(Labeling is keyed in Chart 1.) 13C-NMR (d6-acetone): δ (ppm) 191.1, 

159.8, 159.3, 154.0, 152.9, 151.9, 146.3, 137.3, 135.5, 127.3, 123.5, 

123.3, 122.1, 119.4, 103.8, 25.2. ESI-MS (MeOH): m/z 1123.0 (M-PF6)+, 

488.5 (M-2PF6)2+. UV-Vis (DCM): λmax, nm (ε, M-1cm-1) 276 (66000), 317 

(60600), 378 (28600), 500 (15000), 530 (1400), 685 (1900). Echem 

(DCM-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.705 V, Δ E = 70 mV; 

E1/2
III,III/II,III = 1.020 V, ΔE = 80 mV; ΔE1/2 = 315 mV. 

[Ru2(µ-OAc)(µ-bpp)(4’MeO-trpy)2](ClO4)2, (92+)(ClO4)2. Anal. 

Calcd. for C47H38Cl2N10O12Ru2·NaClO4: C, 42.88; H, 3.00; N, 10.42. 

Found: C, 43.10; H, 3.12; N, 10.66. 1H-NMR (d6-acetone): δ (ppm) 8.63 

(d, 3J = 8.0 Hz, 4H, H17, H25, H32, H40); 8.47 (s, 1H, H7); 8.43 (d, 3J = 

5.6 Hz, 4H, H14, H28, H29, H43); 8.40 (s, 4H, H20, H22, H35, H37); 

8.17 (d, 3J = 8.0 Hz, 2H, H4, H10); 8.00 (t, 3J = 8.0 Hz, 4H, H16, H26, 

H31, H41); 7.72 (t, 3J = 7.7 Hz, 2H, H3, H11); 7.48 (m, 6H, H1, H13, 

H15, H27, H30, H42); 6.84 (t, 3J = 6.6 Hz, 2H, H2, H12); 4.26 (s, 6H, 

CH3 (4’MeO-trpy)); 0.52 (s, 3H, CH3 (OAc)). (Labeling is keyed in Chart 
1.) 13C-NMR (d6-acetone): δ (ppm) 190.6, 166.0, 160.2, 159.9, 156.9, 

154.1, 153.0, 151.9, 137.0, 135.5, 127.3, 123.7, 122.0, 119.3, 109.6, 
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103.6, 56.5, 25.3. ESI-MS (MeOH): m/z 505.1 (M+H+-2PF6)2+. UV-Vis 

(DCM): λ max, nm (ε, M-1cm-1) 275 (73600), 315 (50700), 379 (28300),            

507 (15600), 667 (1900). Echem (DCM-TBAH (0.1 M), vs. SSCE): 

E1/2
II,III/II,II = 0.69 V, ΔE = 80 mV; E1/2

III,III/II,III = 1.01 V, ΔE = 80 mV ;    

ΔE1/2 = 320 mV. 

Synthesis of in,in-[Ru2(MeCN)2(µ-(R1-bpp))(R2-trpy)2]3+ 
Strategy A was used for the synthesis of 

in,in-[Ru2(MeCN)2(µ-bpp)(trpy)2]3+ (103+); R1, R2 = H;  

in,in-[Ru2(MeCN)2(µ-(Me-bpp))(trpy)2]3+ (113+); R1 = Me, R2 = H;  

in,in-[Ru2(MeCN)2(µ-bpp)(4’Me-trpy)2]3+ (123+); R1 = H, R2 = Me;  

in,in-[Ru2(MeCN)2(µ-bpp)(4’MeO-trpy)2]3+ (133+); R1 = H,  R2 = OMe. 

A sample of 25 mg of [Ru2(µ-OAc)(µ-(R1-bpp))(R2-trpy)2](PF6)2 is 

dissolved in 5 mL of MeCN/H2O (4:1). After adding 0.5 mL of CF3SO3H 

(pH=1), the reaction mixture is heated to reflux for 4 h. After cooling 

down to RT, 1 mL of a NH4PF(aq., sat.) solution is added, followed by 

concentration until a precipitate is formed. The brown solid is filtered off, 

washed consecutively with H2O and Et2O and dried under vacuum.  

Yield = 95%. 

in,in-[Ru2(MeCN)2(µ-bpp)(trpy)2](PF6)3, (103+)(PF6)3.  

UV-Vis (MeCN-TBAH (0.1 M)): Ru2
II,II: λmax, nm (ε, M-1cm-1) 271 (60300), 

310 (71200), 358 (27000), 445 (13600), 473 (12300), 536 (3100), 615 

(800). Ru2
II,III: λ max, nm (ε, M-1cm-1) 273 (59800), 309 (55000), 328 

(37000), 360 (19100), 448 (10000), 630 (6000). Ru2
III,III: λ max, nm (ε,     

M-1cm-1) 417 (7000), 590 (9600). Echem (MeCN-TBAH (0.1 M),           

vs. SSCE): E1/2
II,III/II,II = 0.99 V; Δ E = 60 mV; E1/2

III,III/II,III = 1.35 V;           

ΔE = 60 mV;    ΔE1/2 = 360 mV. 
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in,in-[Ru2(MeCN)2(µ-(Me-bpp))(trpy)2](PF6)3, (113+)(PF6)3. 

Anal. Calcd. for C48H39F18N12P3Ru2•H2O: C, 40.06; H, 2.87; N, 11.68. 

Found: C, 39.60; H, 2.78; N, 11.51. 1H-NMR (CD2Cl2, T = 188 K): δ 

(ppm) 8.94 (d, 3J = 8.1 Hz, 2H, H20, H37); 8.89 (d, 3J = 8.1 Hz, 2H, H22, 

H35); 8.81 (m, 4H, H14, H17, H40, H43); 8.75 (d, 3J = 8.1 Hz, 2H, H25, 

H32); 8.49 (t, 3J = 8.1 Hz, 2H, H21, H36); 8.37 (d, 3J 8.4 Hz, 2H, H4, 

H10); 8.21 (t, 3J = 8.1 Hz, 2H, H26, H31); 8.16 (t, 3J = 8.1 Hz, 2H, H16, 

H41); 7.94 (m, 4H, H3, H11, H28, H29); 7.62 (m, 4H, H1, H13, H27, 

H30); 7.48 (t, 3J = 6.6 Hz, 2H, H15, H42); 7.05 (t, 3J = 6.6 Hz, 2H, H2, 

H12); 3.16 (s, 3H, CH3 (Me-bpp)); 1.45 (s, 6H, CH3 (MeCN)). (Labeling 

is keyed in Chart 1.) ESI-MS (MeCN): m/z 1276.0 ((M-PF6)+ or (M+M-

2PF6)2+), 315.0 (M-MeCN-3PF6)3+, 301.3 (M-2MeCN-3PF6)3+. UV-Vis 

(MeCN-TBAH (0.1 M)): Ru2
II,II: λmax, nm (ε, M-1cm-1) 271 (57900), 310 

(70300), 360 (25200), 445 (13500), 475 (12500), 532 (3100), 608 

(1000). Ru2
II,III: λmax, nm (ε, M-1cm-1) 274 (54100), 309 (49700), 364 

(16700), 453 (8400), 647 (6100). Ru2
III,III: λmax, nm   (ε, M-1cm-1) 285 

(48200), 310 (35800), 327 (33300), 420 (7000), 607 (8700). Echem 

(MeCN-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.935 V, ΔE = 70 mV; 

E1/2
III,III/II,III = 1.325 V, ΔE = 90 mV; ΔE1/2 = 390 mV. 
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in,in-[Ru2(MeCN)2(µ-bpp)(4’Me-trpy)2](PF6)3, (123+)(PF6)3.  

Anal. Calcd. for C49H41F18N12P3Ru2•0,5NH4PF6•3H2O: C, 37.47; H, 3.14; 

N, 11.15. Found: C, 37.17; H, 3.06; N, 10.98. 1H-NMR (CD2Cl2, T = 188 

K): δ (ppm) 8.89 (s, 2H, H20, H37); 8.83 (d, 3J = 5.2 Hz, 2H, H14, H43); 

8.81 (s, 2H, H22, H35); 8.73 (d, 3J = 8.2 Hz, 2H, H17, H40); 8.69 (d, 3J = 

8.2 Hz, 2H, H25, H32); 8.59 (s, 1H, H7); 8.25 (d, 3J = 7.4 Hz, 2H, H4, 

H10); 8.22 (t, 3J = 8.1 Hz, 2H, H26, H31); 8.16 (t, 3J = 7.7 Hz, 2H, H16, 

H41); 7.99 (d, 3J = 5.2 Hz, 2H, H28, H29); 7.93 (t, 3J = 7.7 Hz, 2H, H3, 

H11); 7.67 (t, 3J = 6.4 Hz, 2H, H27, H30); 7.57 (d, 3J = 5.5 Hz, 2H, H1, 

H13); 7.46 (t, 3J = 6.6 Hz, 2H, H15, H42); 7.06 (t, 3J = 6.6 Hz, 2H, H2, 

H12); 2.81 (s, 6H, CH3 (4’Me-trpy)); 1.51 (s, 6H, CH3 (MeCN)). (Labeling 

is keyed in Chart 1.) ESI-MS (MeCN): m/z 1290.0 ((M-PF6)+ or (M+M-

2PF6)2+), 812.0 (M+M-3PF6)3+, 573.0 (M-2PF6 or M+M-4PF6)2+, 489.5 

(M+M-MeCN-6PF6)4+, 469.0 (M+M-3MeCN-6PF6)4+, 320.0 (M-MeCN-

3PF6)3+, 306.3 (M-2MeCN-3PF6)3+. UV-Vis (MeCN-TBAH (0.1 M)): 

Ru2
II,II: λmax, nm (ε, M-1cm-1) 234 (59200), 271 (59900), 308 (67900), 359 

(25300), 445 (13800), 472 (13000), 520 (3500), 600 (950). Ru2
II,III: λmax, 

nm (ε, M-1cm-1) 236 (56700), 274 (57200), 309 (51900), 358 (18100), 

447 (9800), 630 (5200). Ru2
III,III: λmax, nm (ε, M-1cm-1) 235 (57600), 274 

(55900), 283 (55000), 308 (43200), 410 (6700), 588 (8300).               

Echem (MeCN-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.950 V,            

ΔE = 60 mV; E1/2
III,III/II,III = 1.310 V, ΔE = 60 mV; ΔE1/2 = 360 mV. 
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in,in-[Ru2(MeCN)2(µ-bpp)(4’MeO-trpy)2](PF6)3, (133+)(PF6)3.  

Anal. Calcd. for C49H41F18N12O2P3Ru2•H2O: C, 39.59; H, 2.92; N, 11.32. 

Found: C, 39.44; H, 2.82; N, 11.14. 1H-NMR (CD2Cl2, T = 188 K): δ 

(ppm) 8.84 (m, 4H, H28, H29, H25, H32); 8.77 (d, 3J = 7.7 Hz, 2H, H17, 

H40); 8.67 (s, 2H, H22, H35); 8.62 (s, 2H, H20, H37); 8.56 (s, 1H, H7); 

8.23 (m, 4H, H16, H41, H4, H10); 8.15 (t, 3J = 7.5 Hz, 2H, H26, H31); 

8.00 (d, 3J = 5.1 Hz, 2H, H14, H43); 7.93 (t, 3J = 7.2 Hz, 2H, H3, H11); 

7.67 (t, 3J = 6.4 Hz, 2H, H15, H42); 7.64 (d, 3J = 5.6 Hz, 2H, H1, H13); 

7.45 (t, 3J = 6.4 Hz, 2H, H27, H30); 7.08 (t, 3J = 5.6 Hz, 2H, H2, H12); 

4.25 (s, 6H, CH3 (4’MeO-trpy)); 1.51 (s, 6H, CH3 (MeCN)). (Labeling is 

keyed in Chart 1.) ESI-MS (MeCN): m/z 1323.1 ((M-PF6)+ or (M+M-

2PF6)2+), 1306.6 (M-Me-PF6)+ or M+M-2Me-2PF6)2+, 1290.1 (M-2Me-

PF6)+ or M+M-4Me-2PF6)2+, 833.4 (M+M-3PF6)3+, 822.7 (M+M-2Me-

3PF6)3+, 812.1 (M+M-4Me-3PF6)3+, 589.0 (M-2PF6)2+, 573.1 (M-2Me-

2PF6)2+, 344.0 (M-3PF6)3+, 330.7 (M-MeCN-3PF6)3+, 317.0 (M-2MeCN-

3PF6)3+, 306.4 (M-2Me-2MeCN-3PF6)3+. UV-Vis (MeCN-TBAH (0.1 M)): 

Ru2
II,II: λmax, nm (ε, M-1cm-1) 240 (66700), 273 (71700), 306 (66600), 363 

(28800), 446 (16800), 474 (15900), 595 (1000). Ru2
II,III: λmax, nm (ε,       

M-1cm-1) 241 (66700), 273 (67100), 305 (50700), 357 (18500), 448 

(12100), 622 (6400). Ru2
III,III: λmax, nm (ε, M-1cm-1) 246 (59000), 285 

(66400), 307 (44000), 409 (7600), 456 (4100), 581 (10400). Echem 

(MeCN-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.925 V,   ΔE = 70 mV; 

E1/2
III,III/II,III = 1.305 V, ΔE = 80 mV; ΔE1/2 = 380 mV. 
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Strategy B was used for the synthesis of 

in,in-[Ru2(MeCN)2(µ-(NO2-bpp))(trpy)2](PF6)3, (143+)(PF6)3.  

A sample of 50.0 mg (3.97e-5 mol) of [Ru2(µ-Cl)(µ-(NO2-

bpp))(trpy)2](PF6)2 is dissolved in 10 mL MeCN. To the resulting brown 

solution, additional 5 mL of MeCN, containing 7.00 mg (4.12e-5 mol) of 

AgNO3 are added. The resulting mixture is heated under reflux in the 

absence of light for 4 h. After cooling to RT the brown solution is filtered 

through a pad of Celite to remove formed AgCl precipitate. Consecutive 

addition of 1 mL of saturated aqueous NH4PF6 solution and 5 mL of H2O 

to the filtrate initializes the precipitation of the desired product. The 

suspension is kept overnight in the fridge to complete precipitation. The 

brown solid is filtered off, washed consecutively with H2O and Et2O and 

dried in vacuum. Yield = 50.5 mg (3.48e-5 mol, (88%)).  

in,in-[Ru2(MeCN)2(µ-(NO2-bpp))(trpy)2](PF6)3, (143+)(PF6)3.  

Anal. Calcd. for C47H36F18N13O2P3Ru2•1.5H2O: C, 38.17; H, 2.66; N, 

12.31. Found: C, 38.87; H, 2.13; N, 11.77. 1H-NMR (d6-acetone, T = 188 

K): δ (ppm) 8.94 (d, 3J = 8.3 Hz, 2H, H20, H37); 8.90 (d, 3J = 8.3 Hz, 2H, 

H22, H35); 8.81 (m, 4H, H25, H40, H28, H29); 8.76 (d, 3J = 8.3 Hz, 2H, 

H17, H32); 8.54 (t, 3J = 8.3 Hz, 2H, H21, H36); 8.37 (d, 3J = 5.3 Hz, 2H, 

H14, H43); 8.34 (d, 3J = 8.3 Hz, 2H, H4, H10); 8.24 (t, 3J = 7.8 Hz, 2H, 

H31, H26); 8.17 (t, 3J = 7.8 Hz, 2H, H16, H41); 8.04 (t, 3J = 7.8 Hz, 2H, 

H3, H11); 7.82 (d, 3J = 5.5 Hz, 2H, H1, H13); 7.63 (t, 3J  = 6.6 Hz, 2H, 

H27, H30); 7.48 (t, 3J = 6.6 Hz, 2H, H15, H42); 7.23 (t, 3J = 6.6 Hz, 2H, 

H2, H12); 1.45 (s, 6H, CH3 (MeCN)). (Labeling is keyed in Chart 1.) UV-

Vis (MeCN-TBAH (0.1 M)): Ru2
II,II: λmax, nm (ε, M-1cm-1) 352 (15800), 440 

(15600), 464 (16100), 510 (8000), 592 (1800). Ru2
II,III: λmax, nm (ε,        

M-1cm-1) 420 (13500), 440 (13700), 550 (4500), 640 (3900), 750 (900). 
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Ru2
III,III: λmax, nm (ε, M-1cm-1) 418 (7100), 548 (6500), 670 (2800), 800 

(850). Echem (MeCN-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 1.180 V, ΔE 

= 60 mV; E1/2
III,III/II,III = 1.465 V, ΔE = 70 mV; ΔE1/2 = 285 mV. 

Instrumentation and Measurements. UV-Vis spectroscopy was 

performed on a Cary 50-Bio (Varian) spectrophotometer in 1 cm quartz 

cuvettes in either CH2Cl2 or CH3CN. UV-Vis-NIR spectra were recorded 

on either a Cary 5000 (Varian) or a Lamda 50 (Perkin Elmer) 

spectrophotometer. Electrochemical experiments were performed on 

either an IJ-Cambria HI-660 potentiostat or an Autolab potentiostat with 

a GPES electrochemical interface (Eco Chemie) using a three-electrode 

cell. A glassy carbon electrode (2 mm diameter) (CV) or platinum mesh 

(bulk electrolysis) were used as working electrode, platinum disk (1 mm 

diameter) (CV), platinum mesh or graphite pole (bulk electrolysis) as 

auxiliary electrode and SSCE (CV) or non-aqueous Ag/Ag+ electrode 

(bulk electrolysis) as reference electrode. Glassy carbon working 

electrodes were thoughtfully polished with 0.05 micron alumina paste 

and washed consecutively with distilled water and acetone followed by 

blow-drying, before each measurement. Platinum meshes were carefully 

cleaned by submerging them into HNO3(conc.), followed by rinsing with 

distilled water and acetone, before blow drying them. The complexes 

were dissolved in CH2Cl2 or CH3CN containing the necessary amount of 

(n-Bu4N)(PF6) (TBAH) as supporting electrolyte to yield a 0.1 M ionic 

strength solution. All E1/2 values reported in this work were estimated 

from cyclo-voltammetric (CV) experiments (scan rate = 50 mV/s), as the 

average of the oxidative and reductive peak potentials (Ep,a + Ep,c)/2. The 

NMR spectroscopy experiments were performed on a Bruker Avance 

400 Ultrashield or a Bruker Avance 500 Ultrashield NMR spectrometer. 
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Samples were run in d2-DCM, d6-acetone or d6-DMSO with internal 

references (residual protons). Elemental analyses were performed using 

a Fisons CHNS-O EA-1108 elemental analyzer. ESI-mass spectra were 

recorded on a Waters LCT Premier Micromass spectrometer. Electron 

paramagnetic resonance (EPR) spectra were recorded on a Bruker 

EMXmicro spectrometer equipped with an EMX-m40X microwave bridge 

and an ER 4119HS-LC resonator. Low temperature was reached by 

using an Oxford 900 liquid helium cryostat and an ITC-503S temperature 

controller. Data analysis was performed with the Bruker XEPR software 

package. EPR parameters: microwave frequency: 9.27 GHz; modulation 

frequency: 100 kHz; modulation amplitude 10 G; temperature 6 K; 

microwave power 2 µW. 

X-ray Structure Determination. Suitable crystals of 3,5-Bis(2-

pyridyl)-4-Methyl-1H-pyrazole (Me-Hbpp), [Ru2(µ-OAc)(µ-(Me-

bpp))(trpy)2](PF6)2 ((72+)(PF6)2) were grown from slow diffusion of H2O 

into an acetone solution containing the complex. Suitable crystals of 

[Ru2(µ-OAc)(µ-(NO2-bpp))(trpy)2](PF6)2 ((62+)(PF6)2) and [Ru2(µ-OAc)(µ-

bpp)(4’MeO-trpy)2](PF6)2 ((92+)(PF6)2) were grown from slow diffusion of 

Et2O into DCM or CHCl3 solutions respectively. Suitable crystals of 

[Ru2(µ-Cl)(µ-(NO2-bpp))(trpy)2](PF6)2 ((22+)(PF6)2), [Ru2(µ-Cl)(µ-(Me-

bpp)(trpy)2](PF6)2 (3(PF6)2), in,in-[Ru2(MeCN)2(µ-bpp)(4’Me-trpy)2](PF6)3 

((123+)(PF6)3), in,in-[Ru2(MeCN)2(µ-(NO2-bpp))(trpy)2](PF6)3 ((143+)(PF6)3) 

were grown from slow diffusion of Et2O into an MeCN solution of the 

complex. 
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Structure Solution and Refinement. All structure solutions and 

refinements were carried out using the SHELXTL program.20 

Data Collection for Me-Hbpp. A colorless block shaped crystal 

(0.40 x 0.40 x 0.20 mm) was selected and mounted on a Bruker-Nonius 

FR591 with CCD APEX2 4K detector system. Unit-cell parameters were 

determined from automatic centering of 4569 reflections (3.41º < θ < 

39.15º) and refined by least-squares method. Intensities were collected 

with graphite monochromatized Mo Kα radiation, using ω /2θ scan-

technique. 6784 reflections were measured in the range 3.41º ≤ θ ≤ 

39.84°. 5157 of which were non-equivalent by symmetry (Rint(on I) = 

0.0522). Empirical absorption correction was made. The asymmetric unit 

cell contains one molecule of Me-Hbpp. 

Structure Solution and Refinement for complex (22+)(PF6)2. A 

brown needle shaped crystal (0.15 x 0.08 x 0.02 mm) was selected and 

mounted on a Bruker-Nonius FR591 with CCD APEX2 4K detector 

system. Unit-cell parameters were determined from automatic centering 

of 7794 reflections (2.70º < θ < 28.43º) and refined by least-squares 

method. Intensities were collected with graphite monochromatized Mo 

Kα radiation, using ω /2θ scan-technique. 23795 reflections were 

measured in the range 2.55º ≤  θ  ≤ 28.48°. 15694 of which were non-

equivalent by symmetry (Rint(on I) = 0.0978). Empirical absorption 

correction was made. The asymmetric unit contains two independent 

molecules of the complex, four PF6 anions and four acetonitrile 

molecules. Three of the PF6 anions are disordered in two orientations. 

Also one of the acetonitrile molecules is disordered in two orientations. 

The measured crystal was of low quality. A better data set could not be 

collected since the crystals are not stable due to the lost of solvent. 
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Structure Solution and Refinement for complex (32+)(PF6)2. A 

brown needle shaped crystal (0.40 x 0.06 x 0.02 mm) was selected and 

mounted on a Bruker-Nonius FR591 with CCD APEX2 4K detector 

system. Unit-cell parameters were determined from automatic centering 

of 5387 reflections (2.66º < θ < 30.83º) and refined by least-squares 

method. Intensities were collected with graphite monochromatized Mo 

Kα radiation, using ω /2θ scan-technique. 9353 reflections were 

measured in the range 2.66º ≤  θ  ≤ 34.79°. 6425 of which were non-

equivalent by symmetry (Rint(on I) = 0.0404). Empirical absorption 

correction was made. The asymmetric unit contains one molecule of the 

complex and one PF6 anion.  The main molecule is partially disordered 

in two orientations (ratio 50:50). Also the PF6 anion is disordered in two 

orientations (ratio 54:46). 

Structure Solution and Refinement for complex (62+)(PF6)2. A 

brown plate shaped crystal (0.30 x 0.20 x 0.05 mm) was selected and 

mounted on a Bruker-Nonius FR591 with CCD APEX2 4K detector 

system. Unit-cell parameters were determined from automatic centering 

of 1844 reflections (2.78º < θ < 18.14º) and refined by least-squares 

method. Intensities were collected with graphite monochromatized Mo 

Kα radiation, using ω /2θ scan-technique. 10827 reflections were 

measured in the range 2.77 ≤  θ  ≤  25.78°. 3256 of which were non-

equivalent by symmetry (Rint(on I) = 0.119). Empirical absorption 

correction was made. The asymmetric unit is made up of one ruthenium 

complex, two PF6 anions, two water molecules and two dichlormethane 

molecules, one of them disordered in two positions. 
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Structure Solution and Refinement for complex (72+)(PF6)2. A 

brown needle shaped crystal (0.20 x 0.05 x 0.02 mm) was selected and 

mounted on a Bruker-Nonius FR591 with CCD APEX2 4K detector 

system. Unit-cell parameters were determined from automatic centering 

of 9942 reflections (2.73º < θ < 32.27º) and refined by least-squares 

method. Intensities were collected with graphite monochromatized Mo 

Kα radiation, using ω /2θ scan-technique. 26710 reflections were 

measured in the range 2.50º ≤  θ  ≤ 30.00°. 19940 of which were non-

equivalent by symmetry (Rint(on I) = 0.0373). Empirical absorption 

correction was made. The asymmetric unit contains two independent 

molecules of the complex and four independent PF6 anions. Additionally 

the unit cell contains highly disordered solvent molecules (probably 

diethylether), which could not be clearly localized. Since it was not 

possible to refine the solvent molecules the program SQUEEZE21, 22 was 

used for removing the electron densities of these molecules from the 

dataset Also some intense electron densities can be observed 

surrounding the metal atoms. These electron densities are probably due 

to the low quality of the measured crystal and due to the presence of an 

additional small crystal. Later attempts to collect a better data set was 

not possible since the crystals did degrade extremely fast due to the lost 

of solvent. Variations in the procedure of the absorption correction did 

also not improve the dataset. 

Structure Solution and Refinement for complex (92+)(PF6)2. A 

brown needle shaped crystal (0.15 x 0.03 x 0.01 mm) was selected and 

mounted on a Bruker-Nonius FR591 with CCD APEX2 4K detector 

system. Unit-cell parameters were determined from automatic centering 

of 8440 reflections (2.32º < θ < 26.35º) and refined by least-squares 
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method. Intensities were collected with graphite monochromatized Mo 

Kα radiation, using ω /2θ scan-technique. 17324 reflections were 

measured in the range 1.51º ≤  θ  ≤ 29.70°. 17324 of which were non-

equivalent by symmetry (Rint(on I) = 0.0842). Empirical absorption 

correction was made. The unit cell contains one molecule of the 

complex, two PF6 anions and three chloroform molecules. The complex 

shows one of the substituted terpyrdine ligandsand the acetate 

disordered in two positions (ratio 50:50). The PF6 anions are also 

disordered, each in two orientations (ratio 50:50). The three chloroform 

molecules are disordered in seven different positions and orientations. 

Structure Solution and Refinement for complex (123+)(PF6)3. 
A brown needle shaped crystal (0.15 x 0.2 x 0.3 mm) was selected and 

mounted on a Bruker-Nonius FR591 with CCD APEX2 4K detector 

system. Unit-cell parameters were determined from automatic centering 

of 4921 reflections (2.68º < θ < 22.84º) and refined by least-squares 

method. Intensities were collected with graphite monochromatized Mo 

Kα radiation, using ω /2θ scan-technique. 6425 reflections were 

measured in the range 1.48º ≤  θ  ≤ 25.71°. 4572 of which were non-

equivalent by symmetry (Rint(on I) = 0.0775). Empirical absorption 

correction was made. The asymmetric unit is made up of half Ru 

complex with disorder in one of the ligands in two positions with 

occupations ratio 50:50, 1.5 ClO4 anions modeled in six positions with 

occupations of 21:33:25:25:13:33 and two acetonitrile molecules. 

Structure Solution and Refinement for complex (143+)(PF6)3. 
A red cubic crystal (0.1 x 0.15 x 0.2 mm) was selected and mounted on 

a Bruker-Nonius FR591 with CCD APEX2 4K detector system. Unit-cell 

parameters were determined from automatic centering of 9847 
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reflections (2.36º < θ < 35.73º) and refined by least-squares method. 

Intensities were collected with graphite monochromatized Mo Kα 

radiation, using ω/2θ scan-technique. 24314 reflections were measured 

in the range 1.11º ≤ θ ≤ 36.49°. 19257 of which were non-equivalent by 

symmetry (Rint(on I) = 0.0379). Empirical absorption correction was 

made. The asymmetric unit is made up of one ruthenium complex, three 

PF6 anions and one acetonitrile molecule. 

Computational Methods. All geometries were fully optimized at 

the density functional level of theory using the M06-L functional23, the 

Stuttgart [8s7p6d2f | 6s5p3d2f] ECP28MWB contracted pseudopotential 

basis set on Ru24, and the 6-31G(d) basis set25 on all other atoms. The 

grid defined as “ultrafine” in the Gaussian 03 electronic structure 

program26 was employed for integral evaluations. In addition, an 

automatically generated density-fitting basis set was used within the 

resolution-of-the-identity approximation for the evaluation of Coulomb 

integrals. All singlet geometries were obtained from broken-spin-

symmetry calculations. To compute excited-state energies (and 

associated optical spectra), time-dependent density functional theory 

(TD-DFT) calculations were carried out using the B3LYP functional27-30, 

the TZVP basis set31, 32 on C, H, N, and O, and the TZVPP basis set on 

Ru32, along with the zeroth order regular approximation33 (ZORA) as 

implemented in the ORCA 2.7.0 software package34 to account for 

scalar relativistic effects. Equilibrium and non-equilibrium solvation 

effects were accounted for by using the conductor like screening model 

(COSMO)35 for acetonitrile (ε = 37.5) as the solvent. The RIJCOSX36 

approximation was employed to calculate the necessary Coulomb and 

Hartee-Fock exchange integrals. 
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Results 

Synthesis and Structure. A generic illustration of the used 

ligands, including the labeling scheme used for all NMR-assignation is 

illustrated in Chart 1.  

Chart 1. Illustration of the molecular structure of the used ligands (R1 = 
H, Me, NO2; R2 = H, Me, OMe). The labeling scheme used for NMR 
assignations is included. 

 
 
 
A generalized synthetic route for the herein presented in,in-

[Ru2(MeCN)2(µ-(R1-bpp))(R2-trpy)2]3+ compounds is presented in 

Scheme 1.  
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Scheme 1. Strategies used for the synthesis of symmetric in,in-
[Ru2(MeCN)2((µ-(R1-bpp))(R2-trpy)2](PF6)3 (103+-143+)(PF6)3 (R1 = H, Me, 
NO2; R2 = H, Me, OMe) compounds.   

 

 
 
 
The synthesis of the precursors [Ru2(µ-Cl)(µ-(R1-bpp)(R2-trpy)2]2+ (22+-

52+) are performed following the synthetic route A or B published 

elsewhere.6 Substitution of the µ-Cl and µ-OAc ligands is achieved by 

refluxing the precursor with excess of sodium acetate in acetone/water 

(4:1) mixture in very good yields. In the case of 22+, the substitution has 

to be initiated using a Ag(I)-salt. Separation of formed AgCl(s) is followed 

by anew reflux with excess sodium acetate in acetone/water (4:1). The 

desired dinuclear bis-acetonitrile Ru(II)-complexes can be achieved 

through two different synthetic strategies. Strategy A consists of 

substituting the bridging acetate ligand from [Ru2(µ-OAc)(µ-(R1-bpp)(R2-

trpy)2]2+ starting compounds (62+-92+) in MeCN, triggered by the addition 

of a small quantity of CF3SO3H (0.1 M).  
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Once the acid is added, the reaction mixture is refluxed for 4 h. A color 

change from ruby-red to brown can be observed shortly after addition. A 

volume of 1 mL of NH4PF6(sat. aq.) is added when the reaction mixture 

reached RT. The reaction volume is decreased to initiate precipitation. 

The solid is filtered off, washed consecutively with a little amount of 

water followed by diethylether. The obtained dark-brown solid 

(complexes 103+-133+) is dried under vacuum overnight. Strategy B 

bears similarities to Strategy A, now however the starting compound is 

the chloro bridged dinuclear Ru(II)-complex and the substitution is 

trigged by a silver salt. This strategy is planned to avoid a) side reactions 

with possible pH sensible compounds and b) water as a co-solvent. 

Here in absence of light, an equimolar amount of AgNO3, dissolved in a 

minimum volume of MeCN, is added to a solution of [Ru2(µ-Cl)(µ-(NO2-

bpp))(trpy)2]2+ (22+) in MeCN. The reaction mixture is kept under reflux 

for 4 h. After cooling to room temperature the formed pale AgCl 

precipitate is filtered off by passing the suspension through a pad of 

Celite. Consecutive addition of 1 mL of NH4PF6(sat., aq.) and 5 mL of H2O 

to the filtrate followed by reduction of the reaction volume leads to the 

desired complex 143+ as PF6-salt. Reprocessing steps, involving 

washing and drying, are the same as for Strategy A. 

For both strategies, final products are obtained in yield close to unity. 

Final compounds exhibit a high degree of purity and no further 

purification steps are needed. The discussion of solid-state structure will 

be focused on the dinuclear bis-acetonitrile complexes. Structures of µ-

Cl- and µ-OAc-dinuclear Ru-compounds (22+, 32+, 62+, 72+, 92+) will be 

discussed in a different paper. Complex 143+ bears two Ru(II) metal 

centers, displaying both an octahedral distorted coordination.  
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Two enantiomeric molecular structures are found in the unit cell. The 

molecular structures of those enantiomers are represented in Figure 1. 

The deprotonated bridging ligand NO2-bpp binds two Ru(II) metal 

centers (dRu(1)-Ru(2) = 4.416 Å) in a respective bidentate fashion. This 

coordination mode provokes that both, the bite-angle of pyrazolic and 

pyridylic nitrogen’s and the torsion angle between both moieties 

decrease compared to the free ligand. For visualization, an overlay of an 

optimized geometry of NO2-Hbpp and the first coordination sphere, 

including the complete bridging ligand, of complex 143+ is depicted in 

Figure 2. 
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Figure 1. Molecular structure of the cationic moiety of enantiomeric 
complex 143+ (Ellipsoids at 30% probaility). Top (plan view, including C2 
symmetry axis) and bottom (front view); in each case: Δ,Δ-143+ (left) and 
Λ,Λ-143+ (right). For clarity hydrogen’s and counter ions are not shown. 
 
 

 
Figure 2. Overlay of optimized geometry (B3LYP-631G**) for the free 
ligand NO2-Hbpp (small colored spheres/black bonds) and first 
coordination sphere of complex 143+ (larger colored spheres/white 
bonds) as determined by X-ray crystallography. Color code: white: H, 
grey/black: C, blue: N, red: O, pink: Ru. 
 

C2 C2 
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The monoanionic NO2-bpp ligand adopts an almost planar configuration, 

as a torsion angle (N(1)-C(5)-C(6)-N(2) = (N(4)-C((9)-C(8)-N(3)) of only 

around 10° is measured for complex 143+ in solid state. The same 

torsion angle is given to around 30° for the structurally similar free ligand 

3,5-Bis(2-pyridyl)-4-Methyl-1H-pyrazole. The nitro-substituent in the 4-

position of the pyrazole moiety is twisted to a degree of 26° out of plane, 

most likely due to attraction/repulsion interaction with the pyridylic 

protons of C4/C10. This distance of (N)O-H(C) is given to around 2.2 Å. 

The 2,2’:6’,2’’-terpyridine ligand binds in a tridentate meridional fashion. 

The intrinsic nature of this ligand provokes that the angle of N(6)-Ru(1)-

N(8)/N(9)-Ru(2)-N(11) is given to around 160°. This is 20° less then for 

ideal octahedral coordination. In addition, the equatorial nitrogen of the 

terpyridine moiety exhibits a 0.1 Å shorter bond length to the Ru-metal 

center then the axial nitrogens. The last coordination position is filled by 

a monodentate acetonitrile ligand. The bulkiness of this ligand provokes, 

that on one metal center the acetonitrile ligand points above and on the 

other metal center beneath the plane spanned by the pyrazole moiety of 

the NO2-bpp bridging ligand. Both sides interconvert through C2 

symmetry. The torsion angle of Ru(1)-N(3)-N(2)-Ru(2) unfolds to 41°. 

This characteristic leads to the formation of a pair of enantiomers (Δ,Δ-

143+ and Λ,Λ-143+). Investigation of the transformation of one enantiomer 

into the other in solution, including calculation of the corresponding 

activation energy, can be done using NMR-techniques at various T. 

Results are presented in the chapter Spectroscopic properties. 

The molecular structure of complex 123+ is presented in the Supporting 

Information. The resolution of the molecular structure is low; mostly due 

to disordered electron density appertain to counter ions throughout the 
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elementary cell. The asymmetric unit of complex 123+ is made up of half 

ruthenium complex with disorder in one of the terpyridine ligands in two 

positions with occupations ratio 50:50. Since this is the only disorder in 

the molecular structure, one is allowed to compare influences of diverse 

substituent at different positions of the ligand framework, on the 

structural properties. The same structural characteristics presented for 

complex 143+ are as well found in complex 123+. A mentionable 

difference is presented by the metal-metal bond distance, which in 

complex 123+ is given to 4.56 Å and for that is only around 0.1 Å longer 

than in complex 143+. Hence, modification made on the ligand backbone, 

especially on the pyrazole moiety, does not seem to have significant 

influence on the molecular structure in solid state. 
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Spectroscopic Properties.  

NMR. The coordination configuration observed in solid state is retained 

in solution as the through space interaction of the inner acetonitrile 

ligands lead to a typical dynamic behavior in the 1H-NMR spectra, which 

was observed priory in similar compounds in our group.37 To gather 

more information on the dynamic behavior, temperature dependent 1H-

NMR experiments were carried out in order to calculate activation 

parameters. 1D- and 2D-NMR spectra were recorded in d2-DCM or d6-

acetone with residual solvent protons as internal standard. All relevant 

spectra are presented in the Supporting Information. Exemplarily 1H-

NMR spectrum of complex 113+ at selected temperatures are presented 

in Figure 3. 

At RT the 1H-NMR spectrum consist mainly of signals related to the 

bridging ligand. Stepwise decreasing the temperature, one can observe 

the dispartment of signals into a set of two equal resonances. At lower T, 

all signals can be assigned unambiguously using 2D-COSY and -

NOESY experiments. The rate constant ks of this dynamic process at a 

given coalescence temperature (Tc) is given by eq. 138, with δνT being 

the observed separation of the two peaks at a given temperature (T) and 

δν0 being the separation of the two exchanging peaks in the absence of 

exchange.  

€ 

kS =
π

2
δν0

2 −δνT
2( )1 2

    
(eq. 1)

 
Using the Eyring equation (eq. 2), the free energy of activation (ΔG‡) can 

be determined semi quantitatively. 

€ 

k =
kbT
h
e−ΔG

± RT
     (eq. 2) 
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Figure 3. 1H-NMR (aromatic region) of complex 113+ in d2-DCM at 
different T. Signals of H14, H43, H28, H29 (diamonds) and H16, H41, 
H26, H31 (stars) are marked. 
 
 
Eyring plots are presented in the Supporting Information. As a result of 

its insolubility of complex 143+ in d2-DCM, measurements were carried 

out in d6-acetone. One has to keep in mind that the change in polarity of 

the solvent could have influence on the specific barrier due to 

stabilization/destabilization of transition states. It is found that 

modifications on the ligand structure, either on the 4-position of the 

pyrazole moiety or on the 4’-position of the terpyridine ligand, are of 

negligible influence for the interconversion. The extent of activation 

energy rather depend on the bulkiness of the monodentate inner 

ligands.37 The obtained results are summarized in Table 1. 
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Table 1. Calculated values of activation energy (ΔG‡, T = 298K) from 
temperature depending 1H-NMR experiments.  

compound ΔH‡ 
(kcal/mol) 

ΔS‡ (kcal/(molK) ΔG‡ 
(kcal/mol) 

113+ 2.4 -0.03 11.4 

123+ 1.9 -0.03 10.9 

133+ 2.1 -0.03 11.1 

143+ (a) 2.1 -0.03 11.1 

(a) NMR measurements of complex 143+ were performed in d6-acetone, all 
other complexes were measured in d2-DCM. 
 
 
UV-Vis. The influence of the different substituents on electronic 

transitions was investigated by means of UV-Vis-NIR spectroscopy.  

In theory, the addition of EW (electron-withdrawing) substituents has a 

strong stabilizing effect on the LUMO (π*). Its influence on the HOMO 

(dπ) should be of smaller magnitude (Figure 4, hν(2)). ED (electron-

donating) substituents have the opposite effect, destabilizing HOMO 

(dπ) and LUMO (π*) (Figure 4, hν(3)). In a first approximation, 

depending on the position of substituation, MO’s of either the bridging- 

or the auxiliary ligand are affected differently (see Figure 5). A summary 

of the transition maxima at the different oxidation states is presented in 

Table 2.  
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Figure 4. Influence on HOMO and LUMO relative energies introducing 
electron donating (ED) or electron withdrawing (EW) groups on the 
ligand backbone regarding MLCT transitions. 
  
 

  

Figure 5. Influence on HOMO (dπ) and LUMO (π*) relative energies 
introducing substituents on either the bridging ligand R1-bpp or the 
auxilliar ligand R2-trpy. Left, R1 = H, R2 = OMe (red lines); R1, R2 = H 
(black lines); R1 = NO2, R2 = H (blue lines). Right, R1 = Me, R2 = H (red 
lines); R1, R2 = H (black lines); R1 = H, R2 = Me (blue lines). 
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Table 2. Main UV-Vis spectroscopic features of complexes 103+-143+ 
recorded in MeCN and the mono- and double oxidized analogs (104+-
144+ and 105+-145+ respectively), recorded in MeCN-TBAH (0.1 M).  

Compound (Redox-
state) 

assig. λmax (nm) (ε (M-1cm-1)) 

 271 (60300), 310 (71200), 
358 (27000) 

 445 (13600), 473 (12300) 

103+ (Ru2
II,II) 

 536 (3100), 615 (800) 
104+ (Ru2

II,III) (a)  448 (10000), 630 (6000) 
105+ (Ru2

III,III) (a)  417 (7000), 590 (9600) 
 271 (57900), 310 (70300), 

360 (25200) 
 445 (13500), 474 (12500) 

113+ (Ru2
II,II) 

 532 (3100), 608 (100) 
114+ (Ru2

II,III) (a)  453 (8400), 647 (6100) 
115+ (Ru2

III,III) (a)  607 (8700) 
 271 (59900), 308 (67900), 

359 (25300) 
 445 (13800), 472 (13000) 

123+ (Ru2
II,II) 

 533 (3000), 608 (900) 
124+ (Ru2

II,III) (a)  447 (9800), 630 (5200) 
125+ (Ru2

III,III) (a)  410 (6700), 588 (8300) 
 272 (71700), 305 (66600), 

360 (28800) 
 446 (16800), 474 (15900) 

133+ (Ru2
II,II) 

 595 (1000) 
134+ (Ru2

II,III) (a)  448 (12100), 622 (6400) 
135+ (Ru2

III,III) (a)  409 (7600), 581 (10400) 
 440 (13700), 464 (16100), 

640 (3900) 
143+ (Ru2

II,II) 

 592 (1800) 
144+ (Ru2

II,III) (a)  440 (13700), 640 (3900) 
145+ (Ru2

III,III) (a)  420 (7100), 548 (6500) 
(a) Oxidation was achieved by controlled bulk electrolysis at specific potential (Eappl ≥ E1/2 
+ 150 mV) in a homemade 1 mm three electrode spectro-electrochemical cell. 
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Compensating effects (Figure 5), resulting from the structural complexity 

of the molecule and thus their molecular orbitals, may diminish or even 

reverse the theoretically expected shifts (Figure 4). This would explain 

the remarkable similarity of absorption spectra of complexes 103+-133+ in 

their oxidation state Ru2
II,II (Figure 6).  

 

 
Figure 6. Absorption spectra (Vis-region) of complexes 103+ (red), 113+ 

(turquoise), 123+ (blue), 133+ (purple) and 143+ (green) recorded in MeCN-
TBAH (0.1 M).  
 
 
Upon oxidation, transitions in the range of 400-500 nm present a 

hypsochromatic shift, accompanied with a decrease in intensity. In 

addition to this, new transition maxima arise at higher wavelengths 

(Figure 7). An overlay of these new transitions for oxidation state Ru2
II,III 

or Ru2
III,III is depicted in Figure 8 and Figure 9, respectively. 
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Figure 7. Overlay of absorption spectra of in,in-[Ru2(MeCN)2(µ-
bpp)(4’MeO-trpy)2]x+ (13x+) recorded in MeCN-TBAH (0.1 M). Blue 
line…x = 3, red line…x = 4, green line…x = 5. Oxidation was achieved 
electrochemically by chronoamperometry with Eapp(1) = 1.15 V; Eapp(2) = 
1.45 V vs. SSCE.  
 
 

 
Figure 8. Overlay of absorption spectra of in,in-[Ru2(MeCN)2(µ-R1-
bpp)(R2-trpy)2]4+ recorded in MeCN-TBAH (0.1 M). Color code: 104+ 
(red), 114+ (turquoise), 124+ (blue), 134+ (purple) and 144+ (green).  
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Figure 9. Overlay of absorption spectra of in,in-[Ru2(MeCN)2(µ-R1-
bpp)(R2-trpy)2]5+ recorded in MeCN-TBAH (0.1 M). Color code: 105+ 
(red), 115+ (turquoise), 125+ (blue), 135+ (purple) and 145+ (green).  
 
 
Whereas in oxidation state Ru2

II,III the absorption spectra are of relative 

similarity, in oxidation state Ru2
III,III the transition maxima present 

noticeable changes. The transition for complex 145+ present a noticeable 

blue shift (≈ 40 nm) compared to the unsubstituted complex 105+ 

(Figure 9). The origins of these high oxidation state transitions are 

explained through TD-DFT calculations (see Supporting Information). 

Exemplarily, the calculated HOMO’s and LUMO’s for complex 145+ are 

shown in Figure 10. In general, for all complexes in oxidation state 

Ru2
II,III or Ru2

III,III the LUMO is always d-Ru/π-R1bpp, whereas the 

HOMO are mixings of d-Ru/π-R1bpp/π-R2trpy. For complex 14, one can 

see that the trpy ligand is only present in the HOMO in the Ru2
II,III redox 

state. In oxidation state Ru2
III,III it does not intervene in the LUMO and 

has only very minor contribution to the HOMO.  
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(a) 

 
(b) 

 
(c) 

 

Figure 10. Calculated HOMO’s (a, b) and LUMO (c) of complex in,in-
[Ru2(MeCN)2(µ-(NO2-bpp))(trpy)2]5+ (145+), involved in the transition with 
λmax = 566 nm.  
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Calculated differences via DFT, using B3LYP functional and TZVP (C, 

H, N, O) / TZVPP (Ru) as basis set, agree in general with experimental 

data. Both results are put side by side in Table 3. 

 

 Table 3. Experimental and theoretical obtained UV-Vis absorption 
maxima of complexes (10x+-14x+) in their oxidation state Ru2

II,II (x = 3), 
Ru2

II,III (x = 4) and Ru2
III,III (x = 5), plus corresponding differences. 

 10x+ 11x+ 12x+ 13x+ 14x+ 

λmax (nm) (x = 3)  473 475 472 474 464 

Δλmax (nm) (exp.) - +2 -1 +1 -9 

λmax (nm) (x = 4) 630 647 630 622 640 

Δλmax (nm) (exp.) - +17 ±0 -8 +10 

Δλmax (nm) (theor.) - -15 -2 -6 +12 

λmax (nm) (x = 5) 590 607 588 581 548 

Δλmax (nm) (exp.) - +17 -2 -9 -42 

Δλmax (nm) (theor.) - +2 -8 -15 -24 

Δλmax = λmax(Yx+) - λmax(10x+) (Y = 11, 12, 13, 14; x = 3, 4, 5) 

 

Selected MO’s involved in MLCT transitions at elevated redox states 

(Ru2
II,III and Ru2

III,III) in addition to complete UV-Vis spectra are shown in 

the Supporting Information. It is shown that neither HOMO nor LUMO 

are purely metal or ligand based and therefore appropriate for good 

electronic communication. 
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Near-Infrared Spectroscopy. One of the main goals of this work is to 

identify the grade of electronic coupling between the two metal centers 

throughout the bridging ligand. One common technique used in this type 

of investigation is based on electrochemistry, namely the calculation of 

the comproportionation constant Kc. Findings concerning this will be 

discussed in the section “Redoxproperties” later on. However this 

constant should not be directly linked to pure electronic delocalization 

over the bridging ligand, as it also includes possible electrostatic 

interactions.39 A more precise way of studying the electronic coupling in 

the mixed valence state uses the phenomenon of optical electron 

transfer. It is observed as an intervalence transition in mixed valence 

systems, where electromagnetic radiation is used to move an electron 

spatially. Robin and Day were the first to classify the degree of 

communication.40 Class I compounds present negligible electronic 

interaction (Hab), due to large distance between the metal centers or 

insulating property of the bridging ligand; for Class II (0 < Hab < λ/2), the 

electronic interaction is small. In addition that the system retains its 

individual properties, additional properties are observed. For Class III 

(Hab ≥  λ/2.), the electronic interaction is very strong; the systems 

properties are usually completely different from those of its individual 

components.  
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In a symmetric system (ΔG° = 0, ΔG°…energy difference between two 

potential curve minima), following the Franck-Condon principle, the 

energy of transition (Eop) equals λ (eq. 3). 

 

€ 

Eop = λ + ΔG°    (eq. 3) 

The mono-oxidized form of compounds 10-14 exhibit such a transition in 

the near-IR at λmax ≈ 1500 nm (Figure 11).  

 

 
Figure 11. Absorption spectra of complex 133+ (blue) upon one- (134+, 
red) and two-electron oxidation (135+, green) in MeCN-TBAH (0.1 M). 
Arrows indicate absorption change for oxidation reaction 133+

€ 

→  134+). 
 
 
The spectroscopic features of these IVCT-bands are investigated in 

detail, as it allows the calculation of parameters of particular interest, 

such as delocalization parameter (α2) and the coupling constant (Hab), 

through eq. 4 and eq. 5 respectively.  

€ 

α 2 = 4.2 •10−4( )εmaxΔν1 2( ) /d2Eop    (eq. 4) 

€ 

Hab = a2Eop
2( )1 2      (eq. 5) 
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Where Δν1/2 (cm-1) is the peaks width at half height, d (Å) the inter 

component metal-to-metal distance and Eop (cm-1) is the energy of the 

absorption maximum of the intervalence band. A close approximation for 

Δν1/2 can be made using the Hush formula, eq. 6. 41-43 

€ 

Δν1 2 = 16RT ln2 νmax( )( )1 2    (eq. 6) 

In addition to the extent of delocalization of the bridging ligand, the 

energy levels of its HOMO and LUMO can influence this interaction. 

Depending on the appropriate energy level, molecular orbitals can be 

transiently reduced  (LUMO) or oxidized (HOMO) during the electron 

exchange. Therefore modification on the ligand structure can have either 

a cumulative or reductive effect. 

An overlay of the observed IVCT-bands in the near-IR region is 

presented in Figure 12. Relevant data from the NIR-spectra plus 

resulting calculated values for Hab are summarized in Table 4. A nice 

trend can be drawn from this data, as the addition of electron-donating 

methyl-groups onto the ligand backbone stepwise enhances the 

electronic coupling by ≈ 50 cm-1 per methyl-group. Thereby it is not 

important if the substituton is made on the auxiliary terpyridine- or the 

bridging bpp-ligand. The even stronger electron-donating property of the 

methoxy-substituent increases this effect even further, whereas the 

opposite counts for the electron-withdrawing nitro-substituent.  
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Figure 12. Near-IR absorption spectra of complexes 104+ (red), 114+ 

(turquoise), 124+ (blue), 134+ (purple) and 144+ (green) recorded in MeCN-
TBAH (0.1 M). Complex 104+-134+ were measured on a Varian 
Cary5000, complex 144+ on a Perkin Elmer Lambda1050. Oxidation was 
achieved, applying a defined potential to a homemade 1 mm, three 
electrode spectro-electrochemical cell containing the complex-electrolyte 
solution. Asterix mark regions of solvent/cell-absorption. 

 
 

The determined coupling constant Hab posses a mayor value, although 

in similar magnitude, as previous described structurally similar 

compounds.44-46 The observed full width at half-heights (Δν1/2) are, 

although a bit stretched, in the same order of magnitude as their 

theoretical values, calculated from the Hush formula, verifying its 

applicability. 

Summing up, all complexes 104+-144+ can be categorized as Class II 

compounds as all of them obey 0 < Hab < λ/2. Electron-donating 

substituents enhance the electronic coupling, thus we suggest that the 

charge transfer process occurs via a HOMO-mediated superexchange 

process, as ED-substituents would stabilize the formally oxidized HOMO 

in the transition state. 
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Table 4. Summary of the main spectroscopic features from the near-IR-
region of complex 104+-144+. In addition the calculated values of Hab are 
presented. 	  

compound 

 

νmax 

(cm-1) 

Δν1/2 

(cm-1) 

calcd. 
Δν1/2 

(cm-1) (a) 

ε 

(M-1cm-1) 

Hab 

(cm-1) 

104+ 6300 3800 3800 740 600 

114+ 6200 4200 3780 650 650 

124+ 6150 4200 3760 790 720 

134+ 6100 4200 3770 860 750 

144+ 5700 3600 3600 580 490 

(a) Calculation of Δν1/2 were realized using the Hush formula                            
Δν1/2 = (16RTln2(νmax))1/2.	  
 
Electron paramagnetic resonance. The electronic configuration for a 

Ru(II)-metal center is [Kr]5s04d6 and in an octahedral coordination 

sphere its complexes are diamagnetic. Upon one electron oxidation, a 

dinuclear complex is converted into a d6-d5 paramagnetic species, and 

thereby suitable for EPR experiments. Further one electron oxidation 

can lead either to a diamagnetic d5-d5 dinuclear species, where the free 

electrons on each metal center combine to an overall singlet spin state 

(efficient electronic coupling) or a paramagnetic species with triplet spin 

state (no electronic coupling). The triplet state would give rise to an EPR 

signal of double magnitude as the mono-oxidized d6-d5 specie, whereas 

for the singlet state it would be EPR silent. The efficiency of electronic 

coupling can therefore be additionally studied via EPR spectroscopy. All 

investigated complexes were oxidized electrochemically via bulk 

electrolysis at specific potential in argon degassed MeCN-TBAH (0.1 M), 
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subsequent transferred into an oxygen free EPR sample-tube and 

immediately frozen in liquid nitrogen.  

 

 
Figure 13. Alternating EPR-spectra of complex 133+ (dotted line), 134+ 
(dashed line) and 135+ (solid line) in MeCN-TBAH (0.1 M).  
 
 
As expected, all complexes are EPR silent in their Ru2

II,II redox state. 

Upon one electron oxidation, a rhombic EPR signal can be observed at 

around gy = 2.2 (Figure 13), typical for one unpaired Ru(III)-metal based 

electron with distorted octahedral coordination geometry.47  

Complete EPR spectra are shown in the Supporting Information and 

their main parameters are resumed in Table 5. 
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Table 5. Parameters determined from EPR spectra for mono-oxidized 
complexes 104+-144+. 

compound gx gy gz 
Δgxgz 

(rhombic disorder) 

104+ 2.39 2.20 1.83 0.56 

114+ 2.34 2.19 1.85 0.49 

124+ 2.38 2.22 1.82 0.56 

134+ 2.37 2.24 1.81 0.56 

144+ 2.37 2.20 1.83 0.54 

 
Further one electron oxidation leads to an attenuation of the EPR signal 

to almost complete loss. The remaining signal can be attributed to either 

incomplete bulk electrolysis and/or the instability of the Ru2
III,III species in 

solution. This high oxidation state could decompose to e.g. the mixed 

valence Ru2
II,III redox state, which again would give raise to the 

observed signal. The clearly attenuating tendency of the EPR signal 

during oxidation of Ru2
II,III to the Ru2

III,III state fortifies the suggestion of 

efficient electronic coupling between the two metal centers. 

Redox Properties. Redox properties of all presented dinuclear 

complexes were investigated by means of cyclo voltammetric and 

coulombimetric techniques. All complexes present two quasi-reversible 

one-electron redox processes. Complete CV experiments for all 

complexes are shown in the Supporting Information.  

An overview of the electrochemical half-wave potentials of complexes 

103+-143+ is presented in Table 6. 
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Table 6. Electrochemical half wave potentials E1/2 (V) vs. SSCE plus 
corresponding ΔE (mV, with ΔE = Ep,c - Ep,a). Differences between half 
wavepotentials ΔE 1/2 (mV, with ΔE1/2 = E1/2

III,III/III,II - E1/2
III,II/II,II) and the 

resulting calculated comproportionation constant (Kc) are presented. 

compound E1/2
III,II/II,II 

(ΔE) 

E1/2
III,III/III,II 

(ΔE) 

ΔE1/2 

 

Kc 

103+ 0.990 (60) 1.350 (60) 360 1.2•106 

113+ 0.935 (70) 1.325 (90) 390 3.8•106 

123+ 0.950 (60) 1,310 (60) 360 1.2•106 

133+ 0.925 (70) 1.305 (80) 380 2.6•106 

143+ 1.180 (60) 1.465 (70) 285 6.5•104 

 
The effect of substitutions made on the ligand framework towards 

change in redox potential is a widely investigated field and general 

trends can be drawn for mononuclear Ru-compounds.48-50 Complexes 

113+-143+ follow the trend, that upon addition of electron-donating 

substituents on the ligand framework, their redox potential decreases, 

while increasing through electron-withdrawing substituents. As priory 

described, this is due to destabilizing/stabilizing effect of the substituents 

on dπ-orbitals. This allows one to quantify the grade influences of each 

substituent, regarding position and nature. This influence is illustrated in 

Figure 14.  

UNIVERSITAT ROVIRA I VIRGILI 
MONO- AND DINUCLEAR RUTHENIUM COMPLEXES: SYNTHESIS, CHARACTERIZATION 
AND THEIR IMPACT IN OXIDATION REACTIONS 
Stephan Röser 
ISBN:/DL:T.1241-2011 



 Paper D, manuscript in progress 

 141 

 
Figure 14. Overlay of CV’s of complex 103+ (red line). 133+ (blue line) 
and 143+ (black line) in DCM-TBAH (0.1 M) vs. SSCE.  
 
 
The change in redox potential towards substitutions is mainly observed 

for the first redox potential, as the position of the second is additionally 

affected by e.g. grade of electronic interaction between both metal 

centers. Complex 133+, featuring methoxy-substituents on the terpyridine 

moieties, show the biggest overall potential decrease, representing the 

strong electron donating character of the substituents. The first redox 

potential E1/2
II,III/II,II decreases by 65 mV compared to complex 103+, 

whereas the second redox potential E1/2
III,III/II,III diminishes only  by 

45 mV. Comparing complex 113+ with complex 123+ one can extract that 

substituation made on the bridging ligand, has a higher impact on the 

dπ-orbitals then if they are made on the terpyridine moieties. The first 

redox potential presents a decrease of 55 mV for complex 113+, whereas 

for complex 123+ it diminishes just 40 mV. Complex 143+ presents an 

increase of 190 mV for the E1/2
II,III/II,II and 115 mV for E1/2

III,III/II,III, reflecting 

the high impact of the nitro-group positioned on the bridging ligand on 

dπ-orbitals. For all cases the non-substituted complex 103+ was used as 
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reference. In multinuclear compounds the positions of the redox 

potentials contain additional information about the stability of 

intervalence compounds. A way to determine this stability is given by the 

comproportionation constant, Kc. 

 
It can be calculated using eq. 7. 

€ 

Kc = exp
ΔE F
RT       (eq. 7) 

 
One has to keep in mind, that the value of Kc cannot be exclusively 

attributed to electronic delocalization properties of the bridging ligand, as 

it is the sum of various effects. These effects can be summarized in the 

following equation: 

Kc = Σ (Kc(electrostatic) + Kc(solvent) + Kc(delocalization) + Kc(redox-

asymmetry))39       (eq. 8) 

As all complexes should present similar distances of the two metal 

centers and all redox potentials were measured in the same solvent, a 

direct relation between the comproportionation constant Kc and 

delocalization characteristics can be drawn. Substitution on the ligand 

backbone, especially the 4-position of the pyrazol moiety of the bridging 

ligand, also does not have considerable effects on coordination 

geometrics and therefore the observed effects are purely electronic.  

The calculated values of ΔE 1/2 reaffirm the trend observed by 

spectroscopic measurements in the near-IR region (see “Spectroscopic 

!"##!"##$%$!"###!"### &$!"##!"###
!"
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properties”), that ED substituents favor the electronic communication 

between both metal centers. 

Conclusions. Two different synthetic strategies for four new 

complexes, with the general formula in,in-[Ru2(MeCN)2(µ-(R1-bpp))(4’-

R2-trpy)2]3+ (complexes 103+-143+, R1 = H, Me, NO2; R2 = H, Me, OMe), 

are presented. Characterization includes the thoroughly investigation of 

the dinuclear compounds in solution and solid state concerning 

structural, spectroscopic and electronic properties. From single crystal 

X-Ray diffraction it could be shown that these complexes exist as a 

mixture of two enantiomers (Δ,Δ- and Λ,Λ-form). This is due to steric 

repulsion of the two inner acetonitrile ligands. In solution, this set of 

enantiomers can interconvert. The determination of rate constants at 

different temperatures by 1H-NMR measurements enabled the 

calculation of activation parameters for this process. It is found that the 

activation barrier does not differ significantly by modifying either the 4-

position of the bridging ligand or the 4’-position of the auxiliary ligand.  

The main goal of this work is the determination of the grade of electronic 

coupling between the two metal centers. To achieve this, a variety of 

methodologies are applied, including electrochemical-, spectroscopic- 

and spectro-electrochemical techniques. Of all possible indicators, the 

intervalence charge transfer (IVCT) transition of mixed valence species 

is of most interest. It contains spectroscopic features, which allows the 

calculation of the delocalization parameter ( α2) and the coupling 

constant Hab. All dinuclear mixed valence complexes can be categorized 

as Class II compounds in the Robin-Day classification (0 < Hab < λ/2.). 

Despite the fact that the difference in value of the electronic coupling 

constant is not immense for the different complexes, we deduce that 
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electron-donating substituents on the ligand framework enhance the 

coupling. We additionally propose that the IVCT transition occurs via a 

HOMO mediated superexchange process. EPR studies confirmed 

efficient electronic coupling between both metal centers as the 

compounds in their Ru2
III,III oxidation state present an overall 

diamagnetic behavior and are EPR silent. Electrochemical analyses give 

us information about reversibility and position of redox-potentials and 

allowed us to calculate the comproportionation constant Kc. This 

constant can be used as an approximation on electronic coupling 

between two metal centers, which are at relative close distance. The 

obtained results additionally corroborate the trend that ED substituents 

enforce electronic coupling, precedent observed using spectroscopic 

methods (UV-Vis-NIR). In addition origins of spectral features in the 

elevated redox states Ru2
II,III and Ru2

III,III are explained using DFT 

calculations. The obtained results reproduce largely the experimental 

obtained data and additionally give insight into the complicity of involved 

MO’s. 
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Abstract. Ruthenium based water oxidation model complexes are of 

great scientific interest, due to their capacity to mimic the oxygen 

evolution reaction of the tetranuclear manganese core in PS II. With the 

introduction of the so-called “Hbpp-WOC”, it was shown that dinuclear 

Ru-complexes present an efficient molecular system to achieve this. 

Modification of the energetic position of dπ-orbitals has shown to have 

significant influence towards its reactivity. By introducing electron-

donating and -withdrawing groups onto different positions of the original 

ligand backbone of the “Hbpp-WOC” system, we try to understand its 

implication on critical steps of the proposed water oxidation mechanism 

and on the catalytic activity. We present a microwave assisted synthesis 

towards symmetric and non-symmetric Ru-complexes together with their 

thoroughly characterization in solution and solid state. For this, a variety 

of spectroscopic (NMR, UV-Vis) and electrochemical techniques are 

used in addition to single crystal X-ray diffraction. The catalytic activity is 

measured by manometric techniques and the composite of the gas 

phase was identified by online-mass spectrometry. Rates for electron 

transfer processes and key steps in the water oxidation mechanism are 

determined using stopped flow UV-Vis spectroscopy. We introduce a 

non-symmetric Ru-dinuclear complex bearing an electron-donating 

MeO-substituent, which presents enhanced catalytic activity towards 

water oxidation reaction. This enhancement is explained through 

acceleration of key steps in the underlying mechanism. 
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Introduction. Global energy consumption is increasing, mostly driven 

by a growing world population. A rather conservative estimate predicts a 

rise in world’s energy consumption to around 30 TW in the year 2050.[1] 

This hunger for energy could be satisfied using conventional energy 

sources based on fossil fuels.[2, 3] However, the inevitable augmentation 

of CO2 emission could have severe consequences on global climate[4-6], 

as we yet reached the highest amount of CO2 in the atmosphere ever 

measured[7] and thereby aroused effects are already observable.[6, 7] To 

reduce these emissions, various technologies have been suggest for 

carbon capture and appropriate storage.[8-11] Simultaneously, a general 

change towards carbon-free, renewable energies has to occur. A 

promising approach, is the efficient and cost-effective direct conversion 

of photons into electricity or into fuels.[12] These so called solar fuels can 

be produced using non-biological approaches, generally called artificial 

photosynthesis. Water oxidation has been recognized as the bottleneck 

for the development of commercial light harvesting devices for the 

production of hydrogen from water.[13] Recently, encouraging progress 

was made in this field in both homogeneous- (defined molecular 

catalysts) or heterogeneous phase (metal oxides), using either Mn[14-17], 

Co[18-21], Ni[22], Fe[23] or Ir[24-27] as active sites. Another important and 

highly investigated field is the use of well defined molecular compounds 

bearing Ru-metal center(s) as catalytic active site.[28-34] Their robustness 

and easy modulation make them interesting candidates for industrial 

applications. To further improve these catalysts one has to gain insight 

into the mechanism behind the simply appearing but complex reaction. 

In 2009 the mechanism of the so-called “Ru-Hbpp water oxidation 

catalyst”, which at this time was the most effective dinuclear molecular 
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catalyst in homogenous phase, was identified.[35]  By combining a variety 

of fine chosen techniques, the oxygen-oxygen bond formation was found 

to occur exclusively through an intramolecular mechanism.[36] The next 

step is to study the influence of electronic modification on the catalyst 

towards its reactivity, by adding electron-withdrawing or -donating 

substituents to the original catalyst structure. In the present work, we 

investigate the impact of structural modification of the ligand backbone 

of the “Ru-Hbpp” model complex on the reactiveness. We introduce a 

new microwave assisted synthetic procedure, extensive characterization 

in solution and solid state of a family of symmetric and non-symmetric 

dinuclear Ru(II)-compounds (dinuc) and their activity towards water 

oxidation at pH = 1, using (NH4)2[Ce(NO3)6] (Ce4+) as sacrificial oxidant. 

Additionally we show exhaustive kinetic data on electron transfer 

processes and on the oxygen-oxygen bond formation mechanism for a 

new non-symmetric dinuclear Ru(II)-compound, which presents 

enhanced catalytic activity towards water oxidation. 
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Experimental Section 

Materials. Trifluoromethanesulfonicacid (99+%) was purchased 

from STREM/CYMIT. 4’-Amino-2,2’:6’,2’’-terpyridine (4’NH2-trpy) was 

purchased from HetCat. All other reagents used in this work were 

obtained from Aldrich Chemical Co. and were used without further 

purification. Ammonium cerium(IV) nitrate was purchased as ≥99.99% 

trace metal basis quality from Sigma-Aldirch® and stored in the glove 

box to avoid decomposition. Acetonitrile Chromasolve HPLC grade was 

obtained from Sigma-Aldrich®. Acetone RS and methanol, both HPLC 

grade and absolute ethanol were purchased from PANREAC. Methanol 

was freshly distilled (Mg/I2) before use. Highly purified water was 

achieved by passing it through an UltraClear water purifier from SG 

Wasseraufbereitung und Regenerierstation GmbH. 

Preparations. Compounds 4’-Methoxy-2,2’:6’,2’’-terpyridine [37] 

(4’MeO-trpy), out-[Ru(Cl)(Hbpp)(trpy)]+ [38], [RuCl3(4’MeO-trpy)] [39] and 

[RuCl3(4’NH2-trpy)] [39] were prepared according to previous published 

procedures. [Ru2(µ-Cl)(bpp)(trpy)2]2+ (1) [40], [Ru2(µ-Cl)(µ-(Me-

bpp))(trpy)2]2+ (2) [Paper D], [Ru2(µ-Cl)(µ-bpp)(4’Me-trpy)2]2+ (3) [Paper D], 

[Ru2(µ-Cl)(µ-bpp)(4’MeO-trpy)2]2+ (4) [Paper D], [Ru2(µ-Cl)(µ-(NO2-

bpp))(trpy)2]2+ (5) [Paper D], [Ru2(µ-OAc)(µ-bpp)(trpy)2]2+ (8) [40], [Ru2(µ-

OAc)(µ-(Me-bpp))(trpy)2]2+ (9) [Paper D], [Ru2(µ-OAc)(µ-bpp)(4’Me-trpy)2]2+ 

(10) [Paper D], [Ru2(µ-OAc)(µ-bpp)(4’MeO-trpy)2]2+ (11) [Paper D], [Ru2(µ-

OAc)(µ-(NO2-bpp))(trpy)2]2+ (12) [Paper D ]. 
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[Ru2(µ-Cl)(µ-bpp)(trpy)(4’MeO-trpy)](PF6)2, (6)(PF6)2. A sample of 

30.0 mg (43.4 µmol) of out-[Ru(Cl)(Hbpp)(trpy)](ClO4) and 20.5 mg (43.5 

µmol) of [RuCl3(4’MeO-trpy)] are placed in a 5 mL microwave vial. A 

total of 5 mL of absolute ethanol is added and the resulting brown 

suspension is degassed with argon. Adjacent 27.5 µL (217 µmol) of N-

Ethylmorpholine are added and the reaction mixture is put for 2 h at 

110°C under microwave irradiation. A 200 W Tungsten light bulb is used 

for overnight light irradiation at RT. Consecutively, 1 mL of NH4PF6(aq., sat.) 

and 10 mL of H2O are added and the resulting brown precipitate is 

collected by filtration. The solid is washed with minimum volume of cold 

CH2Cl2 followed by H2O and Et2O and is dried in vacuum.  

Yield = 50.0 mg (40.2 µmol (92.5%)). Anal. Calcd. for 

C44H33ClF12N10OP2Ru2•3.5H2O: C, 40.39; H, 3.08; N, 10.71. Found: C, 

40.72; H, 2.78; N, 10.41. 1H-NMR (d6-acetone): δ (ppm) 8.68 (d, 3J = 8.0 

Hz, 2H, H35, H37); 8.55 (d, 3J = 7.8 Hz, 2H, H4, H12); 8.53 (d, 3J = 8.0 

Hz, 2H, H32, H40); 8.48 (s, 1H, H22); 8.38 (d, 3J = 5.6 Hz, 2H, H1, H15); 

8.36 (d, 3J = 5.6 Hz, 2H, H29, H43); 8.34 (s, 2H, H7, H9); 8.25 (d, 3J = 

7.8 Hz, 2H, H19, H25); 8.16 (t, 3J = 8.0 Hz, 1H, H36); 7.95 (t, 3J = 7.8 

Hz, 2H, H31, H41); 7.93 (t, 3J = 7.8 Hz, 2H, H3, H13); 7.81 (t, 3J = 7.8 

Hz, 2H, H18, H26); 7.60 (m, 4H, H2, H14, H30, H42); 7.53 (d, 3J = 5.6 

Hz, 1H, H16 or H28); 7.44 (d, 3J = 5.6 Hz, 1H, H16 or H28); 6.82 (m, 2H, 

H17, H27); 4.20 (s, 3H, CH3 (4’MeO-trpy). Labeling is keyed in Chart 1. 
13C-NMR (d6-acetone): δ (ppm) 166.1, 159.5, 159.3, 158.8, 158.7, 153.8, 

153.5, 137.0, 136.8, 136.7, 136.5, 133.8, 127.2, 127.2, 123.7, 123.5, 

122.4, 122.1, 120.3, 120.2, 109.5, 103.1, 56.8. ESI-MS (MeOH): m/z 

1100.9 (M-PF6)+, 478.0 (M-2PF6)2+. UV-Vis (DCM): λmax, nm (ε, M-1cm-1) 

274 (57600), 314 (46800), 386 (22000), 480 (14300), 505 (13500), 655 
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(1800). Echem (DCM-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.685 V,  

ΔE = 60 mV; E1/2
III,III/II,III = 1.110 V, ΔE = 60 mV; ΔE1/2 = 425 mV. 

[Ru2(µ-Cl)(µ-bpp)(trpy)(4’NH2-trpy)](PF6)2, (7)(PF6)2. A sample of 

50.0 mg (67.8 µmol) of out-[Ru(Cl)(Hbpp)(trpy)](PF6) and 31.0 mg (68.0 

µmol) of [RuCl3(4’NH2-trpy)] are placed in a 5 mL microwave vial. A total 

of 5 mL of absolute ethanol is added and the resulting brown suspension 

is degassed with argon. Adjacent 43.0 µL (340 µmol) of N-

Ethylmorpholine are added and the reaction mixture is put for 2 h at 

110°C under microwave irradiation. A 200 W Tungsten light bulb is used 

for overnight light irradiation at RT. Consecutively, 1 mL of NH4PF6(aq., sat.) 

and 10 mL of H2O are added and the resulting brown precipitate is 

collected by filtration. The solid is washed with minimum volume of cold 

CH2Cl2 followed by H2O and Et2O and is dried in vacuum.  

Yield = 75.1 mg (61.0 µmol (90%)). Anal. Calcd. for 

C43H32ClF12N11P2Ru2•1.5H2O: C, 41.98; H, 2.81; N, 12.25. Found: C, 

40.93; H, 2.64; N, 11.93. 1H-NMR (d6-acetone): δ (ppm) 8.68 (d, 3J = 8.0 

Hz, 2H, H35, H37); 8.53 (d, 3J = 8.0 Hz, 2H, H32, H40); 8.45 (s, 1H, 

H22); 8.34 (d, 3J = 5.6 Hz, 2H, H29, H43); 8.32 (d, 3J = 5.6 Hz, 2H, H1, 

H15; 8.22 (d, 3J = 8.0 Hz, 4H, H4, H12, H19, H25); 8.15 (t, 3J = 8.0 Hz, 

1H, H36); 7.94 (t, 3J = 7.8 Hz, 2H, H31, H41); 7.89 (s, 2H, H7, H9); 7.87 

(t, 3J = 7.8 Hz, 2H, H3, H13); 7.80 (t, 3J = 7.8 Hz, 2H, H18, H26); 7.60 (t, 
3J = 6.6 Hz, 2H, H30, H42); 7.58 (d, 3J = 5.6 Hz, 1H, H16 or H28); 7.50 

(t, 3J = 6.6 Hz, 2H, H2, H14); 7.42 (d, 3J = 5.6 Hz, 1H, H16 or H28); 6.87 

(t, 3J = 6.9 Hz, 1H, H17 or H27); 6.79 (t, 3J = 6.9 Hz, 1H, H17 or H27); 

6.41 (s, 2H, NH2 (4’NH2-trpy)). Labeling is keyed in Chart 1. 13C-NMR 

(d6-acetone): δ (ppm) 171.0, 159.9, 159.4, 158.8, 157.3, 153.8, 153.7, 

153.5, 136.9, 136.7, 133.7, 127.2, 126.6, 123.5, 122.8, 122.3, 122.0, 
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121.9, 120.2, 120.1, 107.7. ESI-MS (MeOH): m/z 1085.9 (M-PF6)+, 470.5 

(M-H-2PF6)2+. UV-Vis (DCM): λ max, nm (ε, M-1cm-1) 277 (66200), 316 

(44800), 387 (21700), 480 (15300), 505 (14700), 651 (1800). Echem 

(DCM-TBAH (0.1 M), vs. SSCE): E1/2
II,III/II,II = 0.610 V, ΔE = 60 mV; 

E1/2
III,III/II,III = 1.075 V, ΔE = 90 mV; ΔE1/2 = 465 mV. 

[Ru2(µ-OAc)(µ-bpp)(trpy)(4’MeO-trpy)](ClO4)2, (13)(ClO4)2. A 

sample of 31.0 mg (24.9 µmol) of 6 and 17.0 mg (125 µmol) of 

NaOAc•3H2O are placed in a 5 mL microwave vial. A total of 5 mL of 

acetone/water (4:1) solvent mixture are added and the resulting brown 

suspension is put for 1 h at 90°C under microwave irradiation. 

Consecutively, 2 mL of NaClO4(aq., sat.) and 5 mL of H2O are added and 

the resulting violet precipitate is collected by filtration. The solid is 

washed with minimum volume of H2O followed by Et2O and is dried in 

vacuum. Yield = 27.3 mg (23.2 µmol (93%)). Anal. Calcd. for 

C46H36Cl2N10O11Ru2•NaClO4: C, 42.49; H, 2.79; N, 10.77. Found: C, 

42.74; H, 2.99; N, 10.41. 1H-NMR (d6-acetone): δ (ppm) 8.75 (d, 3J = 8.0 

Hz, 2H, H35, H37); 8.64 (m, 4H, H4, H12, H32, H40); 8.52 (s, 1H, H22); 

8.45 (d, 3J = 5.6 Hz, 2H, H1, H15); 8.43 (d, 3J = 5.6 Hz, 2H, H29, H43); 

8.41 (s, 2H, H7, H9); 8.20 (m, 3H, H19, H25, H36); 8.02 (t, 3J = 7.8 Hz, 

2H, H31, H41); 8.00 (t, 3J = 7.8 Hz, 2H, H3, H13); 7.74 (t, 3J = 7.8 Hz, 

2H, H18, H26); 7.50 (m, 5H, H2, H14, H16 or H28, H30, H42); 7.38 (d, 
3J = 5.6 Hz, 1H, H16 or H28); 6.87 (t, 3J = 6.6 Hz, 1H, H17 or H27); 6.83 

(t, 3J = 6.6 Hz, 1H, H17 or H27); 4.26 (s, 3H, CH3 (4’MeO-trpy)); 0.48 (s, 

3H, CH3 (OAc)). Labeling is keyed in Chart 1. 13C-NMR (d6-acetone): δ 

(ppm) 191.4, 166.1, 160.2, 160.0, 159.9, 159.8, 154.2, 153.8, 153.0, 

152.8, 137.3, 137.1, 135.8, 135.5, 133.8, 127.4, 127.3, 123.8, 123.6, 

122.6, 122.0, 119.5, 119.4, 109.7, 103.9, 56.0. ESI-MS (MeOH): m/z 
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1078.9 (M-ClO4)+, 490.0 (M-2ClO4)2+. UV-Vis (DCM): λ max, nm (ε, M-1    

cm-1)	  277 (69000), 317 (47300), 379 (23800), 502 (14600), 526 (14000). 

Echem (DCM-TBAH (0.1 M)), vs. SSCE): E1/2
II,III/II,II = 0.685 V,              

ΔE = 70 mV; E1/2
III,III/II,III = 1.030 V, ΔE = 60 mV; ΔE1/2 = 345 mV. 

[Ru2(µ-OAc)(µ-bpp)(trpy)(4’NH2-trpy)](ClO4)2, (14)(ClO4)2. A 

sample of 50.0 mg (40.6 µmol) of 7 and 26.4 mg (203 µmol) of 

NaOAc•3H2O are placed in a 20 mL microwave vial. A total of 12 mL of 

acetone/water (4:1) solvent mixture are added and the resulting brown 

suspension is put for 1 h at 90°C under microwave irradiation. 

Consecutively, 2 mL of NH4ClO4(aq., sat.) and 5 mL of H2O are added and 

the resulting violet precipitate is collected by filtration. The solid is 

washed with minimum volume of H2O followed by Et2O and is dried in 

vacuum. Yield = 42.9 mg (36.9 µmol (91%)). Anal. Calcd. for 

C45H35Cl2N11O10Ru2•0.5NaClO4•H2O: C, 43.51; H, 3.00; N, 12.40. Found: 

C, 43.69; H, 2.91; N, 12.26. 1H-NMR (d6-acetone): δ (ppm) 8.74 (d, 3J = 

8.0 Hz, 2H, H35, H37); 8.62 (d, 3J = 8.0 Hz, 2H, H32, H40); 8.48 (s, 1H, 

H22); 8.40 (d, 3J = 5.6 Hz, 4H, H1, H15, H29, H43); 8.31 (d, 3J = 8.0 Hz, 

2H, H4, H12); 8.19 (t, 3J = 8.0 Hz, 1H, H36); 8.18 (d, 3J = 7.6 Hz, 2H, 

H19, H25); 8.02 (t, 3J = 8.0 Hz, 2H, H31, H41); 8.00 (s, 2H, H7, H9); 

7.94 (t, 3J = 8.0 Hz, 2H, H3, H13); 7.72 (t, 3J = 7.6 Hz, 2H, H18, H26); 

7.61 (d, 3J = 5.6 Hz, 1H, H16 or H28); 7.52 (t, 3J = 6.6 Hz, 2H, H30, 

H42); 7.41 (t, 3J = 6.6 Hz, 2H, H2, H14); 7.36 (d, 3J = 5.6 Hz, 1H, H16 or 

H28); 6.90 (t, 3J = 7.6 Hz, 1H, H17 or H27); 6.81 (t, 3J = 7.6 Hz, 1H, H17 

or H27); 6.46 (s, 2H, NH2 (4’NH2-trpy)); 0.51 (s, 3H, CH3 (OAc)). 

Labeling is keyed in Chart 1. 13C-NMR (d6-acetone): δ (ppm) 190.2, 

160.4, 160.0, 159.8, 158.2, 157.3, 156.6, 155.0, 154.4, 153.7, 153.1, 

152.8, 152.6, 137.2, 136.8, 135.8, 135.0, 133.7, 127.3, 126.6, 123.5, 
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122.9, 122.6, 122.0, 119.4, 119.3, 108.0, 103.8. MALDI-MS (dctb, DCM, 

acetone): m/z 1064.0 (M-ClO4)+, 963.1 (M-H-2ClO4)+. UV-Vis (DCM): 

λmax, nm (ε, M-1cm-1) 277 (69000), 317 (47300), 379 (23800), 502 

(14600). Echem (DCM-TBAH (0.1 M)), vs. SSCE): E1/2
II,III/II,II = 0.59 V,      

ΔE = 60 mV; E1/2
III,III/II,III = 1.00 V, ΔE = 60 mV; ΔE1/2 = 410 mV. 

Strategy for the synthesis of [Ru2(H2O)2(µ-(R1bpp))(R2-
trpy)(R3-trpy)]3+. in,in-[Ru2(H2O)2(µ-bpp)(trpy)2]3+, (15); in,in-

[Ru2(H2O)2(µ-(Me-bpp))(trpy)2]3+, (16); in,in-[Ru2(H2O)2(µ-bpp)(4’Me-

trpy)2]3+, (17); in,in-[Ru2(H2O)2(µ-bpp)(4’MeO-trpy)2]3+, (18); in,in-

[Ru2(H2O)2(µ-(NO2-bpp))(trpy)2]3+, (19); in,in-[Ru2(H2O)2(µ-

bpp)(trpy)(4’MeO-trpy)]3+, (20); in,in-[Ru2(H2O)2(µ-bpp)(trpy)(4’NH2-

trpy)]3+, (21). 

Complexes 15-21 are prepared in-situ by hydrolysis of compounds 8-14 

in acidic aqueous media. Complex 20 can be isolated as PF6-salt, by 

adding 1 mL of NH4PF6(sat., aq.) to a saturated solution of 13(ClO4)2 in 

CF3SO3H (0.1 M). The brown solid is filtered off, washed with a minimum 

amount of cold water followed by Et2O and dried in vacuum. 

in,in-[Ru2(H2O)2(µ-bpp)(trpy)2]3+, (15). UV-Vis (CF3SO3H (0.1 M)): 

λmax, nm (ε, M-1cm-1) 261 (55000), 304 (59300), 355 (18000), 460 

(12500), 485 (10500). Echem (acetone:CF3SO3H (0.1 M) (1:4), vs. 

SSCE): E1/2
II,III/II,II = 0.54 V, ΔE = 60 mV; E1/2

III,III/II,III = 0.63 V, ΔE = 60 

mV; E1/2
III,IV/III,III = 0.86 V, ΔE = 60 mV; E1/2

IV,IV/III,IV = 1.08 V, ΔE = 60 mV. 

in,in-[Ru2(H2O)2(µ-(Me-bpp))(trpy)2]3+, (16). UV-Vis (CF3SO3H 

(0.1 M)): λmax, nm (ε, M-1cm-1) 263 (57800), 305 (57900), 354 (18800), 

454 (11800), 486 (9200). Echem (acetone:CF3SO3H (0.1 M) (1:4), vs. 

SSCE): E1/2
II,III/II,II = 0.50 V, ΔE = 60 mV; E1/2

III,III/II,III = 0.635 V, ΔE = 70 

mV; E1/2
III,IV/III,III = 0.85 V, ΔE = 60 mV; E1/2

IV,IV/III,IV = 0.96 V, ΔE = 60 mV. 
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in,in-[Ru2(H2O)2(µ-bpp)(4’Me-trpy)2]3+, (17). UV-Vis (CF3SO3H 

(0.1 M)): λmax, nm (ε, M-1cm-1) 225 (52500), 263 (55600), 303 (54300), 

353 (20600), 465 (12400), 489 (11200). Echem (acetone:CF3SO3H 

(0.1 M) (1:4), vs. SSCE): E1/2
II,III/II,II = 0.51 V, ΔE = 60 mV;           

E1/2
III,III/II,III = 0.61 V, ΔE = 60 mV; E1/2

III,IV/III,III = 0.83 V, ΔE = 60 mV; 

E1/2
IV,IV/III,IV = 1.06 V, ΔE = 60 mV. 

in,in-[Ru2(H2O)2(µ-bpp)(4’MeO-trpy)2]3+, (18). UV-Vis (CF3SO3H 

(0.1 M)): λmax, nm (ε, M-1cm-1) 241 (48000), 272 (55300), 308 (47100), 

357 (20200), 478 (12500), 502 (11500). Echem (acetone:CF3SO3H 

(0.1 M) (1:4), vs. SSCE): E1/2
II,III/II,II = 0.50 V, ΔE = 60 mV;                  

E1/2
III,III/II,III = 0.59 V, ΔE = 60 mV; E1/2

III,IV/III,III = 0.84 V, ΔE = 60 mV; 

E1/2
IV,IV/III,IV = 1.02 V, ΔE = 60 mV. 

in,in-[Ru2(H2O)2(µ-(NO2-bpp))(trpy)2]3+, (19). UV-Vis 

(acetone:CF3SO3H (0.1 M) (1:9)): λmax, nm (ε, M-1cm-1) 360 (13000), 452 

(11900), 491 (13600), 545 (8300). Echem (acetone:CF3SO3H   (0.1 M) 

(1:4), vs. SSCE): E1/2
III,III/II,II = 0.74 V, ΔE = 60 mV; E1/2

III,IV/III,III = 1.00 V, 

ΔE = 60 mV; E1/2
IV,IV/III,IV = 1.10 V, ΔE = 60 mV. 

in,in-[Ru2(H2O)2(µ-bpp)(trpy)(4’MeO-trpy)]3+, (20). Anal. Calcd. for 

C44H37F18N10O3P3Ru2•2,5H2O: C, 36.80; H, 2.95; N, 9.75. Found: C, 

36.63; H, 2.72; N, 9.66. MALDI-MS (Pyrene, CH2Cl2): m/z 1101.0 (M-

2PF6)+, 956.0 (M-3PF6)+, 940.1 (M-3PF6-OH)+, 921.0 (M-3PF6-2OH)+. 

UV-Vis (CF3SO3H (0.1 M)): λ max, nm (ε, M-1cm-1) 232 (47000), 272 

(58200), 310 (52900), 358 (20900), 471 (12000), 500 (10800). Echem 

(CF3SO3H (0.1 M) (1:4), vs. SSCE): E1/2
II,III/II,II = 0.50 V, ΔE = 80 mV; 

E1/2
III,III/II,III = 0.56 V, ΔE = 80 mV; E1/2

III,IV/III,III = 0.84 V, ΔE = 100 mV; 

E1/2
IV,IV/III,IV = 1.03 V, ΔE = 80 mV. 

UNIVERSITAT ROVIRA I VIRGILI 
MONO- AND DINUCLEAR RUTHENIUM COMPLEXES: SYNTHESIS, CHARACTERIZATION 
AND THEIR IMPACT IN OXIDATION REACTIONS 
Stephan Röser 
ISBN:/DL:T.1241-2011 



Paper E, manuscript in progress 
	  

162 

in,in-[Ru2(H2O)2(µ-bpp)(trpy)(4’NH2-trpy)]3+, (21). UV-Vis 

(CF3SO3H (0.1 M)): λmax, nm (ε, M-1cm-1) 232 (51300), 273 (61100), 312 

(51700), 366 (18200), 468 (11800). Echem (acetone:CF3SO3H (0.1 M) 

(1:4), vs. SSCE): E1/2
II,III/II,II = 0.48 V, ΔE = 60 mV; E1/2

III,III/II,III = 0.64 V, 

ΔE = 60 mV; E1/2
III,IV/III,III = 0.80 V, ΔE = 60 mV; E1/2

IV,IV/III,IV = 0.97 V,    

ΔE = 80 mV. 

Instrumentation and Measurements. UV-Vis spectroscopy was 

performed on a Cary 50-Bio (Varian) spectrophotometer in 1 cm quartz 

cuvettes in either CF3SO3H  (0.1 M), CH2Cl2 (DCM) or CH3CN (MeCN). 

For acid-base spectrophotometric titration, a solution containing 20 in 

CF3SO3H (0.1 M) is added to phosphate buffer (pH = 6.1) to yield a   

5•10-5 M solution. The pH is adjusted by adding small volumes of 4 M 

NaOH in order to produce negligible overall volume change. pH 

measurements were done using a Micro-pH-2000 from Crison. Redox 

spectrophotometric titrations were performed by sequential addition of 

small volumes (2 µL) of 3.68 mM aqueous solution of (NH4)2Ce(NO3)6 in 

CF3SO3H (0.1 M) to a 5.78•10-5 M solution of the complex in the same 

solvent. Kinetic studies on the stepwise oxidation of RuIIRuII to RuIIIRuIV 

were performed at various concentrations of dinuc and Ce4+, but always 

with [Ce4+] lower or equal to [dinuc] (second order conditions) using a 

fast mixing stopped flow module Bio-Logic SFM300 and a J&M TIDAS 

UV-Vis spectrophotometer with diode array detector. Temperature was 

adjusted by a Huber CCE-905 VPCw cryostat. In a typical experiment, a 

solution of Ru complex (1•10-4 - 5•10-5 M) in 0.1 M CF3SO3H was mixed 

with stoichiometric or less than stoichiometric amounts of a solution of 

Ce4+ in the same media and the changes in absorbance vs. time were 

monitored. The same experiment was performed starting from              
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Ru oxidation states II,III and III,III. Oxidation of RuIIIRuIV to RuIVRuIV 

were measured under pseudo-first order conditions with concentration of 

Ce4+ at least 10 times that of dinuc. For slow reactions a Cary 50-Bio 

(Varian) is used. In all cases, the temperature was maintained at       

± 0.1 °C. In a typical experiment, to a 2.5 mL solution of complex 203+ 

(2•10-4 - 5•10-5 M) 3.9 eq. of Ce4+ were added. First and second order 

rate constants were calculated by global fitting or single wavelength 

fitting method using Specfit[41]. SVD analysis of the spectral data was 

used to obtain the significant components. A global fit to the obtained 

model was used to extract the spectrum of the intermediate species. In 

all cases, rate constants were measured between 10.0°C and 40.0°C. 

Errors shown correspond to one-sigma of the models respect to 

experimental points. On-line manometric measurements were carried 

out on a Testo 521 differential pressure manometer with an operating 

range of 1-100 mbar and accuracy within 0.5% of the measurement. The 

manometer was coupled to thermostated reaction vessels for dynamic 

monitoring of the headspace pressure. The manometer’s secondary 

ports were connected to thermostated reaction vessel containing the 

same solvent and headspace volumes as the sample vials. The 

composition of the gas phase was monitored on-line by an OmnistarTM 

GSD 301 C (Pfeiffer) quadrupol mass spectrometer. In this case, all 

solutions were degassed with Argon (99.999%) prior to use. 

Electrochemical experiments were performed on an IJ-Cambria HI-660 

potentiostat using a three-electrode cell. A glassy carbon (2 mm 

diameter) or platinum disk (1 mm) electrode were used as working 

electrode, platinum disk (1 mm diameter) as auxiliary electrode and 

SSCE as reference electrode. Glassy carbon working electrodes were 
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thoroughly polished with 0.05 micron alumina paste and washed 

consecutively with distilled water and acetone followed by blow-drying, 

before each measurement. The complexes were either dissolved in 

acetone-CF3SO3H (0.1 M) (1:4) or CH2Cl2, CH3CN, containing the 

necessary amount of (n-Bu4N)(PF6) (TBAH) as supporting electrolyte to 

yield a 0.1 M ionic strength solution. All E1/2 values reported in this work 

were estimated from cyclo-voltammetric (CV) experiments (scan rate = 

50 mV/s), as the average of the oxidative and reductive peak potentials 

(Ep,a + Ep,c)/2 and verified by Square Wave Voltammetry (SWV) 

experiments (Incr E (V) = 0.002, Amplitude (V) = 0.025, Frequency (Hz) 

= 15). NMR spectroscopy experiments were performed on a Bruker 

Avance 400 spectrometer. Samples were run in d6-acetone with internal 

references (residual protons). Elemental analyses were performed using 

a Fisons CHNS-O EA-1108 elemental analyzer. ESI-MS experiments 

were recorded on a Water LCT Premier spectrometer; MALDI-TOF 

experiments were performed on a Bruker Autoflex spectrometer.  

X-ray Structure Determination. Suitable crystals of [Ru2(µ-

OAc)(µ-bpp)(trpy)(4’NH2-trpy)](ClO4)2 (14(ClO4)2) were grown from slow 

diffusion of Et2O into an acetonitrile solution containing the complex.  

Data Collection. 
Structure Solution and Refinement for complex 14. A black plate 

shaped crystal (0.50 x 0.30 x 0.10 mm) was selected and mounted on a 

Bruker-Nonius FR591 with CCD APEX2 4K detector system. Unit-cell 

parameters were determined from automatic centering of 9563 

reflections (2.71º < θ  < 34.43º) and refined by least-squares method. 

Intensities were collected with graphite monochromatized Mo Kα 

radiation, using ω/2θ scan-technique. 27011 reflections were measured 
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in the range 1.53º ≤ θ ≤ 36.59°. 17043 of which were non-equivalent by 

symmetry (Rint(on I) = 0.071). Empirical absorption correction was 

made. Structure Solution and Refinement were carried out using the 

SHELXTL[42]	   program. The unit cell contains one molecule of the 

complex, two ClO4 anions and 2.75 molecules of acetonitrile. The 

acetonitrile molecules are disordered in 6 positions. Probably the unit 

cell contains additionally highly disordered MeCN molecules that could 

be not localized. One of the ClO4 anions is disordered in two positions 

(ration 75:25). The acetate coordinated to the metal atoms is also 

disordered in two orientations (ratio 75:25). 

 

Results 

Synthesis and Structure. A generic illustration of the used 

ligands, including the labeling scheme used for all NMR-assignment is 

illustrated in Chart 1.  

 
Chart 1. Illustration of the ligands (R1 = H, Me, NO2; R2 = H, Me, OMe; 
R3 = H, Me, OMe, NH2). A general labeling scheme used for NMR 
assignments is included. 
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The synthesis of complexes 1-5 and 8-12 is described elsewhere.[Paper D] 

The procedure used for complex 6 and 7 is based onto a previous 

described synthetic route used for complex	  1.  

A general synthetic pathway is depicted in Scheme 1. The process 

consists in the reaction of [RuCl3(R3-trpy)] (R3 = OMe, NH2) and complex 

out-[Ru(Cl)(R1-Hbpp)(R2-trpy)]+ (R1, R2 = H) in the presence of N-

Ethylmorpholine (serving simultaneously as reducing agent and base) in 

ethanol, generating a mixture of isomeric dinuclear compounds (dinucs) 

with the general composition of [Ru2(Cl)2(µ-(R1-bpp)(R2-trpy)(R3-trpy)]+ 

next to the chloro-bridged dinuclear complex 6 (R1, R2 = H, R3 = OMe) or 

7 (R1, R2 = H, R3 = NH2). The isomeric dinucs completely convert into 

the desired chloro-bridged compound through light irradiation. No efforts 

were undertaken to optimize the time for the light driven isomerization 

process. Despite the similarities, the here described method presents 

significant advantages over the conventional one, in terms of reaction 

time and workup steps. The reaction time is cut down to half of the 

original published procedure. No workup steps in form of column 

chromatography are needed, as both complexes present a high degree 

of purity. Additionally, the overall yield could be raised by around 20%. 

The bridging chloro ligand is replaced by an acetato ligand by refluxing 

complex 6 or 7 in a mixture of acetone/water (4:1) with excess of sodium 

acetate. The conversion in this step is close to unity. Finally, acid 

hydrolysis of the µ-OAc-dinucs leads in-situ to the formation of 

complexes 15-21. 
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Scheme 1. General synthetic procedure. 
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Bond lengths and angles of presented solid state structures, are of 

magnitudes of those from previously reported similar compounds.[36, 40] In 

general, each of the two Ru(II)-metal centers is coordinated in a pseudo-

octahedral fashion.  

 

        
Figure 1. Ortep plot (ellipsoids at 30%) of cationic moiety of complex 5 
(left) and complex 14 (right). Hydrogen’s and counter ions are not shown 
for clarity. 
 
 
In all here presented dinuclear compounds, two of the six coordination 

positions are filled by the, in a bidentate fashion binding, bridging ligand 

R1-bpp (R1 = H, Me, NO2). Three more are filled by the 4’-R2- or 4’-R3-

2,2’:6’,2’’-terpyridine (R2 = H, Me, MeO; R3 = H, Me, MeO, NH2), ligand 

and finally the last position is filled by either a bridging chloro or an 

acetato ligand. Taking a look at the octahedral coordination geometry on 

each metal center, similarities to previously published structures can be 
observed.[36, 38, 40, 43] The terpyridine ligand binds in a tridentate 

meridional fashion. The divergence of the N-Ru-N angle for the axial 

nitrogens of around 21° to the 180° for ideal octahedral coordination and 

the 0.1 Å shortening of the Ru-N bond length between the central 

nitrogen compared to the axial ones are based on intrinsic molecular 
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properties of the terpyridine moiety. A noticeable structural difference is 

observed comparing chloro and acetato bridged complexes. The 

increased size and flexibility of the µ-OAc-ligand result in a separation of 

the two metal centers. In the µ-Cl-dinucs (2, 5) the distance between 

both metal centers ranges from 3.820-3.852 Å, whereas in the µ-OAc-

dinucs (9, 11, 12, 14) distances vary from 4.240-4.283 Å, resulting 

roughly in an enlargement of 0.4 Å. This separation is due to, that the 

two metal centers are moved out of the equatorial plane with a 

consequent rotation of the terpyridine ligands. The symmetry changes 

from C2,v for the µ-Cl-compounds to C2 for the µ-OAc-compounds.  

Spectroscopic Properties.  
All complexes were investigated by means of UV-Vis spectroscopic 

measurements and complexes 1-14 additionally by means of NMR-

techniques.  

NMR. All protons could be assigned unambiguously using 1D- and 2D-

NMR techniques. Spectra were recorded in d6-acetone with residual 

solvent protons as internal standard. All relevant spectra are presented 

in the Supporting Information (Figure S1-S31). Complexes 1-4 present a 

C2,v symmetry, simplifying the 1H-NMR spectrum to a set of 11 signals. 

Five signals correspond to the bridging ligand and six to the auxiliary 

ligand. Complex 5 presents only a set of 10 signals, lacking the singlet 

signal of the pyrazolic proton, due to substitution by a NO2-group. This 

nitro group, more specific the deshielding effect of the free electron pairs 

of the oxygens, is responsible for the significant 1 ppm down-field shift of 

the signal affiliated to the ortho-positioned proton (respect to the 

pyrazole moiety) of the pyridyl rings. In complex 5 the corresponding 

doublet shows at 9.24 ppm, whereas in the methyl- or non-substituted 
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case (1-4), this doublet shows at around 8.25 ppm. Complexes 6, 7 

present Cs symmetry due to the introduction of a structural different 

auxiliary ligand on the second Ru-metal center. For that reason, the 1H-

NMR spectra consists now of a set of 17 signals, which still could be 

assigned unambiguously. Complexes 8-14 exhibit the same symmetry 

and therefore number of signals, as their related µ-Cl complexes. In 

addition, a singlet at around 0.45 ppm, corresponding to the methyl 

group of the acetato ligand, is observed.  

UV-Vis. In the UV-Vis absortion spectra, three main regions can be 

distinguished: one between 200 and 350 nm, in which very intense 

bands are observed due to intraligand π –π* transitions; another 

between 350 and 550 nm, in which there are mainly broad 

unsymmetrical Ru(dπ)-bpp/trpy (π*) metal-to-ligand charge transfer 

(MLCT) bands; and finally, the region above 550 nm, in which d–d 

transitions occur. Apertures of the entire spectrum, showing the MLCT 

transition region, for complexes 1-7, 8-14 and 15-21 are presented in 

Figure 2-4, respectively.  
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Figure 2. UV-Vis absorption spectra of selected µ-Cl-complexes 2, 3, 5, 
6, 7. All spectra, besides of complex 7 were recorded in DCM. Complex 
7 was measured in DCM:MeCN (1:1). Inset shows enlargement of the 
region between 430-600 nm. Color code: red, 2; green, 3; light blue, 5; 
turquoise 6; orange, 7. 
 
 
 

 
Figure 3. UV-Vis absorption spectra of µ-OAc-complexes 9-14. All 
spectra, besides of complex 14 were recorded in DCM. Complex 14 was 
measured in DCM:MeCN (1:1). Inset shows enlargement of the region 
between 430-630 nm. Color code: red, 9; green, 10; violet, 11; light blue, 
12; turquoise 13; orange, 14. 
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Figure 4. UV-Vis absorption spectra recorded in acetone:CF3SO3H (0.1 
M) (1:4) of complexes 15-21. Inset shows enlargement of the region 
between 400-600 nm. Color code: blue, 15; red, 16; green, 17; violet, 18; 
light blue, 19; turquoise 20; orange, 21. 
 
 
The transition bands in this region of the Ru2-µ(Cl)-, Ru2-µ(OAc)-

complex are clearly shifted to the red (≈10 nm and ≈20 nm respectively) 

with regard to the analogous Ru2-(H2O)2-complex (see Figure 5). This is 

in accordance to the capacity of the anionic chloro/acetato ligand to 

destabilize dπ-orbitals, whereas the effect is higher with the acetato 

ligand. The MLCT-transitions of the µ-Cl dinucs 1-7 are of very high 

similarity to each other. For the µ-OAc dinucs 8-14 only minor 

bathochromoic shifts can be observed adding ED substituents to the 

ligand backbone. Complexes 5 and 12, bearing the strong electron 

withdrawing nitro-group on the bridging ligand, present strong 

hypsochromic shifts of transition bands, most likely aroused by the 

strong stabilizing effect of the EW nitro-group on the dπ-orbitals.[Paper D] 
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Figure 5. Overlay of absorption spectra of complex 6 (dashed line), 13 
(dotted line) and 20 (solid line), recorded in DCM (6, 13) and in a 1:4 
mixture of acetone:CF3SO3H (0.1 M) (20). 
 
 
Mentionable differences in the MLCT region are observed for the 

Ru2(H2O)2-dinucs. A general trend is identified, concerning the addition 

of electron donating substituents onto the terpyridine ligand. Each MeO-

group added (one for complex 20, two for complex 18), causes a red 

shift of about 10 nm in respect to complex 15. The addition of two methyl 

groups in complex 17 generate only a shift of about 5 nm, reflecting their 

less electron-donating character. This is in concordance with the diverse 

magnitude of destabilizing effect of the ED substituents on the dπ- 

orbitals and on the π*-orbitals. The π*-orbitals consists of a combination 

of orbitals of the terpyridine and the Hbpp ligand.[Paper D] The addition of a 

methyl group onto the 4’-position of the pyrazole ring of bridging ligand 

in complex 16, induces a blue shift of about 8 nm. Indicating, that the   

π*-orbital is strongly affected (destabilized) by ED-substituents on the 

Hbpp moiety. An even increased blue shift for complex 19 can be 

explained by the immense stabilizing effect of the EW nitro-substuent on 

dπ-orbitals.[Paper D]  
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The trend concerning λ max in function of the nature of substituents is 

depicted in Figure 6. Additionally complete UV-Vis data of all bis(aquo)-

dinucs are summarized in Table 1.  

 

 
Figure 6. λmax of a selected MLCT transition in function of substituents 
made on the ligand back bone of in,in-[Ru2(H2O)2(µ-(R1-bpp)(R2-trpy)(R3-
trpy)]3+; with complex 15 (R1,R2,R3=H), 16 (R1=Me, R2,R3=H), 17 (R1=H, 
R2,R3=Me), 18 (R1=H, R2,R3=OMe), 19 (R1=NO2, R2,R3=H), 20 (R1,R2=H, 
R3=OMe). 
 

Table 1. UV-Vis data for complexes 15-21, recorded in 
acetone:CF3SO3H (0.1 M) (1:4). 

complex assignation λmax (nm) (ε (M-1cm-1)) 
15  261 (55000), 304 (59300),  

  355 (18000), 460 (12500), 485 (10500) 
16  263 (57800), 305 (57900) 

  354 (18800), 454 (11800), 486 (9200) 
17  225 (52500), 263 (55600), 303 (54300) 

  353 (20600), 465 (12400), 489 (11200) 
18  241 (48000), 272 (55300), 308 (47100) 

  357 (20200), 478 (12500), 502 (11500) 
19  360 (13000), 452 (11900), 491 (13600), 

545 (8300) 
20  232 (47000), 272 (58200), 310 (52900) 

  358 (20900), 471 (12000), 500 (10800) 
21  232 (51300), 273 (61100), 312 (51700) 

  366 (18200), 468 (11800) 
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The influence of change in pH onto the absorption spectra of complex 20 

has been studied by performing a spectrophotometric titration of the 

complex in water, over the pH range of 5.6-7.6. During the change, the 

shoulder at 365 nm and the transition band with λmax at 464 nm, are 

progressively red-shifted to 374 nm and 514 nm, with isosbestic points 

at 365, 434 and 502 nm (see Figure 7).  

 

 
Figure 7. Change in absorption of complex 20 during pH variation. The 
pH of the phosphate buffer solution has been altered from 5.6 to 7.6, by 
consecutive addition of 10 µL of 4 M NaOH. Inset shows enlargement of 
region between 400-600 nm. 
 
 
The appearance of isosbestic points indicate a clean transformation of 

complex 20 into its mono-deprotonated form 

[Ru2(H2O)(OH)(bpp)(trpy)(MeOtrpy)]2+. The corresponding pKa value has 

been obtained using eq. 1. 

€ 

pH − pKa = log A − A0
Af − A

     eq. 1 
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A0, Af and A refer to the absorbance at the initial, final and intermidiate 

pH values, respectively, at a given wavelength. A pKa value of 6.5 was 

sustained (see Figure S39), being only slightly lower to the one prior 

calculated for the non-substituted analog, complex 15 (pKa = 6.7).[40] The 

high analogy to complex 15 in addition to the sharp contrast towards pKa 

values of mononuclear Ru(H2O)-compounds[31, 38, 44], support the 

proposal that the hydrolysis preceding coordination configuration is 

retained. Consequently, the two aquo ligands in the dinuclear system 

are brought into close approximation and the formation of a highly stable 

[Ru2O2H3] moiety promotes deprotonation.  

 
Scheme 2. Schematic illustration of the formation of a [Ru2O2H3] moiety 
through deprotonation of complex 20. 

 
 
In addition to its acid-base property in oxidation state Ru2

II,II, the 

spectroscopic properties of complex 20 at higher oxidation states at    

pH = 1 were investigated by means of redox titration using 

(NH4)2[CeIV(NO3)6] as oxidant. The absorption spectra of 20 together 

with the different high oxidation state species, to be precise Ru2
II,III, 

Ru2
III,III and Ru2

III,IV, are depicted in Figure 8. Relevant data is 

summarized in Table 2.   

RuII

O
HH

RuII

O
HH

RuII

O
HH

RuII

O
H

- H+

UNIVERSITAT ROVIRA I VIRGILI 
MONO- AND DINUCLEAR RUTHENIUM COMPLEXES: SYNTHESIS, CHARACTERIZATION 
AND THEIR IMPACT IN OXIDATION REACTIONS 
Stephan Röser 
ISBN:/DL:T.1241-2011 



 Paper E, manuscript in progress 
 

 
 177 

 
Figure 8. Absorption spectra (MLCT region) of complex 20 and its 
higher oxidation state species in CF3SO3H (0.1 M). Oxidation was 
achieved by consecutively addition of Ce4+. Inset shows absorption 
change at 350 nm during each oxidation step (black squares, Ru2

II,II

€ 

→
 Ru2

II,III, diamonds Ru2
II,III

€ 

→ Ru2
III,III, triangles Ru2

III,III

€ 

→ Ru2
III,IV), plus the 

corresponding linear fitting (red lines). 
 
 
The stepwise transformation of 20 into the corresponding higher 

oxidation state species occurs smoothly with the appearance of 

isosbestic points for each oxidation step. Complete data of the 

spectrophotometric titration is presented in the Supporting Information 

(see Figure S40).  
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Table 2. UV-Vis data of complexes 20 and its higher oxidation state 
species recorded in CF3SO3H (0.1 M). 

Redoxstate of complex 
20 

λmax (nm) (ε (M-1cm-1)) 

Ru2
II,II 358 (20900), 471 (12000), 500 

(10800) 
Ru2

II,III 360 (17200), 468 (9300), 557 
(4500),  

600 (3700) 
Ru2

III,III 465 (5100), 560 (3100) 
Ru2

III,IV 530 (2800) 
 
Generally, intensities of the MLCT-transitions diminish upon each 

oxidation step. As an exception, a shoulder with λmax = 590 nm arises 

during the first oxidation (

€ 

Ru2
II ,II→Ru2

II ,III ), diminishing again with 

further oxidation.  

Substitution of the labile aqua ligands was measured in order to 

understand the influence of different substituents on the ligand backbone 

on these reaction rates (ks). For this, we measured the substitution 

kinetics of the aqua ligands by MeCN in 0.1 M CF3SO3H solution, 

according to the following equations. 

€ 

H2O − RuII RuII−OH2 + MeCN→
kS1
H2O − RuIIRuII−MeCN +H2O   

         (a) 

€ 

H2O − RuII RuII−MeCN + MeCN→
kS 2
MeCN − RuII RuII−MeCN +H2O 

         (b) 

UNIVERSITAT ROVIRA I VIRGILI 
MONO- AND DINUCLEAR RUTHENIUM COMPLEXES: SYNTHESIS, CHARACTERIZATION 
AND THEIR IMPACT IN OXIDATION REACTIONS 
Stephan Röser 
ISBN:/DL:T.1241-2011 



 Paper E, manuscript in progress 
 

 
 179 

The substitution process for complex 19 and 20 were monitored by UV-

Vis spectroscopy as shown in Figure 9, 10 and Supporting Information. 

Rate constants were determined assuming pseudo first-order behavior 

([MeCN)]/[dinuc] ≥ 10) for the two substitutions. Results extracted with 

the help of Specfit, together with prior obtained results for complex 15 

are summarized in Table 3.  

Table 3. Rate constants and half-life for the first and second substitution 
process for different dinuclear Ru2(H2O)2-complexes measured in 
CF3SO3H (0.1 M) under pseudo-first order conditions ([MeCN/[dinuc] ≥ 
10) at 25°C. 

 first MeCN substitution second MeCN substitution 

complex kS1 (s-1) t1/2 (s) kS2 (s-1) t1/2 (s) 

15 4.0•10-2 1.7•101 5.8•10-5 1.2•104 

19 1.5•10-3 4.4•103 - - 

20 3.3•10-2 2.1•101 1.4•10-3 4.8•103 

 
As can be observed form Table 3, substitution takes place very quickly 

for oxidation state Ru2
II,II, with a corresponding half-life of 440 s 

(complex 19) and 21 s (complex 20). While the rate for complex 20 is 

almost identical to the one obtained for complex 15, the one obtained for 

complex 19 is more then one order of magnitude smaller. Concerning 

the second substitution process the rate is enhanced by a factor of ≈ 20 

for the non-symmetric complex 20, bearing an ED MeO-substituent. 

Unpublished results of our group are in concordance to the ones 

presented here that electron-rich ligands enhance substitution rates, 

whereas electron poor ligands have the opposite effect. 
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Figure 9. Spectral change over time, for an 88 µM solution of 20 in 
CF3SO3H (0.1 M) and MeCN 0.95 mM at 25°C. Insert shows spectral 
change for the first 70 s. The black dashed line represents the 
absorption spectra of complex 20 from the same solution, prior MeCN 
addition. Arrow indicates initial absorption change. 
 

 

 

     
Figure 10. Left: Plot of absorption vs. time (one point per second) at   
λmax = 440 nm (black diamonds) and mathematical fit (red line) for an 
88 µM solution of 20 in CF3SO3H (0.1 M) and MeCN 0.95 mM at 25°C.      
Right: Specie distribution diagram. (blue = complex 20, red = mono-
MeCN-substituted analog, green = di-MeCN-substituted analog). 
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Redox properties. The redox potentials of all complexes were 

investigated by means of cyclo voltammetric and differential pulse 

voltammetric techniques. Complete data on redox potential are 

summarized in Table 4 and Table 5. All µ-Cl- and µ-OAc- complexes 

display two quasi-reversible redox waves, one for the Ru2
II,III/II,II couple 

and one for the Ru2
III,III/II,III couple, typical for a system with strongly 

coupled redox centers.[45, 46] To describe the influence of different 

substituents on the ligand backbone towards redox potential, mainly the 

first redox couple has to be taken into consideration, as the second 

redox couple is significantly influenced by a variety of intrinsic molecular 

properties, e.g. the grade of electronic coupling throughout the bridging 

ligand.[Paper D] It can be observed that the electron-donating character of 

substituents on the auxiliary ligand follows: NH2 > OMe > Me > H. One 

has to consider that substitutions made on different positions of the 

ligand backbone have a distinct degree towards this trend (see 

Figure 11). For example, comparing the redox potentials of complexes 1, 

2, 3, 4, 6 and 7, one can see that one methyl-group placed onto the 

bridging ligand destabilizes dπ-orbitals in a higher degree, then two 

methoxy-groups placed on the terpyridine auxiliary ligand.  
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Table 4. Electrochemical data (E1/2 (V), ΔE (mV)) for complexes 1-14 
recorded in DCM-TBAH (0.1 M) vs. SSCE. 

 complex E1/2(1)  ΔE  E1/2(2) ΔE ΔE1/2 Kc/106 
1 0.71 (80) 1.12 (80) 410 8.4 
2 0.67 (60) 1.12 (60) 450 39 
3 0.71 (80) 1.115 (90) 405 6.9 
4 0.68 (60) 1.085 (70) 405 6.9 
5 0.9 (60) 1.255 (70) 355 1.0 
6 0.685 (60) 1.11 (60) 425 15 

 
 
 

µ-Cl 

7 0.61 (60) 1.075 (90) 465 71 
8 0.725 (90) 1.05 (90) 345 0.7 
9 0.685 (70) 1.03 (80) 345 0.7 

10 0.705 (70) 1.02 (80) 315 0.2 
11 0.69 (80) 1.01 (80) 320 0.3 
12 0.89 (80) 1.15 (160) 260 0.03 
13 0.685 (60) 1.03 (60) 345 0.7 

 
 
 

µ-OAc 

14 0.59 (60) 1.00 (60) 410 8.4 
 

 

Table 5. Electrochemical data (E1/2 (V), ΔE (mV)) for complexes 15-21 
recorded in acetone:CF3SO3H (0.1 M) (1:4) vs. SSCE. 

compound E1/2(1) ΔE E1/2(2) ΔE E1/2(3) ΔE E1/2(4) 
ΔE 

15 0.54 (60) 0.63 (60) 0.86 (60) 1.08 (80) 
16 0.50 (60) 0.635 (70) 0.85 (60) 0.96 (60) 
17 0.51 (60) 0.61 (60) 0.83 (60) 1.06 (60) 
18 0.50 (60) 0.59 (60) 0.84 (60) 1.02 (60) 
19 0.74 (60) 0.74 (60) 1.00 (60) 1.10 (60) 
20 0.50 (60) 0.56 (80) 0.84 (100) 1.03 (80) 
21 0.48 (60) 0.64 (60) 0.80 (60) 0.97 (80) 

[Ce(NO3)6]2+ 1.28 (200) - - - 
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Figure 11. Redox potential (squares and blue line = E1/2(1); diamonds 
and red line = E1/2(2)) of µ-Cl-complexes 1, 2, 3, 5, 6, 7 obtained from 
CV measurements vs. SSCE. 
 
 
Whereas, the effect of electron-donating groups are of rather small 

magnitude; the addition of two electron-donating methoxy-groups 

provokes only a shift of 40 mV; the electron-withdrawing nitro-group 

generates a shift of around 170 mV towards more positive potential (see 

Figure 12). 
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Figure 12. Cyclo-voltammogram of complex 1 (black line), 4 (blue line) 
and 5 (red line) recorded in DCM-TBAH (0.1M) at a scan rate of 50 mV/s 
vs. SSCE.  
 
 
The extent of electron-donating or -withdrawing character of the 

substituents can be understood as a combination of mesomeric and 

inductive effects. The same tendencies as for the µ-Cl-compounds are 

observed for the µ-OAc- and for the Ru2(H2O)2-complexes. On account 

of the structural similarity of all µ-Cl- and µ-OAc-complexes, a second 

important information can be extracted from electrochemical data. As 

reported before, modification of electronic structure through the 

introduction of different ligands can have noticeable effect on electronic 

coupling between multiple redox centers.[Paper D] In structural similar 

compounds, the value of the comproportionation constant (Kc) gives an 

indication on the magnitude of this interaction.[47-49]  
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In general this constant is lowered by one order of magnitude changing 

a chloro- for an acetato bridging ligand. The appropriate atomic size and 

the non-flexibility of the chloro moiety support the planarity of the second 

bpp-bridging ligand and hence promote electronic coupling. On the other 

hand, it must be taken into consideration that the metal-metal distance is 

strongly altered, changing from a µ-Cl to the µ-OAc bridging ligand 

(ΔdRu-Ru ≈ 0.4 Å, ΔdRu-Ru = dRu-Ru(µ-OAc) - dRu-Ru(µ-Cl)). This has a direct 

influence on Kc, as Kc = Σ( Kc(electrostatic) + Kc(solvent) + 

Kc(delocalization) + Kc(redox-asymmetry))[49]. From a purely electronic 

point of view, the introduction of an electron-withdrawing nitro-group on 

the 4-position of the pyrazole moiety in the bridging ligand, provokes a 

significantly drop of the value of Kc, indicating reduced electronic 

coupling. This effect was observed before for structurally similar 

compounds.[Paper D]  

Dissolving the µ-OAc-dinucs in acidic media a total of four reversible 

redox processes can be observed. The addition of one quarter of 

acetone was necessary to overcome insolubility problems of some of the 

Ru2(H2O)2-compounds in purely aqueous media.  If compared to µ-Cl, or 

µ-OAc-compounds, the additional two redox processes can be explained 

by the fact that Ru(H2O)-complexes are able to undergo proton-coupled 

electron transfer (PCET) processes. This property enables these 

complexes to access high oxidation states.[50] Whereas the difference of 

succeeding electron transfer processes for the µ-Cl- or µ-OAc-

compounds exhibit values of 300-400 mV, in the here presented 

Ru2(H2O)2-compounds this difference is lowered to around 60 mV.  
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The stepwise oxidation is exemplarily depicted for complex 20 in Figure 

13 and can be described by the following. 

 

   (c) 

   (d) 

   (e) 

    (f) 
 
 

 
Figure 13. Cyclo-voltammogram (black line) and SWV (orange line) of 
complex 20 vs. SSCE in CF3SO3H (0.1 M) at a scan rate of 50 mV/s. 
Highlighted are the determined halfwave potentials for each redox-
process described in eq. c-f. 

[RuII(H2O)RuII(H2O]3+ [RuII(H2O)RuIII(OH]3+

- e- - H+

[RuII(H2O)RuIII(OH]3+ [RuIII(OH)RuIII(OH]3+

- e- - H+

[RuIII(OH)RuIII(OH]3+ [RuIII(OH)RuIV(O]3+

- e- - H+

[RuIII(OH)RuIV(O]3+ [RuIV(O)RuIV(O]3+

- e- - H+
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The importance of the complexes redox potential is given with the 

following relation.  

€ 

E1/ 2 = E° +(RT /nF)ln(DR /DO )
1/ 2      (g) 

For reversible redox processes DR = DO applies, therefore the second 

part of the equation becomes 0 and E1/2 = E°. With the knowledge of E1/2 

for all redox processes and the relation 

€ 

ΔRG° = −zeFΔE°, we are able to 

calculate ΔE° for the following reaction.  

€ 

RuIV(O )RuIV(O ) + 2H 2O→RuII(H 2O )Ru
II(H 2O ) +O2  (h) 

This results in E° = (0.50+0.56+0.84+1.03)/4 = 0.73 V vs. SSCE, which 

is around 200 mV below the potential required for the demanding water 

oxidation reaction (E° = 1.171 V vs. NHE or E° = 0.935 V vs. SSCE at 

pH = 1).  

If the scan limit for the same solution of complex 20 in CF3SO3H (0.1 M) 

is augmented to 1.6 V, an electro-catalytic wave with an onset potential 

of ≈ 1.3 V is observed, comprising an additional redox process (see 

Figure 14).  
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Figure 14. Cyclo voltammogram (blue line, 50 mV/s) and SWV (orange 
line) of complex 20 vs. SSCE in CF3SO3H (0.1 M). Blanc CV (dashed 
grey line) and blanc SWV (black line) of GC in pure CF3SO3H (0.1 M) is 
additionally presented. 
 
 
The additional redox process embedded into the electro-catalytic wave 

is assigned to the following process, 

€ 

RuIV (O )RuIV (O )→
−e −
RuIV (O )RuV (O )     (i) 

This newly formed RuIV(O)RuV(O)-species readily triggers fast water 

oxidation, resulting in an increase of current. Its E1/2 potential is 

determined through SWV and results in E1/2 = 1.48 V vs. SSCE. If we 

include this redox process in our reaction process E° would rise to 0.978 

V vs. SSCE, following now, 

€ 

RuIV (O)RuV (O) + 2H2O→RuII(H2O)Ru
III(H2O) +O2  (j) 

This is now 43 mV above the theoretical demanded value of 0.935 V vs. 

SSCE under given reaction conditions.  
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Kinetic studies on the oxidation of complex 20 from Ru2
II,II to 

Ru2
IV,IV and on the water oxidation mechanism. Kinetic studies on the 

stepwise oxidation of Ru2
II,II to Ru2

IV,IV were performed at different 

concentration of dinuc and Ce4+, but always with [Ce4+] equal or lower to 

[dinuc], using a fast mixing stopped flow module coupled to a diode 

array UV-Vis spectrophotometer (see Figure 15, Figure S41-S42).  

 

 
Figure 15. Spectral changes with time, mixing a 4.64•10-5 M solution of 
complex 20 in CF3SO3H (0.1 M) with the same volume of 3.56•10-5 M 
solution of Ce4+. Inset shows, change in absorbance over time (black 
diamonds) at 496 nm plus its mathematical fit (red line). 
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Additional experiments were performed at fixed concentration of dinuc 

and Ce4+ with variation in T, to calculate activation parameters (see 

Figure S43-S48). The appearance of isosbestic points indicates clean 

transformation between different oxidation states. For the first three 

oxidation steps (kET1 - kET3), the rate laws are first order in Ce4+ and first 

order in Ru-dinuc. A generalized scheme for each redox reaction is 

presented in eq. k-n.  

  (k) 

 (l) 

 (m) 

 (n) 

For the last redox step, the oxidation of the III,IV to the IV,IV species 

(kET4), the kinetics were studied under pseudo-first order conditions 

([Ce4+] ≥ 10 x [dinuc]). This simplification can be made, as with 

increasing redox states, the ET rates diminish and subsequent reaction 

rates are of inferior magnitude than the one of investigated ET. The 

dependence of kobs vs. [Ce4+] is presented in Figure 16. 

H2O RuIIRuII OH2 Ce4++ H2O RuIIRuIII OH2
kET1

Ce3++

H2O RuIIRuIII OH2 Ce4++ H2O RuIIIRuIII OH
kET2

Ce3++ + H+

H2O RuIIIRuIII OH Ce4++ HO RuIIIRuIV OH
kET3

Ce3++ + H+

HO RuIVRuIII OH Ce4++ O RuIVRuIV O
kET4

Ce3++ + 2H+
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Figure 16. Non-linear behavior of kobs vs. [Ce4+] for the redox reaction 
Ru2

III,IV

€ 

→ Ru2
IV,IV under pseudo first order conditions. 

 
 
The non-linear behavior can be explained by the formation of an outer-

sphere complex prior to electron transfer, expressed by a significant 

value of KOS for an outer sphere mechanism.[36, 51, 52]  

Upon addition of four redox equivalents to dinuc 20, a series of kinetic 

events could be observed. At the same time, oxygen evolution was 

confirmed under similar reaction conditions. To gain more insight into the 

occurring mechanism, experiments at different dinuc and Ce4+ 

concentration, keeping a ratio of 1:4, were performed in the temperature 

range of 10-40 °C. A kinetic model of three consecutive first order 

reactions (

€ 

A →B→C→D) fits best over the entire temperature range. 

A simplified depiction of this model is illustrated in Scheme 3.  
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Scheme 3. Simplified reaction scheme describing the oxygen evolution 
by a RuIV(O)RuIV(O) motif (A), which priory is generated through the 
addition of 4 eq. Ce4+ to complex 20. The RuIV(O)RuIV(O) motif proceeds 
towards the formation of an peroxo-bridged intermediate B, which 
evolves molecular oxygen in the presents of solvent water forming a 
reduced species C. Subsequent possible deactivation process is 
depicted by the reaction of species C to D. 

 
 
 

Species A was assigned as complex 20 in the oxidation state Ru2
IV,IV, 

species B as an intermediate prior to oxygen evolution and species C, 
as a product in low oxidation state generated synchronously to the 

release of molecular oxygen. Species D is thought of as an analog of 

complex 20 in a reduced oxidation state, evolving from possible 

deactivation pathways, such as anation-process[36, 53] or oxidative 

modification on the ligand backbone[36]. These deactivation pathways will 

compete with the catalytic cycle for the generation of molecular oxygen, 

using an excess of sacrificial oxidant, Ce4+. Spectral changes over time, 

together with results from mathematical treatment using Specfit 

software, are presented in Figure 17. Relevant values obtained for key 

steps during the water oxidation process are summarized in Table 6. 
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Figure 17. (a) Change of absorption with time upon addition of 4 eq. 
Ce4+ to a 5.12•10-5 M solution of complex 20 in CF3SO3H (0.1 M) at 25 ± 
0.1 °C. Inset shows absorbance change over time at 462 nm (black 
diamonds) plus its mathematical fit for a reaction model of three 
consecutive first order reaction. (b) Species distribution diagram. (c) 
Corresponding calculated spectra. Color code: blue, species A; black, 
species B; green, species C; violet, species D, as denoted in Scheme 3.  
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Table 6. Rate constants calculated at 25.0 °C, together with the 
corresponding activation parameters (ΔH‡  in kJ mol-1, ΔS‡ in J mol-1 K-1) 
for the reaction of complex 20 and Ce4+ in 0.1 M CF3SO3H.  

 k Ref.  
in Text 

k values 
20 

k values 
15[36] 

ΔH‡  
 

ΔS‡  
 

kETn kET1 (b) (9.5±0.2)•104 5.0•104 36±4 -30±8 
(M-1 

s-1) 
kET2 (c) (6.5± .3)•104 3.9•104 25±3 -70±8 

 kET3 (d) (3.9±0.4)•104 3.2•104 20±1 -90±4 
 kET4 (e) (1.5±0.1)•103 5.0•102 21±2 -150±8 
k 

(s-1) 
kI Scheme 

3 
(5.4±0.1)•10-3 6.1•10-4 47±4 -130±6 

 kO2 Scheme 
3 

(2.6±0.1)•10-3 1.4•10-4 42±3 -150±8 

 
Comparing these results to the ones obtained for the non-substituted 

symmetric analog 15,[35, 36] one can summarize that all rates are of 

superior magnitude, whereas the difference is more explicit (one order of 

magnitude) for rate constants kI and kO2.  

Additionally, Specfit software allows one to calculate the UV-Vis spectra 

of involved species. Comparing the spectrum assigned to species C, 

which is generated through reductive elimination of molecular oxygen of 

a peroxo intermediate, with the spectra determined through redox 

titration, most similarities are observed with the spectrum of redox state 

Ru2
III,III (Figure S49, see Supporting Information). Additional 

intermolecular redox processes, occurring prior to oxygen evolution, 

could explain this. As oxygen evolution is the rate-limiting step in the 

reaction sequence, the peroxo-bridged intermediate (species B) 

accumulates and bimolecular redox processes involving the high valent 

species RuIV(O)RuIV(O) (species A) can occur.  
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A reasonable hypothesis to explain the obtained results is made in 

Scheme 4. 

Scheme 4. Adjusted reaction scheme for oxygen evolution starting from 
the RuIV(O)RuIV(O) motif (A), which proceeds slowly towards the 
formation of a peroxo-bridged intermediate (B). This species B can react 
through bimolecular redox processes with species A to species E and/or 
H, evolving after two consecutive coordination of solvation water 
molecules, molecular oxygen. Expected reaction rates are assigned for 
each reaction.  
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Non-published theoretical reaction models predict that activation 

energies for the coordination of solvation water molecules onto the 

peroxo-intermediates drop significantly, if species E, F or H, I are 

involved and hence key reaction rates would increase. Electron-donating 

substituents could grant excess or favor this reaction pathway, through 

their capacity to destabilize dπ-obtitals. An additional proposal can be 

used to explain rate acceleration and termination in a species of 

elevated redox state, which includes the generation of RuIV(O)RuV(O) 

from RuIV(O)RuV(O) prior oxygen-oxygen bond formation (see Scheme 

5). This proposal is based on above denoted electrochemical findings. 

Scheme 5. Adapted reaction mechanism including the formation of a 
RuIV(O)RuV(O) intermediate (species L) prior oxygen-oxygen bond 
formation. Preceding steps include the same species already depicted in 
Scheme 4. 
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Stoichiometric oxygen evolution. Oxygen evolution could be 

detected upon addition of a minimum of four redox equivalents of Ce4+ 

per dinuc. An efficiency of only 20% towards oxygen evolution was 

observed. As proposed in Scheme 3, the rds of the reaction is 

coordination of solvation water onto the RuIII(OO)RuIII species (B) in the 

oxygen evolving step. Hence, during a catalytic turnover, species B 

accumulates and could undergo bimolecular redox processes, involving 

the high-valent species A as oxidant. The concentration of species A 

would therefore divide with each step by two, which has direct influence 

on the amount of oxygen possible to evolve. For a total of two 

bimolecular redox steps, necessary to form species H of Scheme 4, a 

theoretical efficiency of only 25% would be possible. If the number of 

Ce4+ redox equivalents is augmented to a total of seven, the 

experimentally assigned efficiency increases to 60%, considering that for 

the generation of one mol of oxygen, four mol of sacrificial oxidant are 

used. This value would again increase if reactions   

€ 

B→E or   

€ 

E→H take 

place (see Scheme 4), using now Ce4+ as oxidant.  

An overlay of experimental and theoretical results for evolution of 

molecular oxygen over time for different ratio’s dinuc:Ce4+ is presented 

in Figure 18. 
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Figure 18. Overlay of experimental data of manometric response for 
oxygen evolution using different dinuc:Ce4+ ratio’s (1:7 (black solid line), 
1:4 (black dashed line)) and theoretical modeled data for three 
consecutive first order reaction (red solid line) and including two 
bimolecular redox reactions using two equivalents of high valent 
RuIV(O)RuIV(O) (species A) to react with species B to finally form 
species H, as denoted in Scheme 4 (red dashed line). 
 
 
The calculated oxygen evolution profiles versus time (see Figure 18), 

following the precedent described mechanisms of three consecutive first 

order reactions, nicely matches the experimental one observed 

independently via manometry.  
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Catalytic oxygen evolution. The manometric responses of each 

catalyst under equal catalytic conditions are presented in Figure 19.  

 

 
Figure 19. Catalytic activity of complex 15-20, followed by manometry. 
Reaction conditions: dinuc:Ce4+ (ratio 1:100) in CF3SO3H (0.1 M). Color 
code: blue, 15; red, 16; green, 17; violet, 18; light blue, 19; turquoise 20. 
Inset shows full time span for complex 19. 

 
 

The catalytic activity significantly depends on the nature and position of 

substituents on the ligand backbone. In general, electron-donating 

substituents promote the catalytic reaction compared to the non-

substituted complex 15. The effect is especially observable within the 

first 75 s. The largest influence was found for the non-symmetric 

complex 20 (see Figure 20).  
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Figure 20. The first 150 s from manometric measurements of reaction of 
complex 15-20 with excess Ce4+ (ratio 1:100) in CF3SO3H (0.1 M). Color 
code: blue, 15; red, 16; green, 17; violet, 18; light blue, 19; turquoise 20. 
 
 
Two prior findings can be considered, either independently or in 

combination, to explain this acceleration. One is the fact that electron-

rich substituents enhance substitution rates and hence would accelerate 

the rds’s (reaction steps B 

€ 

→  C, F 

€ 

→  G or I 

€ 

→  K) proposed in 

Scheme 4. The second explanation is based on the fact that ED-

substituents could grant access to higher oxidation states, which by 

theoretical calculations is predicted to lower reaction barriers and so 

enhance reaction rates. 

Surprisingly, the activity of complex 16 rapidly drops down after a fast 

initial period. This could hint towards a promotion of a key position for 

deactivation, namely the 4-position of the pyrazole ring. The electron-

withdrawing nitro group has the opposite effect, as complex 19 retains 

its activity over a long time period, as completion of catalysis is achieved 

not before 10000 s.  
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For all other complexes the reaction is complete within 1000 s. The low 

substitution rates found for complex 19 with MeCN, would explain the 

slow reaction rate. The low overall efficiency of complex 19 could be due 

to decomposition of Ce4+ over time in acid media. Additional 

experiments, including injection of oxidant subsequent to finalization of 

the first catalytic run and compare the remaining catalytic activity, would 

reveal if loss of activity is attributed to decomposition of the catalyst or 

lack of sacrificial oxidant. The robustness of the ligand system is verified 

by online-mass spectrometric analysis of the gas phase for selected 

catalysts during catalysis. It confirms that solely molecular oxygen is 

generated under consistent reaction conditions (Figure 21).  

 

    
Figure 21. Online mass-spectrometric analysis of the evolved gas phase 
during catalysis, performed by complex 16 (left) and complex 17 (right) 
with excess Ce4+ (ratio 1:100) in CF3SO3H    (0.1 M). Arrow indicates 
point of injection of oxidant to catalyst solution, asterix indicate artifacts 
of the mass spectrometer. All solutions were prior degassed with Ar 
(signal not shown). The parallel increase of N2 and CO2 is attributed to 
permeation of air into reaction vessel. Color code: blue, O2; red, CO2; 
green, N2.  
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Conclusions. A new microwave assisted synthetic procedure is used 

to synthesize two new non-symmetric Ru-dinuclear compounds, with the 

general formula [Ru2(µ-X)(µ-(R1-bpp)(R2-trpy)(R3-trpy)]2+ (X = Cl or OAc; 

R1, R2 = H, R3 = MeO, NH2). These two complexes are compared with 

prior obtained symmetric dinuclear compounds in their properties in 

solution and solid state. X-Ray diffraction on single crystals gives 

insights into the influence of the second bridging ligand µ-X (X = Cl or 

OAc) onto metal-metal distance. All complexes are characterized 

unequivocal using 1D- and 2D-NMR techniques. The influence of 

electron-donating and -withdrawing substituents onto the ligand 

backbone towards electronic transitions is investigated. Some general 

trends, regarding stabilizing/destabilizing effects of the different 

substituents on dπ- or π*-orbitals can be drawn. These trends are in 

concordance with electrochemical measurements. A first approximation 

towards the grade of electronic coupling between the two metal centers 

can be established through the calculation of the comproportionation 

constant Kc. These results reproduce findings of prior measurements for 

Ru2(MeCN)2-compounds, solely bridged by the R1-bpp-moiety. Looking 

at the substitution reaction of complexes 19 and 20 with MeCN under 

pseudo-first order conditions reveals that ED substituents enhance, 

whereas EW, significantly lower reaction rates. This can have a major 

influence on catalytic activity. The catalytic activity towards water 

oxidation reaction, using Ce4+ as sacrificial electron acceptor, is studied 

using manometric techniques. It is shown that in general ED-

substituents enhance catalytic activity. The promising candidate complex 

20 is selected for more detailed investigation. Rate constants of four 

discrete electron-transfer processes could be obtained by stopped flow 
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UV-Vis measurements. Rate constants for key steps of a prior 

introduced sophisticated model for water oxidation could be obtained by 

time resolved UV-Vis spectroscopy. Activation parameter for all of these 

steps could be calculated by repeating experiments with variation in 

temperature and the use of Eyring plots. All rate constants exhibit a 

higher magnitude compared to the ones obtained for the non-substituted 

symmetric parent complex 15. Alternative reaction pathways are 

considered, including the proposal that ED-substituents facilitate access 

to high-valent reaction intermediates. With these intermediates it is 

predicted that energy barriers of rds’s are lowered, resulting in an 

increase of reaction rates. The nature of substituents made on the 4-

position of the pyrazole moiety of the R1-bpp-bridging ligand strongly 

influences the stability of the catalytic system. To further improve this 

system a careful analysis of possible substituents should be performed. 

The substitutent should fulfill the following characteristics: a) stabil under 

strong oxidizing conditions, b) sterically not demanding and c) 

electronically it rather should be of donating or balanced then 

withdrawing character. A promising candidate could be R1 = F. 
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Summary / Conclusions 

 

New Isomeric Ru(Cl)2(H3p)(DMSO)2 Complexes: Synthesis, 
Characterization and Reactivity.      (Paper A) 
We introduce the non-symmetrical ligand 3-(2-pyridyl)-5-phenyl-1H-

pyrazole (H3p) to ruthenium coordination chemistry. Introducing the first 

metal center through the equimolar reaction of [Ru(Cl)2(DMSO)4] with 

the H3p ligand, two isomeric complexes, one as a pair of enantiomeres, 

are isolated independently in function of reaction time. These 

complexes, with the general formula [Ru(Cl)2(H3p)(DMSO)2], are 

thoroughly characterized in solution and in solid state. NMR 

measurements support the assigned arrangement of ligands on the 

metal center. Single crystal X-ray diffraction, spectroscopic and 

electrochemical measurements verified the binding modes of the two 

ambidentate ligand DMSO. Additionally, electrochemical experiments 

allow us to calculate rate- and equilibrium constants of a redox coupled 

linkage isomerization process of one the DMSO ligand. A photo-induced 

oxidative substitution process of both isomers in CHCl3 is found to lead 

to a third new specie with the general formula of [Ru(Cl)3(H3p)(DMSO)]. 

Substitution occurs exclusively for the non-hydrogen bond stabilized 

DMSO ligand. This new compound is isolated and characterized in both 

solution and solid state. Besides its high oxidation state the ambidentate 

DMSO ligand binds through the softer sulfur- instead of the expected 

harder oxygen atom to the metal center.  
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Main conclusions: 

A.1. Ligand arrangement in a mononuclear Ru-complex is 

controlled by alteration of reaction time. 

A.2. Rate- and equilibrium constants for a redox coupled 

linkage isomerization process strongly depend on the ligand 

arrangement around the metal center and their protonation 

grade. 

A.3. Deprotonation of the ligand system favors DMSO 

coordination through its S-atom. 

A.4. An increased electron density on the metal center and an 

intramolecular hydrogen bond formation are key factors for a lack 

of linkage isomerization in a Ru(III)-compound.  
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The RuIV=O catalyzed sulfoxidation: a gated mechanism where O to 
S linkage isomerization switches between different efficiencies. 
(Paper B) 
The synthesis of a family of mononuclear Ru-complexes of the general 

formula [Ru(X)(H3p)(trpy)]y+ (H3p = 3-(2-pyridyl)-5-phenyl-1H-pyrazole; 

trpy, 2,2’:6’,2’’-terpyridine) and [Ru(X)(L1)]y+ (L1 = a pentadentate 

bispidine based ligand) (Y = 1 (X = Cl-) or 2 (X = H2O or DMSO)) is 

presented. All presented complexes are characterized in solution and 

solid state. The redox coupled linkage isomerization process of the 

ambidentate DMSO ligand was investigated in detail through 

electrochemical techniques. The obtained results are related towards the 

activity and efficiency of the corresponding Ru-H2O catalysts during the 

selective oxidation of thioanisol to the resultant sulfoxide. It is found that 

the strikingly different efficiencies are due to a gated mechanism, 

involving for the less efficient catalyst ([Ru(H2O)(H3p)(trpy)]2+) an O to S 

linkage isomerization, which stabilizes the Ru(II)-sulfoxide product and 

therefore prevents fast ligand exchange. The generation of the catalytic 

active high-valent Ru(IV)-oxo compounds occurs via stepwise one-

electron, one-proton PCET processes. The catalytic activity is 

determined for [Ru(H2O)(L)]2+ to 100 TON’s with a initial TOF = 39.5 

TON/h and for [Ru(H2O)(H3p)(trpy)]2+ to 60 TON’s with a initial TOF = 

12.1, presenting a conversion of 100% and 60% respectively, regarding 

the amount of used oxidant. A density functional theory (DFT) based 

analysis is used to support the experimentally obtained data. 
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Main conclusions: 

B.1. Rate- and equilibrium constants of a linkage isomerization 

process strongly depend on electronic and steric properties of 

the used ligand system. 

B.2. Thermodynamic and kinetic data correlate with catalytic 

activity and efficiency for selective oxidation process of sulfides 

to corresponding sulfoxides. 

B.3. A more efficient linkage isomerization process is assigned 

as the main deactivation pathway for the less efficient catalyst. 
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Chemical, Electrochemical and Photochemical Catalytic Oxidation 
of Water to Dioxygen with Mononuclear Ruthenium Complexes. 
(Paper C) 
Synthesis and characterization in solution and solid state is presented 

for a set of isomeric mononuclear Ru-complexes containing either of the 

two bidentate ligands 3-(2-pyridyl)-5-phenyl-1H-pyrazole (H3p) or 3,5-(2-

pyridyl)-1H-pyrazole (Hbpp), the tridentate 2,2’:6’,2’’-terpyridine (trpy) 

ligand and either a chloro- or aquo ligand. The isomeric [Ru-

(H2O)(L)(trpy)]2+ mononuclear complexes (L = H3p or Hbpp) are tested 

towards catalytic water oxidation reaction. It is shown how electronic, 

steric, and geometric factors influence the performance of the Ru-

WOC’s. The out-[Ru(H2O)(Hbpp)(trpy)]2+-isomer is identified as the most 

active catalyst. Possible deactivation pathways are proposed and 

explained by the nature of intrinsic ligand properties. Mechanistic studies 

reveal that the RuIV=O species of either complex out- and in-

[Ru(H2O)(Hbpp)(trpy)]2+ are unstable towards disproportionation. The 

resulting RuV=O species triggers oxygen-oxygen bond formation by 

either a water nucleophilic attack (WNA) or a bimolecular (I2M) 

mechanism to finally release molecular oxygen. Finally we show how the 

water oxidation catalysis can be performed photochemically using 

Ru(bpy)3 as photosensitizer and a CoIII-complex as sacrificial electron 

acceptor, representing a case of successful artificial photosynthesis.  
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Main conclusions: 

C.1. Ligand arrangement in mononuclear Ru-H2O-compounds 

is related to the different activity towards water oxidation 

catalysis. 

C.2. Intra-molecular hydrogen bond formation is found to 

increase catalytic activity.  

C.3. Composition of used ligand system determines reaction 

products of catalytic process. 

C.4. CO2 as a side product is solely observed using 

complexes containing H3p ligand, due to the easier oxidizability 

of the phenyl moiety. 

C.5. Photochemical promoted catalytic oxidation of water to 

molecular oxygen is achieved using the described mononuclear 

Ru(H2O)-compounds in combination with a Ru(bpy)3-

photosensitizer and a sacrificial electron acceptor. 
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Fine-tuning of Electronic Communication in a Family of Dinuclear 
Ru-Complexes, Structurally Based on a WOC Model Complex. 
(Paper D) 
Synthetic strategies for four new complexes, with the general formula 

in,in-[Ru2(MeCN)2(µ-(R1-bpp))(4’-R2-trpy)2]3+ (complexes 103+-143+, R1 = 

H, Me, NO2; R2 = H, Me, OMe), are presented. Characterization includes 

thoroughly investigation of the dimers in solution and solid state, 

concerning their structural, spectroscopic and electronic properties. 

Each complex exists as a set of enantiomers (Δ,Δ- and Λ,Λ-form) which 

in solution can interconvert. Rate constants and activation parameters 

for this process are calculated.  The grade of electronic communication 

between the two metal centers is measured using electrochemical-, 

spectroscopic- and spectro-electrochemical techniques. Delocalization 

parameters (α2) and coupling constants Hab are determined from the 

IVCT bands of the dimers in their Ru2
II,III mixed valence state. All 

dinuclear mixed valence complexes can be categorized as Class II 

compounds in the Robin-Day classification (0 < Hab < λ/2). EPR studies 

confirm effective electronic communication in the highest accessible 

Ru2
III,III oxidation state. Electrochemical measurements give us 

information about energetic location of dπ-orbitals and the influence of 

the different substituents on the same. The findings allowed us to 

calculate the comproportionation constant Kc. As Kc can be assumed to 

be an approximation for the grade of electronic coupling between two 

metal centers, these results corroborate the trend presciently observed 

by spectroscopic methods. DFT calculations reveal insight into MO 

involved into electronic transitions. Theoretical findings are consistent 

over a wide range with experimental data. 
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Main conclusions: 

D.1. Activation parameters of an interconversion process of 

sets of enatiomers in solution are calculated and it is found that 

they do not depend on the substitutions made on the ligand 

backbone. 

D.2. Electronic coupling between the two metal centers is 

enhanced by electron-donating substituents. 

D.3. Electrochemical measurements reaffirm and therefore 

proof its applicability to predict trends concerning electronic 

coupling for structurally similar compounds. 

D.4. DFT calculations corroborate and explain experimentally 

found data, regarding effects of electron-donating or -withdrawing 

substituents on electronic transitions. 
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Electronic Modification on the „Hbpp-WOC“ and its Effect on the 
Catalytic Water Oxidation Reaction.      (Paper E) 
A microwave assisted synthetic procedure is established for two new 

non-symmetrical Ru-dinuclear compounds, with the general formula 

[Ru2(µ-X)(µ-(R1-bpp)(R2-trpy)(R3-trpy)]2+ (X = Cl or OAc;  R1, R2 = H, R3 = 

MeO, NH2). These two complexes together with prior introduced 

symmetrical dinuclear complexes, all structurally based on the “Hbpp-

WOC” model complex, are thoroughly characterized in solution and in 

solid state. The catalytic activity towards the water oxidation reaction, 

using excess Ce4+ as sacrificial electron acceptor, is studied using 

manometry and online-mass spectrometry. The catalytic cycle is 

investigated in detail for the promising non-symmetrical complex 20, in 

order to identify rds’s and possible intermediates. Rate constants and 

corresponding activation energy parameters for discrete electron-

transfer processes and key steps of a sophisticated water oxidation 

reaction model are obtained through time resolved UV-Vis 

measurements. This data is compared with previous findings for the 

symmetrical non-substituted parental complex 15. All rate constants 

exhibit a higher order of magnitude. Slight modifications to the prior used 

reaction mechanism for these dinuclear Ru2(H2O)2 complexes are 

proposed, based on findings from UV-Vis and electrochemistry. Possible 

deactivation pathways limiting the effectiveness of the system plus 

suggestion for improvements are mentioned.   
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Main conclusions: 

E.1. The introduced microwave assisted synthetic procedure 

facilitates access to new symmetric and non-symmetric dinuclear 

Ru-compounds. 

E.2. Electron-donating substituents increase, whereas                  

electron-withdrawing groups decrease reaction rates for the 

substitution of the labil H2O ligands for MeCN in oxidation state 

Ru2
II,II. 

E.3. Electron-donating substituents enhance catalytic activity 

towards water oxidation reaction performed by dinuclear Ru2-

(H2O)2-complexes. 

E.4. A non-symmetric dinuclear Ru2-(H2O)2-complexes is 

identified as catalyst with superior activity.  

E.5. A single MeO-substituent on one terpyridine ligand 

increases key reaction rates by one order of magnitude. 

E.6. Additional redox processes of intermediates must be 

included to the reaction mechanism. 

E.7. Nature of substituents on a particular position of the 

ligand system is found to be crucial regarding possible 

deactivation processes. 
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Resumen 
 

El motivo de esta tesis recae sobre la investigación de complejos 

polipiridílicos de Ru, con especial interés en compuestos Ru-H2O, y su 

aplicación en el campo de la catálisis homogénea. La investigación ha 

sido dirigida fundamentalmente hacia dos catálisis redox de particular 

importancia: la oxidación de sulfitos a sus correspondientes solfóxidos 

(sulfoxidación), y la oxidación del agua (fotosíntesis artificial). 

Intentamos entender la influencia de modificaciones relacionadas con la 

geometría, con las propiedades estéricas  y/o electrónicas de complejos 

Ru-H2O hacia su actividad catalítica. En el artículo A, en una primera 

aproximación, introducimos el ligando bidentado no simétrico 3-(2-

pyridyl)-5-phenyl-1H-pyrazole (H3p) en la esfera de coordinación de un 

centro metálico como Ru(II). Dos isómeros de coordinación, con la 

fórmula general Ru(Cl)2(H3p)(DMSO)2 pudieron ser aislados. Ambos 

complejos fueron caracterizados en solución y en estado sólido, y 

pudieron ser inequívocamente identificados. Se muestra que el producto 

cinéticamente estable trans,cis-[Ru(Cl)2(H3p)(DMSO)2], puede ser 

transformado mediante calor o irradiación con luz a temperatura 

ambiente, en el compuesto termodinámicamente más estable 

cis(out),cis(in)-[Ru(Cl)2(H3p)(DMSO)2]. Ambos compuestos muestran, 

en su forma protonada, un proceso de isomerización de enlace 

acoplado a un proceso redox, que depende principalmente de la 

coordinación geométrica. Después de su desprotonación, sólo el 

isómero trans,cis mantiene esta característica. Mediciones 

electroquímicas son utilizadas para obtener las constantes de equilibrio 

y de velocidad para este proceso de isomerización. Un proceso fotolítico 
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en CHCl3 es observado, transformando ambos isómeros en una tercera 

especie, el complejo in-[Ru(Cl)3(H3p)(DMSO)].  En este complejo, el 

ligando DMSO remanente, conserva su modo de unión original. La 

coordinación del átomo S del ligando ambidentado DMSO con un centro 

metálico Ru(III) es uno de los pocos ejemplos reportados. En el artículo 
B, son investigadas las influencias estéricas de diferentes sistemas de 

ligandos hacia la propiedad del centro metálico Ru, poniendo un 

especial interés en el proceso de isomerización de enlace. Se puede 

demostrar, que los sistemas de ligandos bien elegidos,  muestran 

eficiencias muy distintas hacia la oxidación catalítica de los sulfitos en 

sus correspondientes sulfóxidos. Estudios mecanísticos, incluyendo la 

electroquímica y cálculos DFT, indican que las diferencias son debidas 

a un mecanismo, responsable en el compuesto con la menor eficiencia 

catalítica, de una rápida isomerización de enlace O a S, que estabiliza el 

producto Ru(II)-sulfóxido y por tanto, evita el rápido intercambio de 

ligando para permitir la reoxidación de la forma Ru(II)-H2O en la especie 

catalíticamente activa Ru(IV)=O. En el artículo C, centrándonos en un 

conjunto de complejos Ru-H2O isoméricos, investigamos la influencia de 

las características electrónicas así como geométricas en la reactividad 

hacia la reacción de la oxidación del agua. Técnicas como la 

electroquímica, la manometría, la espectrometría de masas “on-line”, y 

la espectroscopía en combinación con la utilización de programas de 

análisis de datos multivariables para cálculo y ajuste de cinéticas, son 

herramientas aplicadas para la obtención de respuestas para la 

pregunta planteada. Hemos demostrado que todos los complejos 

presentados Ru-H2O son activos hacia la reacción de oxidación del 

agua. La eficiencia y selectividad dependen en gran medida de la 
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composición de los ligandos, de su geometría de coordinación y de la 

estabilidad intrínseca redox de los ligandos. Ha sido establecido que, 

bajo condiciones catalíticas, la oxidación del agua es de primer orden en 

catalizador. Se ha propuesto una vía de reacción adicional, bajo la 

adición estequiométrica de Ce4+ en la catálisis, implicando reacciones 

redox inter-bimoleculares de la especie Ru(IV)=O. Se proporcionan las 

constantes de velocidad obtenidas para cada paso de la reacción. La 

reacción en la que se utilizan los complejos Ru-H2O anteriormente 

mencionados, mimetiza efectivamente la función del “OEC” del sistema 

natural en el PS II. En el artículo D, describimos dos métodos sintéticos 

diferentes para una familia de complejos dinucleares de Ru, 

principalmente divergentes en la densidad electrónica en el centro del 

metal que es directamente relacionado con diferentes sustituyentes de 

la estructura del ligando. La comunicación electrónica, exclusivamente 

conducida a través del ligando puente R1-bpp, se establece utilizando 

técnicas electroquímicas y espectroscópicas. La espectroscopía RMN 

nos permitió calcular los parámetros de activación para la interacción 

intramolecular a través del espacio de los dos ligandos acetonitrilo 

internos. Mediante experimentos espectro-electroquímicos pudimos 

definir con elevada precisión la magnitud de la asociación electrónica de 

los dos centros metalicos a través del ligando puente en el estado redox 

de valencia mixta. Mediciones EPR confirmaron el acoplamiento 

efectivo en el estado redox más alto posible. Los datos electroquímicos 

verificaron la tendencia establecida previamente de que sustituyentes 

donadores de electrones potencian la comunicación electronica. Todos 

los complejos pudieron ser clasificados como compuestos de Clase II en 

la clasificación de Robin-Day. En el artículo E, nuestra investigación se 
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centra en la influencia de distintos sustituyentes en la estructura del 

ligando de compuestos Ru diméricos en su actividad catalítica hacia la 

reacción de oxidación del agua. Para ello, un protocolo de síntesis  

previamente establecido es mejorado utilizando las ventajas de las 

reacciones apoyado por micoondas. Son presentados nuevos 

compuestos dimericos no simétricos, abriendo la puerta a infinitas 

opciones de combinaciones de ligandos. Los compuestos obtenidos son 

caracterizados en solución así como en estado sólido usando un amplio 

espectro de herramientas analíticas. Estas incluyen difracción de rayos 

X en monocristales, espectrometría UV-Vis en función del tiempo en 

combinación con técnicas de flujo parado a diferentes temperaturas, 

electroquímica, manometría y espectrometría de masas on-line. Un 

nuevo dímero no simétrico, portando un sustituyente MeO, donador de 

electrones, pudo ser identificado como un catalizador superior en la 

oxidación del agua en terminos de actividad. Las velocidades clave 

responsables de esta mejora son presenteados. 
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