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Chapter I. General Introduction 

 

I.1. Carbene Chemistry 

I.1.1. Carbenes: History and Properties 

The existence and important role of carbenes as transient intermediates in several 

reactions had been conceived by scientists long time before their authentic discovery.1,2 

In the late 1950s, the early chemistry of carbenes was studied by Skell and coworkers 

and a carbene intermediate was proposed to take part in the addition reaction of carbon 

atom into a carbon-carbon double bond.3 Before 1960 carbenes were considered too 

reactive to be isolated. A key breakthrough came in 1962 when Fischer and coworkers 

introduced carbenes into inorganic and organometallic chemistry reporting the 

reactivity and stability of the tungsten carbene complex (C1), which was the first 

reported carbene-containing transition-metal complex (Figure 1).4 

 

Figure 1. Drawing of the tungsten carbene complexes C1. 

Carbenes are neutral compounds featuring a divalent carbon atom with only six 

electrons in its valence shell. The form of a prototype carbene is :CR1R2, where the 

carbon atom can be either linear or bent, each geometry describable by a certain degree 

of hybridization. Therefore, electronically, carbenes can be described either as singlet 

or triplet species. In singlet carbenes the carbon atoms are sp2-hybridised with one sp2 

orbital occupied by a lone pair of electrons while the other two orbitals connect with 

the external substituents with a bond angle comprised between 100 and 110°. 
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Furthermore, an empty p-orbital is perpendicular to the plane of the sp2-orbitals (Figure 

2a). However, in triplet carbenes, the two unpaired electrons could be either a sp2-

hybrid or a linear sp-hybrid, in which cases the two free electrons either occupy one 

sp2-orbital and one p-orbital (Figure 2b) or occupy two p-orbitals (Figure 2c). Bond 

angles are in this case between 136 and 180°.1 

R1

R2

M
R1

R2

M

Ficsher-carbene Schrock-carbeneSinglet sp2-hybrid Triplet sp2-hybrid Triplet sp-hybrid

a b c d e  

Figure 2. Electronic configurations of carbenes. 

The ground-state spin multiplicity is a fundamental feature that dictates their reactivity.5 

Indeed, singlet carbenes feature a filled and a vacant orbital, and therefore, they should 

possess an ambiphilic character. On the other hand, triplet carbenes have two singly 

occupied orbitals and are generally regarded as diradicals. 

The carbene ground-state multiplicity is related to the relative energy of the σ and pπ 

orbitals. The singlet ground state is favored by a large σ-pπ separation,6 similarly to 

what happens with the crystal-field theory and high or low-spin configurations. 

Therefore, the steric and electronic properties of the carbene substituents will be key 

for its ground-state multiplicity and, therefore, its reactivity. 

Carbenes are usually used as ligands in organometallic chemistry given their interesting 

and modular electronic properties and stability. Fischer-carbenes and Schrock-carbenes 

are two major different patterns of carbene organometallic complexes. The formers 

have singlet ground-state multiplicity and are electrophilic at the carbon atom (Figure 

2d). Accordingly, they prefer low oxidation state metals which are usually found in 

middle and late transition metals such as for example, Fe(0), Mo(0) or Cr(0). On the 

other hand, Schrock-carbenes (Figure 2e) are considered as triplet carbenes and prefer 

high oxidation states of the early transition metals like for instance Ti(IV) or Ta(V).7,8 
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I.1.2. N-Heterocyclic Carbenes (NHCs) 

Whereas the majority of carbenes are short-lived reactive intermediates, this picture 

does not hold for N-heterocyclic carbenes (NHCs), as reported in 1962 by Wanzlick.9 

In 1968 the parallel works of Öfele 10 and Wanzlick 11  described organometallic 

chromium and mercury complexes where NHCs were used as ligands for transition 

metals (C2 and C3, Figure 3). Later, the research was continued by Lappert and Stone 

in the early 1970s.12 After that, surprisingly, the field of NHCs as ligands in transition 

metal chemistry remained nearly dormant for the following 20 years. In 1991, a report 

by Arduengo and coworkers reported the isolation and extraordinary stability of the 

crystalline NHC ligand L1 (Figure 3).13 This first isolated carbene invoked people’s 

enthusiasm for the investigation of NHCs as ligands in organometallic compounds.14 

 

Figure 3. Structure of the carbene C2, C3 and L1. 

The interest on understanding the structure, reactivity and electronic properties of 

NHCs arise from the fact that, despite being neutral molecules, they are one of the 

strongest Lewis bases and nucleophilic molecules known.15 NHCs are stabilized by 

their nitrogen atoms in the singlet-state (Fischer carbenes) while the unfavored triplet-

state species is normally 70-80 kcal/mol higher in energy (Figure 4).16 In addition, 

aromatic carbenes (in fact pseudo-aromatic given the predominance of the carbonic 

over the ylidic resonance structures,17 Figure 4bA) are more stable than those none 

aromatic (Figure 4bB). These ligands are excellent σ-donors and therefore form rather 

strong metal-carbon bonds. Furthermore, their corresponding transition-metal 

complexes are often stable under ambient conditions.15 
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Figure 4. a) Electronic structure of NHCs. b) Aromatic and none aromatic carbenes. 

Recently a new family of ligands has been developed; the so-called 

“abnormal/mesoionic carbenes” in which the word “mesoionic” indicates that no 

heteroatom is located in the one or two vicinal positions to the carbene carbon atom 

(Figure 5).18  Most of the mesoionic carbenes belong to the family of NHCs. For 

example in 2002 Crabtree and coworkers reported the first mesoionic metallation of 

imidazolium salts (C4 in Figure 6). The reaction of the iridium polyhydride IrH5(PPh3)2 

with pyridine-functionalized imidazolium salt afforded the iridium (III) complex C4 in 

which the central metal ion was bounded to the mesoionic carbene position.19 Later, 

other transition-metal complexes of Os, Pd, Ru, Rh including mesoionic carbene NHC 

ligands were also discovered.20,21 

 

Figure 5. Examples of “mesoionic carbenes”. 
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Figure 6. Synthetic process of the mesoionic metallation carbenes C4. 

Complexes containing NHC coordinating ligands, no matters in their normal or 

mesoionic character, had seen wide applications in different areas of catalysis such as 

olefin metathesis,22 hydrogenation of alkenes and alkynes,23 transfer hydrogenation,24 

activation of C-H bonds,25 as well as a wide set of oxidative transformations.26 

Pd-NHC complexes, which have been deeply investigated during the last two decades, 

are one of the most prominent and fruitful catalytic families within this species. For 

instance, they were used as efficient catalysts for the aerobic oxidation of alcohols.27  

Other transition metals such as Rh, Au, Ir and Ru also have been commonly and 

successfully employed in combination with NHCs for catalytic applications. The Rh 

NHC complexes, both normal (C6) and mesoionic (C7) ones, reported by Albrecht and 

coworkers in 2012 were introduced as excellent catalysts in the reaction of hydrolytic 

oxidation of dimethylphenylsilane to siloxane and silanol.28 Au, which was normally 

considered inert also manifests good catalytic reactivity when coordinated with NHC 

ligands. An example is the C9 complex presented by the same group in 2013 showed 

excellent catalytic reactivity in the synthesis of oxazoline.29 The Ir NHC complex C10 

supported on silica was found to be capable of initiating the hydrogen transformation 

reaction. 30  In 2012 Stephen and coworkers reported the Ru NHC complex C11 

catalyzing olefin selective hydrogenation reaction effectively.31 
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Figure 7. Drawing of C7 to C11. 

 

I.2. Ruthenium and its role in oxidative catalysis 

The unique catalytic properties of Ru-carbene complexes stated in the previous section 

not only arise from the carbene type of ligands but also from the particular features of 

the Ru metal ion. Catalytic applications of Ru complexes have widely increased its 

scope and efficiency during the past few decades. Therefore, in the following 

subsections of this introduction we will focus on two of these catalytic processes where 

Ru-based catalysts play an important role: water oxidation and the epoxidation of 

alkenes. 

I.2.1. Ruthenium coordination chemistry 

Coordination chemistry deals with the interactions of organic and inorganic ligands 

with metal centers. However, it is not strictly restricted to classical inorganic chemistry, 

also playing a key role on the study of supramolecular interactions and biomaterials.32 

Researchers are not only interested in their geometrical structure, electronic 

configuration or properties of the coordinating bonds but also pay much attention to the 
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application of these compounds in a wide variety of fields such as catalysis,33 optics,34 

hydrometallurgical extraction,35 medical and biomedical research,36 semiconductors 

and nanomaterials,37 among others.34 

Nearly all transition metals have been employed in the area of coordination chemistry. 

Ruthenium, with the electronic configuration 4d75s1, shows unique properties and 

displays the widest range of oxidation states among transition metals, ranging from -2 

in [Ru(CO)2]2- to +8 in RuO4.38 In addition, Ru compounds possess a high electron 

transfer capacity and a great ability to stabilize reactive metal species such as oxo-

metals and metal-carbene complexes. Therefore, the wide range of oxidation states 

accessible along with the different coordination geometries available and the capacity 

of stabilizing highly-reactive metal species provides an interesting scenario for Ru 

complexes to be used as catalysts. Consequently, they have found application in many 

different fields, such as hydrogenation,39 oxidation,40 nucleophilic addition to C-C 

multiple bonds and C-C bond formation,41 regioselective reductions42 etc. 

Due to the particular electrochemical properties of Ru complexes, an interesting 

situation emerges within the redox chemistry of these complexes. With one water 

molecule directly bonded to the metal centre, the successive oxidations from Ru(II) to 

Ru(IV) are accompanied by a sequential proton loss generating a proton-coupled 

electron transfer (PCET)43 process and the corresponding properties would be affected 

by proton exchange (Figure 8). The Ru(III/II) and Ru(IV/III) redox processes will be 

pH dependent and will be shifted to lower potentials when a drop in the medium acidity 

takes place, attributing to the fact that higher oxidation states tend to be more acidic. 

This important property makes Ru-aqua complexes critical in the area of oxidation 

catalysis, especially in water oxidation and alkene epoxidation. 

 

Figure 8. Ru proton-coupled electron transfer (PCET) process. 
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I.2.2. Artificial photosynthesis with ruthenium complexes 

Nowadays, the exploration of cheap and sustainable energy source is urgently needed 

for the welfare of our society in the near future.44 However, only 2 % of all renewable 

energies used nowadays comes from solar energy thus the development of artificial 

systems to mimic the natural process is necessary and shows huge potentials.45 

Nature has been harvesting sunlight as an energy source through the photosynthesis 

with the help of green plants, algae and cyanobacteria. The formation of dioxygen 

which comes from water oxidation is the most critical in the process of photosynthesis. 

In nature, water oxidation is promoted by the µ-oxido-Mn4Ca cluster shown in Figure 

9, the so-called oxygen-evolving complex (OEC) of Photosystem II (PS II),46  the 

structure of which has been recently reported at 1.9 Å resolution.47  

 

Figure 9. Structure of µ-oxido-Mn4Ca cluster.47 

In order to mimic nature one of the most feasible proposals is to split water into oxygen 

and hydrogen (Equation 1). Since water does not interact directly with the 

electromagnetic radiation emitted by sunlight, the overall redox process is divided into 

the extraction of protons and electrons (Equation 2) and the formation hydrogen 

(Equation 3).  

2 H2O O2 2 H2 (1)

2 H2O O2 4 H+ (2)4 e-

4 H+ 4 e- 2 H2 (3)
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The Ru-aqua are good candidate to mimic the natural process of water splitting initiated 

by Photosystem II.  

These processes can be assembled in a three-component photo-electrochemical cell 

(PEC) as illustrated in Figure 10 in which the three process, light harvesting, water 

oxidation and proton reduction should be separated.48 In order to assemble the three 

components into a robust single cell, a proton-exchange membrane (PEM) is mandatory 

which allows the diffusion of protons to the cathode while at the same time, physically 

separates the anodic and the cathodic compartments. (Figure 10) 

 

Figure 10. The three-component photo-electrochemical cell (PEC).49 

I.2.2.1. Water Oxidation Catalyzed by Dinuclear Ruthenium Complexes 

The first reported Ru complex capable of oxidizing water to dioxygen, the so-called 

blue dimer (cis,cis-[(bpy)2(H2O)Ru(µ-O)Ru(H2O)(bpy)2]4+, C12 in Figure11), was 

developed in 1982 by the group of T. J. Meyer.50 However, its flexible µ-oxo bridge of 

reduced stability and prone to reductive cleavage hampered its stability under catalytic 

conditions.51 Quite low TON (13.2) and TOF (0.24 min-1) values were reported under 

optimized conditions and by means of Ce(IV) as sacrificial oxidant.52 However, this 

pioneering work was inspiring for later researchers that used similar strategies based on 

the inclusion of two Ru-aqua/oxo groups in a single molecule to efficiently extract four 

protons and four electrons from two water molecules and form an O-O bond. 

Llobet and coworkers developed in 2004 a new and more efficient Ru dinuclear 

complex for water oxidation, in,in-{[RuII(trpy)H2O]2(µ-bpp)}3+ (in,in-Ru-bpp, C13 in 
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Figure 11) using the bis(2-pyridyl)-3,5-pyrazolate anionic bridge (bpp) as 

backbone.53,54 The result of these improvements is that through the full redox cycle the 

ligand would hold the Ru assembly inact, forming dioxygen faster and avoiding catalyst 

decomposition. Therefore, under optimized conditions, the TON and TOF increased to 

512 and 0.78 min-1, respectively,55 and the proposed assumes that the oxygen-oxygen 

bond is formed by means of an intramolecular mechanism.56 

In 2007 Thummel and coworkers developed a family of Ru dinuclear complexes (C14 

in Figure 11) containing bis-tridentate polypyridine type of ligands as bridging 

scaffolds and substituted pyridines as complementary axial ligands. Those possessing 

–OCH3 pyridine substituents manifested better catalytic performance and TON values 

were further increased to 689.57 

Later on, the group of Sun developed a new Ru dinuclear complex with a pyridazine 

containing bridging ligand including lateral carboxylic groups (C15 in Figure 11).58 

Modification of the bridging ligand by replacing the pyridazine scaffold by a 

phthalazine group (C16 in Figure 11) results in a dramatic increase of the TON values 

from 1690 to 10400. C16 is still nowadays the best performing Ru-based dinuclear 

water oxidation catalyst using Ce(IV) as sacrificial oxidant.  
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Figure 11. Drawing of C12, C13, C14, C15 and C16. 

 

I.2.2.2. Water Oxidation Catalyzed by Mononuclear Ruthenium Complexes 

In 2005 Thummel and coworkers developed a series of non-aqua RuIIN6 complexes 

such as [Ru(dpp)(4-Me-py)2]2+ (C17 in Figure 13) and [Ru(trpy)(4-Me-py)3]2+ (C18 in 

Figure 13) which also exhibited water oxidation capacity with TON values up to 416,59 

using the, called water nucleophilic attack (WNA) mechanism, which was also 

supported by density functional theory (DFT) calculations.60 

Later on, the Meyer’s group synthesized a RuN5-OH2 complex61 and proved that a 

Ru(V) oxo species which will oxidize water into dioxygen is involved in the WNA 

process while the rate determining step is the decomposition of [RuIVOO]2+ species. 

Sun and coworkers also synthesized a set of mononuclear Ru complexes bearing [2,2'-

bipyridine]-6,6'-dicarboxylic acid and pyridine-2,6-dicarboxylic acid as ligand (C19 to 

C21).62 (Figure 13) An interesting point of this work was the isolation and X-ray 

characterization of a seven coordinated intermediate (Figure 12), providing compelling 
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evidence of its existence and implication on the oxidation of water with Ru-based 

mononuclear species.63  

 

Figure 12. Crystal structure of the seven coordinated intermediate.63 

Recently the catalytic activity of the Ru mononuclear complex [Ru(bda)(isoq)2] 

(H2bda=2,2’-bipyridine-6,6’-dicarboxylic acid; isoq=isoquinoline) (C22 in Figure 13) 

toward water oxidation was described by Sun and Llobet.64 This catalyst is really a 

breakthrough in water oxidation exhibiting TON about 8360 and TOF = 303 s-1 when 

using Ce(IV) as sacrificial oxidant, which are close to the reaction rate of the µ-oxido-

Mn4Ca cluster of photosystem II (TOF = 100-400 s-1).  
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Figure 13. Structure of Ru mononuclear complexes C17 to C22. 

 

I.2.2.3. Water Oxidation Catalyzed by Heterogeneous Ru Complexes 

When Ru complexes were anchored onto solid surfaces through chemical bonds the 

catalyst-catalyst degradation observed in homogeneous media would be blocked. 

Furthermore, the immobilization of Ru complexes provides a much easier proposal to 

introduce the water oxidation catalyst in a real photoelectochemical cell for the 

photoreduction of hydrogen. Consequently, different strategies have been developed to 

do this immobilization onto solid surfaces of thin films, mesoporous solids and 

nanomaterials. 

To design efficient heterogeneous systems, some requirements should be fulfilled by 

the chosen support and the grafting methodologies: 
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1) The surface-catalyst system must be stable under highly oxidative catalytic 

conditions. 

2) The system must be resistant towards strong acidic conditions. 

3) The electron transfer form catalyst to electrode must be enough efficient to ensure 

efficient redox catalysis. 

In fact, as early as 2007, Meyer and coworkers began to immobilize Ru complexes onto 

surfaces of ITO, TiO2, ZrO2 and SnO2. However the extent of catalytic activity is 

limited (TON values lower than 3) due to the weak cohesion between the substrate and 

the catalyst.65 Later on they improved the system and new complexes were anchored 

onto FTO66 and TiO2
67 surfaces via phosphonate linkage. The TON reached up to 

11000 and 28000 respectively. 

Later Sun and coworkers reported the covalent immobilization of one of their catalysts 

to functionalized carbon surfaces (C23 in Figure 14).68 The hybrid system resulted in 

a maximum TOF value of 1.6 s-1 when an overpotential of 0.7 V was introduced.  

From 2009 our group began to immobilize the Ru bpp dinuclear complex onto TiO2 

surfaces by the chemical modification of the Hbpp backbone with different functional 

groups. The first attempt was made introducing a methyllenebenzoic acid in the 

pyrazole ring (C24 in Figure 14).69 The complex was successfully anchored in the solid 

support and the catalyst produced relative amounts of oxygen, but also remarkable 

amounts of CO2 suggesting the degradation of the surrounding organic ligands under 

the highly oxidative and acidic media, leading to the subsequent catalytic deactivation. 

Nevertheless, this research sets up a basis for further insides in the anchoring strategies.  

More recently, our group has developed a family of Ru-Hbpp complexes containing 

charged pyidylic rings on the trpy auxiliary ligands (C25 in Figure 14). The presence 

of the positively charged ligand was expected to favour the electrostatic interaction 

between different solid support and the complex. Following this idea Ru-catalyst was 

immobilized onto silica, FTO-Nafion and FTO-TiO2. 70  However CO2 was also 

generated during the catalytic cycles, which justifies the leaching of the complex 

observed after several hours. The data collected before the deactivation of the catalysts 
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showed that the supported Silica and FTO-Nafion catalysts exhibit good stability while 

the one immobilized on FTO-Nafion has better oxidation capacity.  

 

Figure 14. Drawing of heterogeneous Ru system C23, C24 and C25. 

 

 

I.3. Alkene Epoxidation Catalyzed by Ruthenium Complexes. 

As the development of synthetic and material chemistry, the production of epoxides has 

seen increasing importance during the past few decades. From 1970s both metal oxides 

and coordination metal complexes had been introduced as catalysts for the alkene 

epoxidation. Nearly each transition metal has been investigated thoroughly by 

researchers, such as Mn, Mo, Ti, Cu and Zr etc. Asymmetric alkene epoxidation is a 

critical area to produce wide variety of different epoxides and Nobel Price was given to 

Barry Sharpless in 2001 for the honor of his great contribution in the field of 

asymmetric epoxidation. Since Ru oxo species always manifest excellent oxidation 

capacity, investigations on Ru complexes for alkene epoxidation has become a top 

research field. Herein, the introduction is divided into nonasymmetric epoxidation and 

asymmetric epoxidation part. 
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I.3.1. Nonasymmetric epoxidation catalyzed by ruthenium Complexes 

The discussion of nonasymmetric alkene epoxidation is made up classifying the 

reported works in those that no previous isolation of the active complex is done 

(Balavoine’s method), and the procedures using Ru porphyrin complexes, Ru Schiff 

base complexes and Ru polypyridyl complexes. 

I.3.1.1. Nonasymmetric alkene epoxidation using Balavoine’s Method 

In the area of alkene epoxidation, traditional ruthenium inorganic compound catalysts 

always lead to the oxidative cleavage of the double bond and very little amount of 

epoxide was obtained. Balavoine and coworkers considered that good electron donating 

ligands would moderate the oxidizing power of the RuCl3/NaIO4 system thus the yield 

of the epoxide might be increased. Instead of synthesizing ruthenium complexes they 

added such ligands directly into the solution (Figure 15) and the product was separated 

by column chromatography.71 

 

Figure 15. Balavoine’s method for Ru epoxidation. 

Initially, the ligand introduced by Balavoine and coworkers was bpy (2,2'-bipyridine).71 

Using this system they tested a series of substrate such as trans-stilbene, cyclohexene, 

cyclooctene, norbornylene etc. with the yield differed from 10% (cyclohexane) to 83% 

(trans-stilbene). Later in the same group, this method was employed with different 

substituents, phenanthrolines as ligands (L2, Figure 16) and the trail alkene was trans-

stilbene.72 The results varied depending on different ligands, but it was evidenced that 

the more electron donating ones, like L2-c slowed down the reaction rate while 

increased the selectivity and the yield of the epoxides. 
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Figure 16. Structure of L2 and C26. 

Balavoine and coworkers speculated that the active species in the processes was a 

Ru(IV)-oxo intermediate, 73  an assumption similar to that made by Meyer and 

coworkers for the catalytic alkene epoxidation using trpy-bpy and bpy-py Ru 

complexes. In 1995, Griffith and coworkers attempted to clarify whether or not the 

Ru(IV)-oxo was the active species for Balavoine’s method74 using RuCl3/bpy reagent 

and the complex of trans-[Ru(H2O)2(bpy)2]2+ in different experiences. They did not 

find the active species, but separated the complex [RuO2(bpy){IO3(OH)3}]·l.5H2O 

(C26, Figure 16) which showed similar catalytic capacity towards epoxidation as trans-

[Ru(H2O)2(bpy)2]2+.74,75 

In 1996, Sheldon and coworkers studied the alkene epoxidation under similar 

conditions but using Ru(dmso)4Cl2 in place of RuCl3 in CH2CCl2 with t-BuOOH as 

terminal oxidant. The results showed that the Ru(dmso)4Cl2/pymox (pymox: (5-phenyl-

2-(pyridin-2-yl)oxazol-4-yl)methanol) system was the best catalyst for most of the 

alkenes.76 

I.3.1.2. Nonasymmetric alkene epoxidation with Ru porphyrin complexes 

The Ru porphyrin complexes have constituted an important field of catalysts for the 

epoxidation of alkenes. In 1984, John Groves’s group developed the dioxo complex: 

[RuVI(TMP)(O)2] (TMP: tetramesity1porphyrinato) (C27, Figure 17).77  The alkene 

epoxidation proceeded in a Ru(VI)– Ru(II) cycle with the help of O2, but, the yield was 

not so high ( 45.6% for the norbornene). The same complex was studied by Bernd 

Scharbert’s group in 1995 with the substrate of propene and oct-1-ene.78 They found 

that the pacial oxidation of the substrates generate CO, which forms RuII(TMP)CO 

species and deactivate the catalyst. In 2003, Haruo Inoue and coworkers reported that 

the RuII(TMP)CO complex (C27 coordinated by CO) could be used as a photosensitizer 
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for alkene epoxidation with high quantum yield and selectivity. Isotope labeling 

experiments confirmed that the oxygen atom of the epoxide came from one water 

molecule.79 

 

Figure 17. Structure of the porphyrin complexes C27 and C28. 

In 1996, Tsunehiko Higuchi’s group used a Ru porphorin complex based on the model 

of cytochrome P450 on the epoxidation of different alkenes and proved that the oxygen 

of the epoxide came from the oxidant, 2,6-dichloropyridine N-oxide (Cl2pyNO). They 

also proved that oxidants containing electron donating substitutes, manifested higher 

epoxidation capacity under the same condition.80 

R1 R2 Epoxide Yield
H H trace
Me H 26%
Cl H 94%
Me Me 95%
Cl Cl 100%
Br Br 98%
Ph Ph trace

NR1 R2

OPh
Ph

O

 

Figure 18. Epoxidation of styrene by pyridine N-oxide with different substitutes. 

In 2010 Hongbing Ji and coworkers used the complex C28 (Figure 17) as catalyst for 

the epoxidation of cyclohexene under mild conditions with an 86% of conversion and 

85% of yield.81 
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I.3.1.3. Nonasymmetric alkene epoxidation with Ru Schiff base complexes 

The relatively simple synthetic procedures used in the preparation of the Schiff base 

ligands make the study of their Ru complexes one especially interesting area in the field 

of the Ru catalysis. 

As early as 1989, Chi-Ming Che’s group studied a family of Ru salen complexes with 

the general formula [RuIII(salen)(X)(Y)]n [n = -1, (X)(Y) = (CN)2; n = 0, (X)(Y) = 

(PPh3)(PBu3), (PPh3)(py); n = 1 , (X)(Y) = (PPh3)(N3), (PPh3)(TsO) (TsO = tosylate 

anion)] as catalyst in the epoxidation of different olefins, but the yield was 

comparatively low as the substrates favored the oxidative cleavage of the double 

bonds.82 

In 2003 Henrique E. Toma and coworkers synthesized the complex C29 (Figure 19) in 

which the Cl substitute could be exchanged into aqua molecule83 and used to catalyze 

the epoxidation of cyclohexene with a selectivity of the 95%.84 

In 2009 the group of Debabrata Chatterjee studied as catalysts the family of complexes 

C30 to C33 (Figure 19). The epoxide yield was not so high with most of selectivity 

lower than 50%. However they proposed that a [RuIV–O(tBu)–O•] radical species was 

the catalytically active intermediate in the experimental condition.85 
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Figure 19. Structure of Ru Schiff base complexes C29 to C33. 

In 2009, the Mirkhani’s group used as epoxidation catalyst a Ru(III) salophen complex 

(salophen: 2,2'-((1E,1'E)-(1,2-phenylenebis(azanylylidene)) bis(methanylylidene)) 

diphenol) which was then successfully supported onto a polymer, polystyrene.86 The 

best results were obtained using NaIO4 as terminal oxidant, with 100% of conversion 

and selectivity for cyclooctene, indene, heptene and dodec-1-ene.  

Also in 2009 by Koichiro Jitsukawa and coworkers reported a Ru complex with 

tetradentate BABP (6,6-bis(benzoylamino)-2,2-bipyridine) ligand which was then 

immobilized onto FSM surface (a mesoporous silica, folded-sheet mesoporous material) 

with different methodologies and used as catalyst in the epoxidation of cyclooctene The 

yields obtained with different terminal oxidants was comparatively low (less than 

30%).87 

I.3.1.4. Nonasymmetric alkene epoxidation with Ru polypyridyl complexes 

Ru polypyridyl complexes are of great significance since they are coordinatively stable 

both in higher and lower oxidation states and a wide variety of oxidation states could 

be seen in a comparatively narrow potential range. Normally, Ru oxo complexes 
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containing polypyridyl ligands are known to be effective oxidation species especially 

for alkene epoxidation. 

The first Ru polypyridyl complexes used for alkene epoxidation, the 

[(bpy)2(py)Ru(OH2)]2+ and [(trpy)(bpy)Ru(OH2)]2+. (trpy = 2,2':6',2''-terpyridine; bpy 

= 2,2'-bipyridine), were developed by the Thomas Meyer’s group in 1986. Styrnene, 

trans-stilbene and cis-stilbene were chosen as trail alkenes with co-oxidant of NaOCl. 

Although the conversion and selectivity were lower compared with later complexes, 

this study was considered as the steppingstone for successive researches.88 

In 1987, Chi-Ming Che and coworkers used the [RuIV(chbae)(PPh3)(py)] complex in 

the epoxidation of cyclohexene and styrene but the yield were only 10.3% and 7.3% 

respectively. 89  During the same year, the Che’s group reported the use of trans-

[RuIII(phen)2(OH)(OH2)]2+ and trans-[RuIII(bpy)2(OH)(OH2)]2+ complexes to catalyze 

the epoxidation with a number of alkenes and both the conversion and selectivity 

increased a lot (53.7% and 44.4% respectively for cyclohexene). They supposed that an 

intermediate of trans-[RuIV(bpy)2O(OH2)]2+ formed as active species during the 

catalytic reaction.90 

In 1988 Mario Bressan and coworkers used the complexes, [Ru(DPP)2Cl]+ and 

[Ru(PPY)2Cl]+, [DPP = 1,3-bis(diphenylphosphino)propane, PPY = 1-

(diphenylphospino)-( 2-pyridyl)ethane] as catalysts, and reported that norbornene and 

cyclooctene showed the best selectivity while alkenes bearing aromatic substituents 

revealed the lowest. In addition, linear alkenes were selectively but called for longer 

time to react. A Ru(IV) oxo complex was considered to be the active species which was 

proved by isotopic exchange experiment.91 

In 1994 Russell Drago’s group used the complexes, cis-[Ru(dmp)2(S)2]2+(S = H2O; 

CH3CN) (dmp = 2,9-dimethyl-1,10-phenanthroline) as catalyst in front of norbornene 

in acetonitrile, with a selectivity of 94% for 2,3-epoxynorbornane. Further studies of 

this reaction indicated a free-radical mechanism in which H atom abstraction was the 

rate-determining step.92 

The [RuII(trpy)(pic)(H2O)]+ complex (pic: picolinic acid) (C34) (Figure 21) was 

synthesized in 2006 by Debabrata Chatterjee and coworkers. Epoxidation of various 
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alkenes (styrene andsubstituted styrenes, stilbenes, cyclohexene, 1,2-

dihydronaphthalene) had been studied for this complex in presence of t-BuOOH as 

terminal oxidant. The complex showed the best epoxidation capacity towards 4-

Methoxystyrene (59% of yield).93 

A series of Ru carbene complexes were reported in 2006 by Llobet’s group (C35 to C37 

in Figure 21).  From the Pourbaix Diagram they were able to distinguish the Ru 

complexes experiencing a one-electron process or a two-electron process in aqueous 

solution. Complexes favoring two-electron processes showed better performance and 

selectivity in epoxidation than complexes favoring one-electron processes as it is 

illustrated in Table 1.94 

 

Table 1. Alkene epoxidation catalyzed by C35, C36 and C37. 

In 2008 Olivier Hamelin and coworkers used as epoxidation catalyst towards 

cyclooctene the [Ru(L5pyr)(CH3CN)]2+ complex (L5pyr = 2,6-bis-(6-ethyl-2,2′-

bipyridyl)-pyridine). Comparison of the activity with regard to [Ru(bpy)2(CH3CN)2]2+ 

and [Ru(bpy)2(py)(CH3CN)]2+ confirmed that the addition of a fifth pyridine ligand in 

the coordination sphere improved the efficiency of the catalyst, with yield of 80% and 

TON of 40.95 

In 2009 Mallayan Palaniandavar and coworkers synthesized the  [Ru(ntb)Cl2]+ and 

[Ru(mntb)Cl2]+ [ntb: tris-(benzimidazol-2-ylmethyl)amine; mntb: tris(N-

methylbenzimidazol-2-ylmethyl)amine complexes (L3) (Figure 21)]. The epoxidation 

essays proved that the formation of [Cl(ntb/mntb)Ru–O–O–CO–C6H4Cl]+ and 

[Cl(ntb/mntb)Ru–O–O–tBu]+ species are responsible for the oxidation activity. In 

addition, it illustrated that the electronic and steric effects of tripodal 4N ligands 

contributed to catalyze the effective oxidative transformation of organic compounds.96 
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In 2010 Mizuki Tada and coworkers supported successfully a Ru complex onto SiO2 

surface (C38 in Figure 20) and essayed the epoxidation of alkenes showing high TONs 

for trans-stilbene (TON=2,100,000) and cyclopentene (TON=1,020,000) which were 

among the highest TONs reported in the field of metallic alkene epoxidation. The fact 

was attribute to the addition of isobutylaldehyde which forms the intermediate Int-1 

(Figure 20) which would reduce the reaction barrier significantly and the result was 

supported by DFT calculations.97 

Figure 20. Structure of C38, Int-1 and C49. 

In 2010 Isabel Romero and coworkers reported the family of complexes with anionic 

and neutral N-donor ligands, C39 to C41 (Figure 21) and the alkene epoxidation was 

tested towards different substrates. They discovered that steric effects didn’t play a 

major role while electronic effects strongly dominate the reactivity. The C39 had the 

highest E°(IV/II) redox potential thus the reactivity was the highest for the major of the 

alkenes.98 

More recently, the same group used the carbene complexes C42 to C44 (Figure 21) in 

the epoxidation of different alkenes, with high conversion and selectivities (>90% in 

most cases). C43 was also tested in ionic liquid which was considered as the first 

example of Ru-based system for epoxidation catalysis under these conditions. The 

system displayed excellent reusability as well as a highly remarkable effectiveness and 

selectivity for the epoxide products.99 

In 2011 G. K. Lahiri’s group reported the cis and trans Ru isomers C45 and C46 (Figure 

21) and established that the cis-isomer is an excellent catalyst for alkene epoxidation 
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while the trans-isomer was almost inactive even under the same conditions. The fact 

was supported by DFT calculations.100 

In 2012, Nicolai Burzlaff and coworkers presented the Ru dicarbonyl complexes: C47 

and C48 (Figure 21) which were employed as catalysts in the epoxidation of 

cyclohexene. Different co-oxidant had been studied for the two complexes with PhIO 

showing the best activity (the yield was 68.6% and TON was 20.6).101 

The [Ru(terpy)(bpy)]2+ complex was immobilized onto the surface of SiO2 through a 

pseudo-peptide bond (C49 in Figure 20) by Louloudi and coworkers in 2012. The 

catalytic epoxidation ability of the heterogeneous system was studied and cyclooctene 

gave the highest epoxide product (70% of yield).102 

Recently in 2013, Llobet’s group synthesized the Ru dinuclear complex C50. Their 

catalytic epoxidation performance and the results were especially good for cyclohexene 

with TON 1580 and TOF 40.6 min-1. They also reported that alkenes with electron 

donor substituent showed better reactivity than those with electron withdrawer 

groups.103 

In 2013, the group of Goutam Lahiri used as catalyst the complex, C51 (Figure 21) and 

a wide variety of alkenes had been introduced as epoxidation substrates. The results 

showed that terminal alkenes were the most effective substrates towards the epoxidation 

process except for styrene which turned out to be “over-oxidized”. In addition, Ru-oxo 

species was considered to be the active intermediate and this was supported by DFT 

calculation.104 
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I.3.2. Asymmetric epoxidation catalyzed by ruthenium Complexes 

The catalyst for asymmetric alkene epoxidation which can be found in the literature 

were classified following the same scheme used for the nonasymmetric systems. 

I.3.2.1. Asymmetric alkene epoxidation using Balavoine’s Method 

In 1993, Li-Xin Dai’s group introduced a group of chiral 2-pyridyl-oxazolines ligands 

(L4 in Figure 22) into Balavine’s system to catalyze the epxidation of trans-stilbene 

and 1-phenyl-cyclohexene. Although the highest enantiomeric excess (ee) was only 21% 

this was the first catalytic asymmetric epoxidation system using chiral N-donor 

bidentate ligand and RuCl3 as catalyst. The proposed mechanism assumed that 

ruthenium complex was first oxidized forming a chiral Ru oxo intermediate and then 

an oxene was transferred to the carbon-carbon double bond with the help of the Ru oxo 

species.105 
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Figure 22. Structure of L4 to L12. 

Later in 1995, B. Waegella and coworkers used a set of Ru complexes with oxazolidines 

derivatives (L5-L12 in Figure 22) in the epoxidation of trans-stilbene. Although the ee 

of the epoxide obtained were pretty low with most of the substrates they discovered that 

the yield and selectivity were much higher for L5 to L10 compared with the L11 and 

L12. They proposed that for the stereostructural reasons, L5 to L10 were pronged to 
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form trans ruthenium complexes while cis ruthenium complexes were easily formed 

with L11 and L12.106 

In 1998, Andreas Pfaltz’s group introduced bis(dihydrooxazolylphenyl) oxalamide as 

ligands into Balavine’s procedure to catalyze epoxidation of trans-stilbene and trans-

1-phenylpropene. The result increased significantly with ee 69% and 58% for trans-

stilbene and trans-1-phenylpropene respectively.107 

I.3.2.2. Asymmetric alkene epoxidation with Ru porphyrin complexes 

In 1996 Zeev Gross and coworkers synthesized a homochiral ruthenium dioxo 

porphyrin complex C52 (Figure 23) which was applied on the epoxidation of styrene. 

The best results were initially obtained using Cl2pyNO as terminal oxidants,108 and 

subsequent modifications of the initial conditions increased significantly the 

conversion. 109  Although the ee was not the highest compared with other 

metalloporphyrin catalyst110 this research was considered as the first utilization of 

homochiral ruthenium porphyrin as enantioselective epoxidation catalyst. The 

porphyrin scaffold was further modified with other chiral groups (C53, C54 in Figure 

23) by Zeev Gross’ group and they obtained better ee (81%) and turnover number (551) 

for styrene.111 

The substituent chiral R in the C52-C54 complexes was also modified with 

cyclohexane auxiliaries (L13, Figure 23) by Gérard Simonneaux’s group, but this new 

complexes didn’t increase the yield and the highest ee was only 35%.112 
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Figure 23. Drawing of C52, C53, C54 and L13, L14. 

As early as 1991 Ronald Halterman and coworkers had synthesized a manganese 

complex with a porphyrin ligand bearing four chiral antracene derivatives (L14, Figure 

23).113 In 1997, A. Berkessel and coworkers changed the coordinated metal into Ru 

forming [RuII(L14)CO] which was employed to catalyze the alkene epoxidation with 

different substrates achieving ee of 77% in some cases.114 Che’s group replaced CO by 

two Cl atoms coordinated onto the ruthenium centre (C55 in Figure 24) making the 

charge of ruthenium increased from II to IV.115 When styrene was introduced as trail 

alkene for epoxidation the turnover number reached up to 2190 and the ee to 69%.115 

Further modification of the complex resulted in dioxo group coordinated 

perpendicularly to the porphyrin planner forming which in the case of cis-β-

methylstyrene achieved a 73% of ee.116,117 

The dichloro derivative of C52, the complex C55 and the complex C56 (Figure 24) 

were supported into a sol-gel matrix forming a heterogeneous catalyst system which 

exhibited good activity for the styrene epoxydation with TON’s around 10000.115 The 

good catalytic activity manifested by the immobilized chiral ruthenium porphyrin 

complexes induced to the Che’s group to integrate these systems into ordered 

mesoporous molecular sieves MCM-41 and MCM-48. The catalytic activity in the 
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epoxydation of different alkenes exhibited TON from 3030 to 13450 and ee from 43% 

to 77%.118 The related complexes C57 (Figure 24) were also attached to a polymer of 

Melt-Processible Rubber (MPR)119 giving epoxidation yields ranging from 62% to 

98%. 

The chiral groups of C56 and C57 were further modified by Berkessel and coworkers 

(C58 and C59 in Figure 24) and the catalytic experiences showed that C58d was the 

best catalyst for the tested alkenes, reaching TON’s of 14200 for epoxidation while the 

ee value was about 80%.120 

Recently, Thorsten Bach’s group developed the new Ru chiral porphyrin complex C60 

(Figure 24) and used it as catalyst in the epoxidation of 3-vinylquinolone obtaining a 

95% of yield and ee and 71% of yield. The fact was attributed to the formation of a set 

of hydrogen bonds between the substrate and the indol moiety of the complex which 

strongly influence their activity and the enantioselectivity. Later they expended the 

substrate to other derivatives of 3-vinylquinolone and the results also gave evidence to 

the former conclusion.121,122 
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Figure 24. Drawing of Ru porphyrin complexes C55 to C60. 

 

I.3.2.3. Asymmetric alkene epoxidation with Ru Schiff base complexes. 

In 1994 R. Kureshy and coworkers developed the family of chiral Ru(II) Schiff base 

complexes, C61-7 and C61-8 which were studied as epoxidation catalysts towards a 

series of styrene derivatives obtaining ee ranging from 45% to 80%.123 In 1999 the 

same group completed the family of C61 complexes (Figure 25). The complexes were 

used as catalysts for enantioselective epoxidation of 1,2-dihydronaphthalene and the 
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results revealed that catalysts bearing electron donating substituents favored the 

enantioselectivity.124 Later the same group synthesized similar Ru complexes (C62, 

Figure 25) and similar conclusion had been achieved.125 

Figure 25. Structure of C61 and C62. 

The Ru-(nitrosyl) complex C63 (Figure 26) synthesized by Tsutomu Katsuki’s group 

in 2001 also manifested good ability in asymmetric epoxidation of different alkenes 

with conversions and ee exceeding 90%.126 

 

Figure 26. Drawing of C63 to C67. 
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In 2006 a serie of Ru(III) complexes containing a sugar-based ligand was developed by 

Jacques Muzart’s group (C64 to C66 in Figure 26). Different substrates were effectively 

converted to their organic epoxides in the 70–95% ee at ambient temperature, giving 

C64 the best results under the used experimental conditions.127 

Later, Antonio Mezzetti and coworkers synthesized a family of Ru Tetradentate P2N2 

complexes which were employed as catalysts for the epoxidation of styrene and its 

derivatives obtaining a 42% of ee. 128  Former researches indicated when O2 was 

employed as co-oxidant the yield of epoxide was comparatively low.119 These results 

differ to that reported in 2010 by the group of T. Katsuki which developed a set of Ru 

salen complexes (C67, Figure 26) which catalyzed epoxidation of conjugated cis-β-

methylstyrene olefins and its derivatives with O2 obtaining both excellent yield and 

ee.129 

I.3.2.4. Asymmetric alkene epoxidation using Ru polypyridyl complexes 

One of the most commonly used catalysts for the enantioselective epoxidation of 

alkenes was the Ru pyridinedicarboxylate complexes, the first of which (C68, Figure 

27) were developed in 1997 by the Hisao Nishiyama’s group. Using trans-stilbene as 

trail substrate. Since the meridional tridentate connected structure of dicarboxilate 

pyridine on the complexes was rigid enough, the oxazolic moiety maintained the chiral 

environment during the catalysis inducing the enantioselection.130 

In 2003, the same complexes were further studied by M. Beller and coworkers. They 

amplified the variety of alkenes and researched in more detail about the reaction 

conditions increasing the ee to 71% in optimized situation.131 In 2004, the same group 

synthesized the family of complexes C69 to C71 (Figure 27). The alkene epoxidation 

using these complexes gave yields and ee higher than 90% and 50% respectively.132 

From 2005, M. Beller’s group developed a “library” of Ru pyridinedicarboxylate 

complexes based on the Ru(pybox)(pydic) and Ru(pybdi)(pydic) (pybdi = 2,6-bis(4,5-

dihydro-1H-imidazol-2-yl)pyridine). Some selective examples are shown in Figure 27 

(C72 to C77). Each complex had been introduced to the alkene epoxidation and gave 

excellent catalytic capacity and selectivity.133 
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In 2007 X. Sala and coworkers synthesized the C2 symmetric Ru complex bearing a 

trpy and oxazoline ligands C82 (Figure 27). Styrene and trans-stilbene were used as 

trail alkenes showing low values for the enantioselective epoxidation (less than 10%). 

Since the catalytic reaction took place in the region of the planar trpy ligand, the 



34 

 

stereogenic center in the oxazoline ligand only had little effect on the orientation of the 

substrate.134 

I.4.1. Stereospecific epoxidation catalyzed by ruthenium Complexes 

Stereospecific alkene epoxidation catalyzed by Ru has been another important research 

field during the past few decades. One of the examples of stereospecific epoxidation 

was the complex C83 (Figure 28) synthesized in 1997 by S. Chandrasekaran and 

coworkers. The studied the epoxidation of complex alkenes like the 4-vinylcyclohex-

1-ene, limonene and ∆5-unsaturated steroids with very good stereoselectivity (88%-

96%).135 

 

Figure 28. Drawing of C83, C84 and C85. 

The Thorsten Bach’s group recently used the Ru chiral porphyrin complex C60 (Figure 

24) in the epoxidation of a diolefine derivative of the 3-vinylquinolone (Figure 29). The 

product ratio 1:2 with C60 was 91:9 while with other achiral Ru catalyst a ratio of 62:38 

was obtained.121,122 

 

Figure 29. Stereospcific epoxidation of the derivatives of 3-vinylquinolone by C60. 
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In 2011, I. Romero and coworkers reported the new Ru-tmp complexes (C84 and C85, 

Figure 28). The two catalysts showed significant difference in regioselectivity towards 

the epoxidation of 4-vinylcyclohexene. The complex C85 leads to the regioselective 

oxidation at the ring alkene position, whereas C84 resulted in the oxidation at the 

terminal position. Although the energy differences between the two possible products, 

the energy barrier for the intermediate of the two catalytic systems agreed with the 

observed difference in reactivity.136 
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Chapter II. Objective 

 

Artificial photosynthesis is nowadays attempted by means of the splitting of water 

driven by sunlight. This reaction would lead to the sustainable production of hydrogen 

and this would serve as a solution for the critical energy situation our society is 

nowadays facing. However, as explained in Chapter I, the oxidation of water (one of 

the semi-reaction of water splitting) is still a major challenge the scientific community 

is facing. On the other hand, as also summarized in Chapter I, the catalytic epoxidation 

of alkenes in a really efficient and stereoselective manner is still one of the aims of the 

scientific community. Thereby, the preparation of redox catalysts to contribute to the 

advance of these two technologically relevant transformations is the general goal of this 

Thesis. The following particular goals were initially intended. 

I. 

The feasible preparation of N-heterocyclic carbenes (NHCs), which has extraordinarily 

grow up during the last years together with the interesting properties of this compounds 

when used as ligands in very diverse catalytic systems, pushed us to the development 

of ligands of this kind to be applied in Ru catalyzed oxidation reactions. Thus, the main 

goal of this chapter is to synthesize and characterize a new set of hybrid N/C-donor 

ligands and the evaluation of their effect on the electrochemical properties and catalytic 

activity of the corresponding mono- and dinuclear ruthenium complexes. For this 

purpose, the combination of the dinucleating tetradentate NHC ligand L1 with several 

tridentate N-donor ligands such as trpy, bpea or tpm is proposed.  
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Chart 1. Drawing of the NHC (L12+) and N-donor (trpy, bpea and tpm) ligands proposed to be 

combined with Ru in Chapter I.  

II. 

In spite of the intensive investigation in the area of asymmetric alkene epoxidation 

catalyzed by organometallic compounds, few Ru chiral complexes have been reported 

containing NHC ligands. Therefore, the second goal of this project is to introduce 

chirality to the Ru carbene complexes prepared in the first part of the Thesis and the 

study of the capacity of obtained complexes in the enantioselective epoxidation of 

alkenes. For this purpose, the use of chiral polypyridylic ligands arising from the 

monoterpene chiral pool is proposed. Therefore, the [4,5]pinene-trpy ligand L2 (Chart 

2) will be used to replace trpy in the best performing complexes previously prepared 

and the enantioselective alkene epoxidation capacity of the new chiral complexes 

prepared will be thoroughly analyzed  

  

Chart 2. Drawing of the [4,5]pinene-trpy ligand L2. 
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Chapter III. 

New Ru(II) Complexes bearing N and C-donor Ligands: 

Synthesis, Characterization and Catalytic Performance 

 

III.1. Introduction 

As indicated in Chapter I research on carbene organometallic compounds, particularly 

those bearing NHCs as ligands, as well as their catalytic application is one of the fast 

developing areas in Chemistry.1 Among them, Ru-based NHC complexes have played 

(and still play) a key role as efficient catalysts for important transformations such as 

olefin metathesis or the hydrogenation of olefins.2,3 Therefore, for instance, in 1998 

Herrmann and coworkers reported a Ru carbene complex coordinated by two 

monodentate IMes ligands (1, Figure 1) which manifested excellent catalytic properties 

in the olefin metathesis reaction.4 Recently in 2012, Stephan and coworkers presented 

the Ru NHC complex 2 as an efficient catalyst for the hydrogenation of a wide range of 

functional olefins.5 As Ru cover a wide range of accessible oxidation states (from -2 in 

[Ru(CO)2]2- to +8 in RuO4), Ru complexes are redox active and much of their 

applications relate to redox catalysis. Therefore, Ru NHC complexes have also found 

relevant application in the fields of water oxidation and the epoxidation of alkenes. 

Figure 1 shows a selection of relevant catalysts for these two transformations. Complex 

3 reported by Meyer and coworkers is a typical example for water oxidation6 while 

compounds 4 and 5 (reported by Rodríguez and Romero, and Llobet, respectively) are 

representative compounds for the stereoselective epoxidation of alkenes7,8 



48 

 

 

Figure 1. Drawing of complexes 1 to 5. 

When designing catalysts for redox processes such as the epoxidation of alkenes, 

controlling the oxidative power and the accessibility and stability of the oxidation states 

involved in the catalytic cycle is of paramount importance for the selectivity of the 

catalyzed reaction. In the case of Ru complexes, redox potentials are clearly (and quite 

predictively) influenced by the electronic properties of the ligands. In general, in the 

presence of electron-withdrawing ligands low oxidation states (such as Ru(II)) are 

stabilized and the redox potentials increase. On the contrary, when electron-donating 

ligands are employed high oxidation states (such as Ru(III) or Ru(IV)) are stabilized 

and hence, the redox potentials decrease.9  

When a water molecule is directly coordinated to the metal centre, the redox properties 

of the Ru-aqua complexes are affected by proton exchange. The successive 1e- 

oxidations taking place from Ru(II) to Ru(IV) are accompanied by a sequential loss of 

protons favored by the enhanced acidity of the bounded aqua ligand. Therefore, proton 

coupled electron transfer (PCET) takes place and the oxidation of the initial RuII-OH2 

species to high oxidation states becomes fairly accessible (Scheme 1).  
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Scheme 1. Proton-coupled electron transfer (PCET) process characteristic of Ru-aqua complexes. 

As a consequence of this behavior, the redox potentials of the aqua complexes are 

directly correlated with the pH of the medium in such a way that, if pH increases, the 

Ru(III/II) and Ru(IV/III) couples are shifted to lower potentials. This dependence of 

redox potential and pH is reflected in the Nernst equation, in which, for a monoprotic 

and monoelectronic transfer, the redox couple half wave potential diminishes in 59 mV 

by every pH unit increased.  

PCET is also responsible of the observed dramatic stabilization of the Ru(IV) species 

in the aqua-containing complex. This stabilization is promoted by the proton loss; i.e. 

by the loss of a positive charge, maintaining the total charge of the complex, and by a 

σ and π donation of the oxo group to the electron deficient metal center. Stabilization 

of Ru(IV) as the oxo complex causes the near overlap of Ru(IV/III) and Ru (III/II) 

potentials.  There is an important implication in reactivity in this closeness of the redox 

potentials, being Ru(IV), thermodynamically, nearly as good two-electron oxidant as 

one-electron oxidant. This avoids radicalary reaction pathways of high energy and 

reactivity usually generated by monoelectronic tranfers.10,11
  

To better understand the influence of the electronic properties of a given ligand set 

around a Ru-OH2 core on the relative stability of the different oxidation states of the 

complex, Meyer and coworkers represented a plot based on the evolution of the redox 

potentials difference between the Ru(III/II) and Ru(IV/III) couples, ∆E1/2, with the sum 

of the so-called Lever parameters (ΣEL) for the surrounding ligands (Figure 2). This 

plot suggests that if a ΣEL close to 1.06 V is obtained, Ru (III) would be unstable with 

respect to disproportionation to Ru(II) and Ru(IV) and, therefore, bi-electronic transfers 

would be favored for these species.12 By successively increasing the NHC content in 

the surrounding ligands of a Ru-OH2 core (thus decreasing the overall σ-donating or π-

acceptor character of the whole set of non-aqua ligands with regards to complexes 8 

and 9 in Figure 2, respectively), Llobet and coworkers proved in 2006 that bi-electronic 
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transfers could be favored (see the Pourbaix diagram of the [Ru(CNC)(CN)(OH2)]2+ (5) 

complex in Figure 3) and that they were key for the achievement of high 

stereoselectivities in the epoxidation of cis olefins.8 Similarly, the Ru-OH2 complex (4) 

developed later on by Rodriguez, Romero and co-workers following the same strategy 

is also a two-electron oxidant.7  

 

Figure 2. Meyer-Lever plot representing ∆E1/2 vs ΣEL. Complex 8 is [Ru(tpy)(tmen)(H2O)]2+ (tmen 

= 2,3-diamino-2,3-dimethylbutane) and 9 is [Ru(tpy)(phen)(H2O)]2+ (phen = phenanthroline). 

 

Figure 3. Pourbaix diagram of [Ru(CNC)(CN)(OH2)]2+ (5). 
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As is the case of the above examples, most of the research related to redox catalysis 

using Ru compounds is based on mononuclear complexes since they are generally easily 

accessible from a synthetic point of view. 13  However, during the past few years 

researchers began to emphasize the distinctive and sometimes superior performance of 

bimetallic catalysts based on this transition metal.14 The fine-tuning of the relative 

disposition of the two Ru-OH2 active sites by means of the geometry imposed by a rigid 

bridging ligand can allow the two metals to cooperate through space. Moreover, the 

bridging ligand can also act as an electronic communicator between them.13 A 

paradigmatic example of this is the Ru-Hbpp family of complexes (see for example 6 

and 7 in Figure 4) developed by Llobet and co-workers.15 The rich water oxidation 

chemistry of this type of catalysts origins from the intrinsic geometry imposed by the 

bpp- bridge, which favors the cooperative behavior of the two closely placed Ru atoms. 

Similar examples were later presented by Sun and co-workers with complexes 8 and 9 

in Figure 4. Complex 8, which geometrically allow the two meals to cooperate trough-

space, is a fairly superior water oxidation catalyst compared with the less symmetric 

9.16,17 
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Figure 4. Drawing of dinuclear complexes 6 to 9. 

Taking into account all the aforementioned results we envisaged in this Chapter the 

preparation of a set of dinuclear Ru complexes bearing a bis-NHC bridge in 

combination with different facial and meridional tridentate auxiliary ligands to be used 

as redox catalyst. This should lead to a family of complexes with different dispositions 

of the Ru-aqua/oxo active sites (and therefore distinct cooperative capacities) that could 

benefit from the electronic communication of the two Ru centers, the rigidity of the 

bridging ligand and the smooth reaching of high oxidation states facilitated by the donor 

properties of the NHC moieties. For this purpose, 1,6-(1-methylimidazole)phthalene 

(L12+) was chosen as bridging ligand and combined with different [RuIII(T)Cl3] (T = 

trpy, tpm and bpea, trpy = 2,2':6',2''-terpyridine, tpm = tris(pyrazol-1-yl)methane, bpea 

= N,N-bis(pyridin-2-ylmethyl)ethanamine) metal precursors. However, the instability 
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of the bridging ligand under synthetic conditions lead to unexpected mononuclear 

compounds with general formula cis-[Ru(PhthaPz-R)(trpy)X]n+ (X = Cl, n = 1, X = H2O, 

n = 2 ; R = Methyl, Isopropyl; PhthaPz = 1,6-(1-methylimidazole)phthalene), 

[Ru(PhthaPz-R)(tpm)X]n+, (R = Methyl) and trans,fac-[Ru(PhthaP-R)(bpea)X]n+ (R = 

Methyl) that were also interesting species when employed in redox catalysis. We here 

on present the synthesis, characterization and water oxidation and alkene epoxidation 

ability of the set of obtained complexes. 

N
N

N N
N

N

Cl-Cl-
 

Chart 1. Drawing of ligand L1(Cl)2 
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III.2. Results and discussion 

III.2.1. Synthesis and Structural Characterization of the CNNC 

Ligand L12+ 

The tetradentate dinucleating CNNC bridging ligand L12+ (see Chart 1 above) has been 

successfully synthesized and characterized by means of NMR spectroscopy, ESI-MS, 

Elemental Analysis as well as X-ray crystallography. 

III.2.1.1. Synthesis of Ligand L12+
 

L1(Cl)2 and L1(PF6)2 were obtained following a modified procedure with regards to the 

one reported by Meyer and co-workers.18  In general, this type of NHC ligands is 

prepared by the nucleophilic attack of an imidazole scaffold to a 1,4-

dichlorophthalazine (dcp) skeleton. The reaction was initially attempted, as reported, 18 

in a melt of the neat reactants. However, this procedure ended up with the formation of 

several by-products, which prevented the isolation of the pure ligand. Therefore, the 

chlorido groups on dcp were exchanged into iodine derivatives,19 thus obtaining the 

1,4-diiodophthalazine (dip, Scheme 1), which was further reacted with 1-

methylimidazole under solvent-free conditions yielding the L1(I)2 ligand in moderate 

yields (40%) as a white powder (Scheme 2).  

 

Scheme 2. Synthetic procedure of L1(I)2. 

Polar aprotic solvents such as DMF or DMSO are polar enough to dissolve the starting 

reactants and tend to favor the nucleophilic attack. Therefore, a second and more 

convenient (one step) synthetic method was then developed by employing 1,4-

dichlorophthalazine and DMF as solvent, which resulted in shorten reaction times and 

higher yields (Scheme 3). The insolubility of L1(Cl)2 in DMF allowed the easy isolation 
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of the ligand by simple filtration and subsequent washing with diethyl ether. The yield 

of L1(Cl)2 improved to 75%. 

 

Scheme 3. Synthetic procedure of L1(Cl)2. 

III.2.1.2. Characterization of L12+ 

L1(Cl2), L1(PF6)2 and L1(I)2 have been characterized by means of the usual structural 

and spectroscopic techniques: 1D and 2D NMR, MS and X-ray crystallography (see the 

Experimental Section below). 

III.2.1.2.1 NMR Spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy for L12+ has been carried out both 

in acetone-d6 (L1(PF6)2) and methanol-d4 (L1(Cl)2). Both 1D (1H, 13C) and 2D (COSY 

and HSQC) experiments were necessary to characterize the structure of the ligand in 

solution (see Figure 5 and Figure S1 in the Supporting Information). All the resonances 

displayed could be unambiguously assigned based on their integrals, multiplicity and 

the C2v symmetry of the ligand in solution. For L12+, both H5 and H6 (or H3 and H4) 

display a doublet of doublets with a mirror effect which is in agreement with the typical 

AA’BB’ (5463 in our case) pattern of this kind of system20 as shown in the inset of 

Figure 5. The singlet appearing at very low fields in acetone-d6 (Figure 5a) can be 

assigned to the imidazolic protons C(9) and C(13) in accordance with the high electron-

withdrawing effect of the two heteroatoms they have in alpha, as previously reported 

for similar ligands. 21  However, the integral of this resonance at 9.9 ppm sharply 

decrease (up to only 5% of the expected integral) when the 1H NMR spectrum of 

L1(Cl)2 is recorded in methanol-d4 (Figure 5b), showing the fast exchange rate of these 

acidic protons with the protic solvent.  
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Figure 5. 1H NMR spectrum of L1(PF6)2 in acetone-d6 (a), and L1(Cl)2 in MeOD (b). Inset: zoom 

of the aromatic region of L1(PF6)2. 

III.2.1.2.2. X-ray Crystal Structure of L1(PF6)2 

Suitable crystals for X-ray diffraction analysis were obtained by slow diffusion of 

diethyl ether into a solution of L1(PF6)2 in acetone. The ORTEP plot for the cationic 

moiety of L12+ together with its corresponding atom labeling scheme are shown in 

Figure 6. Acquisition and crystallographic data are reported in Table S1 in the 

Supporting Information. It is worth mentioning that the steric congestion of both five 

membered rings (specially protons at C(13) and C(11)) with the central phthalazine 

moiety (protons at C(3) and C(6)) place the three scaffolds in different planes, being the 

angle between them of about 53° (see Figure S2 in the Supporting Information). 

8.8 8.6 8.4 8.2 8.0

ppm
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Figure 6. ORTEP plot of the crystal structure for L12+. Ellipsoids at 50% probability.   

 

III.2.2. Synthesis of Complexes C1-Cl/OH2, C2-Cl/OH2, C3-Cl/OH2 

and C4-Cl/OH2 

The synthesis of the chlorido and aqua complexes C1-Cl/OH2, C2-Cl/OH2, C3-Cl/OH2, 

and C4-Cl/OH2 was carried out according to the usual procedures of our research group 

for this kind of complexes.22 Besides L12+, we have chosen trpy, tpm and bpea (trpy = 

2,2':6',2''-terpyridine, tpm = tri(1H-pyrazol-1-yl)methane, bpea = N,N-bis(pyridin-2-

ylmethyl)ethanamine) as auxiliary ligands given their polypyridylic (and usually rugged) 

nature and their ability to fine-tune both the electronic (given the different type of N-

donor sites) and geometric (fac vs. mer) properties of Ru-OH2 species.23 The ligands 

tpm and bpea were prepared following the reported methodologies while trpy was 

obtained commercially.24,25  
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Figure 7. Drawing of the ligands trpy, tpm, bpea and precursors [Ru(trpy)Cl3], [Ru(tpm)Cl3] and 

[Ru(bpea)Cl3] employed in this work.  

Different Ru complexes of general formula [RuIII(T)Cl3] (T = trpy, bpea or tpm, see 

Figure 7 above), where the tridentate N-donor ligands adopt either facial or meridional 

coordination geometries around the central metal ion have been used as precursors to 

introduce the dinucleating CNNC ligand L12+.26,27,28 Following previously reported 

synthetic strategies reported by our group,29,30 2 molar equivalents of [RuIII(T)Cl3] 

were mixed with L12+, triethylamine (Et3N) as reducing agent and LiCl to ensure the 

presence of a labile site in the generated complexes. After hot filtration, addition of a 

few drops of aqueous NH4PF6 to the crude solution and partial solvent evaporation 

under vacuum a brown-orange precipitate appeared in all cases. However, despite 

bimetallic species with different relative arrangements of the Ru-Cl sites were expected, 

the mononuclear complexes C1-Cl (cis-[RuII(PhthaPz-Ome)(trpy)Cl]PF6), C2-Cl (cis-

[RuII(PhthaPz-Ipro)(trpy)Cl]PF6), C3-Cl ([RuII(PhthaPz-Ome)(tpm)Cl]PF6) and C4-Cl 

(trans,fac-[RuII(PhthaPz-Ome)(bpea)Cl]PF6) were obtained under the reaction 

conditions employed (see section III.2.3 below). The subsequent synthesis of the 

corresponding aqua complexes involved the presence of silver tetrafluorborate (AgBF4), 

which promotes the decoordination of the chlorido ligand (silver chloride is formed as 

a grey-white precipitate), thus allowing the coordination of the water molecule. After 

AgCl filtration, acetone was slowly evaporated under vacuum. The counter ion could 

be easily exchanged from BF4
- to PF6

- by adding excess NH4PF6(aq) into the aqueous 

solution obtaining the whole set of [Ru-OH2](PF6)2 type of complexes as orange-red 
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precipitates. Scheme 4 shows the whole synthetic procedure followed for the synthesis 

of the four complexes. 
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Scheme 4. Synthetic procedure for C1-Cl/OH2, C2-Cl/OH2, C3-Cl/OH2 and C4-OH2. 

III.2.3. Breakage of Ligand L12+ 

The formation of the mononuclear complexes shown in Scheme 3 above origins from 

the breakage of the dinucleating CNNC Ligand L12+ under the reaction conditions 
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employed. Although ligand L12+ (no matter L1(PF6)2 or L1Cl2) shows excellent 

stability in air and also in solutions of acetone and methanol at room temperature, L12+ 

decomposes when refluxed overnight in methanol as proved by 1H NMR and Mass 

Spectrometry (MS), which confirmed the replacement of one imidazole ring of L12+ by 

a methoxy group. The proposed process is illustrated in Scheme 4. Other researchers 

have previously reported similar decomposition processes by using related CNNC 

ligands in nucleophilic protic solvents. 31 , 32 , 33  Isopropanol, with increased steric 

hindrance and therefore less nucleophilic character, was then tested as solvent for the 

coordination of L12+ to the Ru metal ion. However, the same process was observed, 

with decomposition of the tetradentate ligand and formation of a mononuclear complex. 

As a result, the new ligands PhthaPz-OMe (abbreviated as CN-OMe, from methanol) 

and PhthaPz-iPro (CN-iPro from isopropanol) are obtained from L12+ and coordinated 

to the Ru metal ion.  

 

Scheme 5. Proposed nucleophilic process leading to the breakage of L12+. 

The decomposition of the L12+ tetradentate ligand can also be explained from an 

electronic point of view. When L12+ coordinates to a first electrophilic Ru(II) ion there 

is a flow of electron-density from this ligand to the metal center and, therefore, the 

nucleophilic attack of a MeOH or iPrOH solvent molecule is still more favored. 

 

III.2.4. Characterization of the Complexes 

The structure of the above-depicted mononuclear complexes was confirmed either by 

spectroscopic (1D and 2D NMR and UV-vis), spectrometric (ESI-MS), electrochemical 

(CV and DPV) and analytical (Elemental Analysis) techniques as will be shown in the 

following sections. 
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III.2.4.1. NMR Spectroscopy 

Nuclear Magnetic Resonance experiments have been carried out for the diamagnetic 

compounds C1-Cl/OH2, C2-Cl/OH2, C3-Cl/OH2 and C4-Cl/OH2. Both 1D (1H and 13C) 

and 2D (TOCSY, ROESY, HSQC and HMBC) NMR experiments have proven to be 

mandatory tools in order to structurally characterize these compounds in solution (see 

Figures S3 to S10 in the Supporting Information). 

In analogy to what is observed with other tetradentate dinucleating bridging ligands 

such as Hbpp (3,5-Bis(2-pyridyl)pyrazole)34 or phthalazin-bis(triazole),35 a family of 

dinuclear complexes with general formula [Ru2
II(T)2(µ-Cl)(µ-L1)]3+ (T = trpy, bpea or 

tpm) was expected when combining (under the reaction conditions shown in Scheme 3 

above) the CNNC ligand L12+ with the three precursors shown in Figure 7. However, 

when the obtained precipitates were subjected to 1H NMR analysis the obtained 

resonances, integrals and coupling constants corresponded with those expected for a 

mononuclear complex. Furthermore, DOSY NMR experiments (Figure 8 shows the 

diffusion spectrum of C1-Cl as a representative example) excluded the presence of 

mixed mono- and dinuclear species. 

 

Figure 8. DOSY NMR spectrum of C1-Cl in acetone-d6. 

The loss of the “ABBA” spin-spin coupling pattern in the 1H NMR spectrum of C1-Cl 

(Figure 9) perfectly agrees with the reduced symmetry of L12+ after nucleophilic 
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decomposition. Furthermore, in Figure 9, two resonances corresponding to three 

protons each (and not 6 as could be expected for the intact L12+ ligand) at 4.78 and 3.50 

ppm could be witnessed. The former is assigned to the methyl group of the imidazole 

scaffold while the latter corresponds to the methyl group of the methoxy substituent. 

 

Figure 9, 1H NMR of C1-Cl in CD2Cl2 and its corresponding proton assignment. 

In analogy to C1-Cl, a similar 1H NMR spectrum was obtained for C2-Cl. As expected, 

the singlet at 3.50 ppm assigned to the methoxy substituent in C1-Cl is here not present 

and is substituted by a doublet and a septuplet (at 1.09 and 4.52 ppm, respectively) 

assigned to the isopropyl substituent (see Figure S4a in the Supporting Information).  

The chlorido compounds C1-Cl and C2-Cl display Cs symmetry in solution, with the 

symmetry plane passing through the CN-OMe (C1-Cl) or CN-OiPr (C2-Cl) ligand, the 

Ru centre, the chlorido ligand and carbons C(27) (C1-Cl) or C(28) (C2-Cl) of the trpy 

ligand, thus interconverting the two sides of the molecule. Furthermore, it is worth to 

mention that geometrically one could expect a pair of cis/trans isomers for both C1-Cl 

and C2-Cl. The notation cis and trans refer to the relative position of the chlorido ligand 

with regard to the Ru carbene bond. However, only one of these geometric isomers is 

obtained pure in the reaction crude as determined by 1H NMR (See Figure 9 and Figure 

S4a). 2D ROESY NMR spectra were then carried out to identify the cis or trans nature 

of the obtained compounds. As shown in Figure 10 for the C2-Cl case (see Figure S3e 

for the ROESY NMR spectra of C1-Cl) strong interactions were observed between the 
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isopropyl group and the protons on C(27), C(28) and C(24) of the trpy ligand as well as 

between the methyl group of the imidazole ring and the proton on C(21) of the trpy 

ligand, this clearly identifying the cis disposition of the C2-Cl complex. The same 

conclusion could be extracted from the ROESY NMR spectra of C1-Cl, being the 

isomer obtained also cis in nature. 

 

Figure 10. Selective 2D ROESY NMR spectrum of C2-Cl in acetone-d6 and schematic drawing of 

the observed interactions. . 

Due to the C3 symmetry of the tpm ligand, which coordinates in a facial manner, no 

isomeric mixtures are expected for complex C3-Cl. This can be corroborated in the 

obtained 1H NMR spectrum shown in Figure 11. The C1 symmetry of the complex 

converts the whole set of protons in different resonances and a complex spectrum is 

obtained. The assignment of each resonance to a single proton was carried out by means 

of the 2D (HSQC, HMBC, ROESY and TOSCY) spectra shown in Figures S5. 
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Figure 11. 1H-NMR of C3-Cl in acetone-d6 and its corresponding proton assignment. 

Similar to C3-Cl, no symmetry is observed in the 1H NMR spectrum of C4-Cl. Due to 

its flexibility, the tridentate bpea ligand is able to potentially coordinate the central metal 

both facially and meridionally. 36  Therefore, in combination with a non-symmetric 

bidentate ligand such as PhthaPz-OMe, seven potential stereoisomers can be 

obtained.37,38 A drawing of these seven potential isomers as well as the notation used 

for each of them is shown in Figure 12. The letters a-g following the name of the 

complex will be used from now on to identify these isomers through the text. The 

notation fac and mer refers to the facial or meridional disposition of the bpea ligand 

whereas up and down indicates the relative orientation of the ethyl group of bpea with 

regards to the chlorido ligand upon coordination. Both steric and electronic interactions 

between the ligands coordinated to the metal center play a key role in the degree of the 

isomeric mixture synthetically obtained. However, in the synthesis of C4-Cl, just the 

trans,fac isomer is formed. Hydrogen bondind interactions between the proton alpha to 

the pyridylic nitrogens of bpea and the chlorido ligand dramatically stabilize a trans,fac 

conformation lowering the energy of the system and stabilizing the molecular geometry. 

This strong stabilitzation of the trans,fac isomer has already been reported and 

thoroughly studied by means of theoretical DFT calculations for similar Ru-based 
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systems. 39  The predominance of these hydrogen-bonding interactions over other 

factors for stabilizing and selectively obtaining the trans,fac isomer in a series of related 

complexes has been recently established by our research group.40 

  

Figure 12. Possible diastereoisomers for Complex C4-Cl. 

The trans,fac assignment for the pure C4-Cl species obtained was corroborated by 

NMR spectroscopy. When this complex was subjected to selective 2D NOESY NMR, 

key interactions unambiguously revealed the trans, fac nature of the obtained species 

(see Figure 13 and Figure S6 in the Supporting Information). Therefore, interaction 

between the protons of C(1) and C(20) C(21), C(18) and C(34) as well as interaction 

between the chlorido ligand and the protons of C(20) and C(34) could be witnessed, 

that confirming the trans,fac nature of the C4-Cl species.  
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Figure 13. Selective 2D NOESY NMR in acetone-d6 and numbering scheme of C4-Cl  

Therefore, summarizing, from a geometrical point of view the four complexes prepared 

can be classified into two groups: C1-Cl and C2-Cl as meridional species, and C3-Cl 

and C4-Cl as facial compounds. 

As expected, replacement of a chlorido ligand by a water molecule in these families of 

complexes induces significant chemical shift displacements. This is exemplified by the 

C1-Cl/OH2 
1H NMR couple show in Figure 14, where mainly protons close to these 

monodentate ligands such as those on C(26), C(27) and C(22) are affected. Similar 

displacements of the chemical shifts were observed for the C2-Cl/OH2 couple as 

illustrated in Figure S4 in the Supporting Information. Both complexes maintain the cis 

conformation after the coordination of the aqua ligand.  
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Figure 14. Aromatic region of the 1H NMR spectrum of C1-Cl and C1-OH2 in acetone-d6. 

Complexes C3-OH2 and C4-OH2 also maintain their original conformation in solution 

after water coordination as can be deduced from the NMR spectra shown in Figures S9 

and S10 in the Supporting Information. 

The four aqua complexes prepared are soluble in water. However, it is worth to mention 

that when the meridional complexes C1-OH2 and C2-OH2 are dissolved in this solvent, 

they slowly decompose. Figure 15 displays the spectral changes of C1-OH2 dissolved 

in D2O and left at room temperature during one week. Although the transformation 

process as well as the final structure of the compound/s formed is still not clear, their 

instability in water and the rate at which this decomposition takes place are key factors 

for the posterior study of the electrochemical and catalytic properties of these 

complexes in this solvent (see below). On the other hand, complexes C3-OH2 and C4-
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OH2 are stable in water, as shown by the invariable appearance of their NMR spectra in 

D2O (see Figure S11 in the Supporting Information). 

9.0 8.5 8.0 7.5 7.0 6.5

a

b

c

ppm

 

Figure 15. Structural transformation of C1-OH2 in water solution, a) C1-OH2 freshly dissolved in 

D2O, b) C1-OH2 dissolved in D2O for 48hs, c) C1-OH2 dissolved in D2O for 7 days. 

III.2.4.2. X-ray Crystal Structure 

Suitable crystals for X-ray diffraction analysis of C4-Cl were obtained by slow diffusion 

of diethyl ether into a solution of C4-Cl in methanol. Figure 16 displays an ORTEP plot 

for the cationic moiety of this complex as well as its corresponding atom labeling 

scheme. A selection of the more relevant bond distances and angles is reported in Table 

1. Acquisition and crystallographic data is reported in the Supporting Information 

(Table S2). 

The Ru(II) ion adopts a distorted octahedral geometry with bond distances and angles 

that resemble to analogous complexes reported in earlier literature.41 The Ru carbene 
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bond distance (1.962Å) is shorter than the Ru-N bonds (more than 2Å). The bond angles 

N(1)-Ru(1)-Cl(1) (171.63º), N(2)-Ru(1)-Cl(1) (94.92º) and N(3)-Ru(1)-Cl(1) (90.90º) 

show the facial coordination of the tridentate N-donor bpea ligand to the Ru metal center. 

The Ru-Cl bond appears trans to the Ru-carbene bond, which reveals the trans,fac 

conformation of the C4-Cl complex in agreement with its structure in solution 

determined by NMR spectroscopy (see section III.2.4.1 above). Furthermore, it can be 

observed that the imidazole and the phthalazine rings do not lay exactly on the same 

plane. Instead, there is a torsion angle of 16º. However, this angle is obviously shorter 

with regard to the one observed for the free ligand, which was of 53º (see Figure 6 

above). The methoxy group is nearly on the same plane of the phthalazine skeleton since 

the observed torsion angle C(30)-O(1)-C(16)-N(5) is only of 1.9º. Further, instead of 

the 90º expected for an ideal octahedral geometry, the N(1)-Ru(1)-N(3) and N(1)-Ru(1)-

N(2) angles are, respectively, of 81.15º and 81.68º due to the formation of two five-

membered rings when the bpea ligand coordinates to the central Ru ion. In addition, a 

clear hydrogen-bonding interaction is observed between the pyridyl protons of the bpea 

ligand on C(12) and C(13) and the chlorido ligand (2.7Å). This electronic interaction is 

responsible for the strong stabilization of the trans,fac isomer and of its pure attainment 

during the synthetic procedure.  

Furthermore, C4-Cl crystallizes in a small unit cell containing two independent 

complex molecules and two PF6 anions. The two PF6 anions locate in the center of the 

cell while the two complex molecules on the two sides of the PF6 anions (Figure 16b). 
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Figure 16. ORTEP plot of (a) the cationic moiety of C4-Cl and (b) its unit cell. 
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Table 1. Selected interatomic distances (Å) and angles (º) for complex C4-Cl 

 

III.2.4.3. Electrochemistry 

The redox properties of the eight complexes described in the present work have been 

investigated in terms of CV and DPV. The electrochemistry of the C1-C4-Cl complexes 

is reported in dichloromethane (DCM) and that of the aqua complexes C1-C4-OH2 in 

both DCM and aqueous solutions at diverse pH values (from pH=0 to 14).  

The CVs for the chlorido complexes in DCM are shown in Figure 17 and exhibit single 

reversible waves at different potentials corresponding to the following process: 
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Figure 17. Cyclic Voltammetry of C1-Cl, C2-Cl, C3-Cl and C4-Cl in DCM (0.1 M TBAPF6) at a 

scan rate of 100 mv/s and using glassy carbon as working electrode and SSCE as reference 

electrode. 

As usual for this type of Ru-aqua complexes, Ru(III/II) processes are not observed in 

DCM. Therefore, the reversible waves shown in Figure 18 correspond to the following 

Ru(IV/III) process:  
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Figure 18. Cyclic Voltammetry of C1-OH2, C2-OH2, C3-OH2 and C4-OH2 in DCM (0.1 M 

TBAPF6) at a scan rate of 100 mv/s and using glassy carbon as working electrode and SSCE as 

reference electrode. 
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Given the high similarity of the structural and chemical surroundings of the Ru metal 

ion in the meridional complexes C1-Cl/OH2 and C2-Cl/OH2 (being the only difference 

among them a OMe or OiPr substituent in a quite remote position), the redox chemistry 

of both chlorido and aqua complexes is very similar when studied in DCM (see Figures 

17 and 18 and Table 2). However, a clear downshift of the E1/2 is observed for the facial 

derivatives C3-Cl/OH2 and C4-Cl/OH2 when compared with their corresponding 

meridional counterparts. This is in agreement with the higher σ-donating and lower π-

acceptor capacity of both the imidazole rings (C3-Cl/OH2) and the aliphatic N (C4-OH2) 

with regards to the pyridyl scaffolds of the trpy ligand. The observed decrease in the 

redox potentials is in the range of 80-120 mV (see Table 2). 

Table 2. Redox potentials of C1-Cl/OH2 to C4-Cl/OH2 in DCM (0.1 M TBAPF6). 

 

In order to further understand the redox behavior of the four Ru-OH2 complexes, their 

electrochemical properties have also been extensively investigated by means of CV and 

DPV in aqueous solutions with pH range from 0 to 14.  

For complex C2-OH2 at pH=1, the single reversible wave observed (see the CV and 

DPV shown in Figures 19 and 20, respectively) is assigned to the following one electron 

process: 

 

At pH=8, two very close redox processes can be observed in the CV and DPV (Figure 

19 and Figure 20, respectively) that are assigned to the following electrochemical 

processes: 
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As shown in Equations 4 and 5 for complex C2-OH2 the presence of the aqua group 

enables a PCET (proton coupled electron transfer) process. The simultaneous removal 

of electrons and protons facilitates the access to high oxidation states by preventing the 

built up of columbic charge in the complex. That makes the two redox processes to 

occur at comparatively low potentials and in a rather narrow potential range. The 

stability region of the Ru(III) species is quite small, as evidenced by the fact that the 

two reversible waves observed are only 40 mV apart.  

 

Figure 19. CV of C2-OH2 in pH=1water (triflic acid buffer) and pH=8 (phosphate buffer) at 100 

mV/s scan rate. Glassy carbon is used as working electrode and the potential is measured vs. 

SSCE. 
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Figure 20. DPV of C2-OH2 in pH=1 water (triflic acid buffer) and pH=8 (phosphates buffer) at 20 

mV/s scan rate. Glassy carbon is used as working electrode and the potential is measured vs. 

SSCE. 

The simultaneous removal of protons and electrons taking place in ruthenium aqua 

complexes such as the ones here descried provokes the pH-dependence of their redox 

potentials. This dependence is usually reflected in the so-called Pourbaix diagrams and 

the results obtained for complex C2-OH2 are displayed in Figure 21.  

From pH=7 to pH=11 two independent one-electron redox processes that take place 

with simultaneous proton transfer are observed. The corresponding lines present a slope 

of approximately 59 mV per pH unit, as expected for a one-electron one-proton transfer 

(see equations 4 and 5 above). 42  At lower pH, only the Ru(III/II) couple can be 

observed. The diminishment or disappearance of the Ru(IV/III) redox couple in CV 

experiments is quite common for aqua complexes and is assumed to be caused by slow 

heterogeneous electron-transfer kinetics from the solution to the electrode surface.43 

The stability regions for species having different proton composition are indicated in 

the diagram along with the pKa values for Ru(III) and Ru(II) aqua complexes, which 

are around 2.8 and 11.0, respectively.  
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Figure 21. A plot of E1/2 vs. pH (Pourbaix Diagram) for complex C2-OH2. The pH/potential 

regions of stability for the various oxidation states and their dominant proton compositions are 

indicated by using abbreviations such as RuII-OH2, for example, for [RuII(CN-OiPr)(OH2)(trpy)]2+. 

The vertical dashed lines in the various E/pH regions show the pKa values. 

From pH=11.5, the redox decreasing slope changes and the reversible wave is assigned 

as a different type of PCET process taking place in alkaline solution: 

[RuIV(CN-OiPr)(O)(trpy)]2+ 2e- [RuII(CN-OiPr)(OH)(trpy)]+ (6)H+ (0.25V)
 

As expected given the almost identical coordination environment, similar redox 

behavior was observed for C1-OH2 in aqueous solution. Therefore, the electrochemical 

study of this complex (CVs, DPVs and Pourbaix Diagram) is shown as Supporting 

Information in Figures S12-S14.  

The redox properties in aqueous solution of the facial aqua complex C3-OH2 are 

particularly different. At pH=1, the single reversible wave observed in both CV and 

DPV (Figures 22 and 23, respectively) is assigned to the following one electron process: 

[RuIII(CN-OMe)(OH2)(tpm)]3+ 1e- [RuII(CN-OMe)(OH2)(tpm)]2+ (0.62V) (7)
 

The redox potentials of the Ru(III/II) couple measured at pH=1 are shifted cathodically 

by 120 mV with regard to C1-OH2 and C2-OH2 due to the stronger electron donating 

character of the tpm ligand presented in C3-OH2. Similarly to in C2-OH2 and C1-OH2, 

a cathodic shift of the redox potentials is observed when the pH increase due to PCET. 
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From pH=1.85 to pH=11.13 a single two-electron redox processes that take place with 

simultaneous proton transfer is observed. The corresponding line present a slope of 

approximately 59 mV per pH unit (see the corresponding Pourbaix Diagram in Figure 

24), as expected for the two-electron two-proton transfer shown in equation (8). 

[RuIV(CN-OMe)(O)(trpy)]2+ 2e- [RuII(CN-Ome)(OH2)(trpy)]2+ (8)2H+ (0.31V)
 

 

Figure 22. CV of C3-OH2 in water pH=1 (triflic acid buffer) and pH=8 (phosphates buffer) at 100 

mV/s scan rate. Glassy carbon is used as working electrode and the potential is measured vs. 

SSCE. 

 

Figure 23. DPV of C3-OH2 in water pH=1 (triflic acid buffer) and pH=8 (phosphate buffer) at 20 

mV/s scan rate. Glassy carbon is used as working electrode and the potential is measured vs. 

SSCE. 
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The stability regions for species having different proton composition are indicated in 

the Pourbaix diagram shown in Figure 24 along with the pKa values for Ru(III) and 

Ru(II), which are around 1.8 and 11.2.  

 

Figure 24. A plot of E1/2 vs. pH (Pourbaix Diagram) for complex C3-OH2. The pH/potential 

regions of stability for the various oxidation states and their dominant proton compositions are 

indicated by using abbreviations such as RuII-OH2, for example, for [RuII(CN-OMe)OH2(tpm)]2+. 

The vertical solid lines in the various E/pH regions show the pKa values. 

Dramatically different is the observed redox behavior of C4-OH2. At pH=1, the sole 

reversible wave that appears in the CV and DPV (Figure 25 and Figure 26) is assigned 

as the following one electron process: 

[RuIII(CN-OMe)(OH2)(bpea)]3+ 1e- [RuII(CN-Ome)(OH2)(bpea)]2+ (0.62V) (9)
 

At pH=8, two redox processes could be observed as illustrated in the CV and DPV 

respectively shown in Figures 25 and 26, which are assigned to the following 

electrochemical reactions: 

[RuIV(CN-OMe)(bpea)(O)]2+ 1e- [RuIII(CN-Ome)(bpea)(OH)]2+ (10)H+

[RuIII(CN-OMe)(bpea)(OH)]2+ 1e- [RuII(CN-Ome)(bpea)(OH2)]2+ (11)H+

(0.46V)

(0.26V)
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Figure 25. CV of C4-OH2 in water pH=1 (triflic acid buffer) and pH=8 (phosphates buffer) at 100 

mV/s scan rate. Glassy carbon is used as working electrode and the potential is measured vs. 

SSCE. 

 

 

Figure 26. DPV of C4-OH2 in water pH=1 (triflic acid buffer) and pH=8 (phosphates buffer) at 20 

mV/s scan rate. Glassy carbon is used as working electrode and the potential is measured vs. 

SSCE. 

The ∆E1/2 value (∆E1/2, defined as the difference between E1/2(IV/III) and E1/2(III/II), 

which defines the zone of stability of oxidation state III), is here quite large and about 

200 mV at pH=8 (see Table 3). As can be observed in the Pourbaix Diagram shown in 

Figure 27, from pH=6 to pH=13 two independent one-electron redox processes take 

place with simultaneous proton transfer. The corresponding lines present a slope of 
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approximately 59 mV per pH unit, as expected for a one-electron one-proton transfer 

(see equations 10 and 11 above).44 At lower pH, only the Ru(III/II) couple can be 

observed as also observed for C1-OH2 and C2-OH2 and already commented above.45 

The stability regions for species having different proton composition are indicated in 

the diagram along with the pKa values for Ru(III) and Ru(II), which are around 1.2 and 

11.2, respectively. 

 

Figure 27. A plot of E1/2 vs. pH (Pourbaix Diagram) for complex C4-OH2. The pH/potential 

regions of stability for the various oxidation states and their dominant proton compositions are 

indicated by using abbreviations such as RuII-OH2, for example, for [RuII(CN-OMe)OH2(bpea)]2+. 

The vertical solid lines in the various E/pH regions show the pKa values. 

In summary, from an electronic point of view (see Table 3 for a summary of the redox 

properties of the four complexes), complex C3-OH2 favors bi-electronic processes 

(∆E1/2 ≤ 0) while for complex C4-OH2 mono-electronic transfers are clearly preferred 

(∆E1/2 = 200 mV). C1-OH2 and C2-OH2 are a situation in between, where the region of 

stability of the Ru(III) species is rather small (∆E1/2 = 40 mV) but still present.  

The Pourbaix Diagrams of the four aqua complexes have also allowed the tentative 

assignment of the pKa1 and pKa2 values of the four aqua complexes that are also listed 

in Table 3. The aqua groups on C4-OH2 (bpea) and C3-OH2 (tpm) are clearly more 

acidic that those of their meridional (trpy) counterparts given the less π-acceptor and 

higher σ-donor character of the tridentate facial ligands.  
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Table 3. Redox potentials and pKa values obtained for the aqua complexes C1-OH2 to C4-OH2  

 

 

III.2.4.4. UV-vis Spectroscopy 

The UV-vis spectra of the eight complexes have been recorded in methanol and are 

displayed in Figure 28. Two regions could be observed for all the four complexes; one 

region between 260 nm and 350 nm (between 260 nm and 325 nm for C4-Cl/OH2) with 

very intense bands is due to intraligand π to π* transitions of the coordinated ligands. A 

second region is between 350 nm and 550 nm (between 325 nm and 550 nm in the case 

of C4-Cl/OH2), where unsymmetrical broad typical metal-to-ligand charge transfer 

(MLCT) bands appear that could be tentatively assigned to dπ(Ru) to π* N-ligands 

transitions.46,47 
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Figure 28. UV-vis spectra for C1-Cl/OH2 to C4-Cl/OH2 complexes in 50 µM MeOH solutions. 

The electronic nature of the monodentate ligand influences the energies of the 

transitions involving orbitals with d(Ru) character to some extent. The MLCT bands for 

the Ru-aqua complexes are blue-shifted with regards to those of their Ru-Cl 

counterparts due to the relative stabilization of the dπ(Ru) levels provoked by the non- 

π-donor character of the aqua ligand.48 

 

III.2.4.5. Spectrophotometric titration of C1-OH2 to C4-OH2 with CeIV 

To further confirm the mono- or bi-electronic nature of the redox processes assigned in 

the electrochemical section above, and once recorded the electronic absorption features 

of the set of aqua complexes C1-OH2 to C4-OH2 at the Ru(II) oxidation state, we have 

performed their redox spectrophotometric titration at pH=1 by using Ce(IV) as chemical 

oxidant. The sets of spectra obtained are shown in Figure 29 (C1-OH2 and C4-OH2) 

and in Figure S15 of the Supporting Information (C2-OH2 and C3-OH2). 
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For C1-OH2, C2-OH2 and C3-OH2, the evolution of the spectra along the addition of 2 

equivalents of Ce(IV) leads to a featureless UV-vis spectrum characteristic of RuIV=O 

species.错误错误错误错误!未定义书签未定义书签未定义书签未定义书签。。。。 A pair of isosbestic points appear throughout the whole titration at 

λ = 370 and 600 nm for C1-OH2, at λ = 370 and 600 nm for C2-OH2 and at λ = 355 and 

480 nm for C3-OH2, thus indicating the direct 2-electron transformation of Ru(II) to 

Ru(IV) at this pH.49 

Radically different is the behavior of complex C4-OH2. A first set of isosbestic points 

at λ = 340 and 550 nm is observed after the addition of the first CeIV equivalent (Figure 

29b). However, a second and different pair of isosbestic points, now at λ = 288 and 420 

nm, are observed when a second equivalent of this oxidant is added (Figure 29c). This 

sequential oxidation behavior clearly indicates the stability of the Ru(III) oxidation state 

in aqueous solution and therefore, the preference of this complex for mono-electronic 

process. 
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Figure 29. Redox spectrophotometric titrations performed by sequential addition of 3 µL of a 10 

µM solution of CeIV (up to 2 equivalents) to 3 mL of a 50 µM solutions of C1-OH2 and C4-OH2 in 

0.1 M HCl. a) Two equivalents of CeIV added to the C1-OH2 solution, b) One equivalent of CeIV 

added to the C4-OH2 solution, c) CeIV added to the C4-OH2 solution from one to two equivalents. 

The results of the spectrophotometric titrations of the four Ru-aqua complexes are in 

agreement with the conclusions previously extracted from their electrochemical 

analysis and further confirm the Pourbaix diagrams proposed above (See Figures 21, 24 

and 27 and Figure S15 in the Supporting Information). 
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III.2.5. Water Oxidation 

The capacity of the four aqua complexes (C1-OH2 to C4-OH2) to oxidize water to 

dioxygen was initially tested electrochemically. For this purpose, the CVs and DPVs of 

the four complexes were recorded in aqueous solution (pH=1 and pH=7), at different 

scan rates and until redox potentials high enough to reach the oxidation states potentially 

able to oxidize water. However, no significant electrocatalytic water oxidation waves 

were observed (see Figure S16). Therefore, at least electrochemically and in the time 

scale of the electrocatalytic experiments carried out, the catalysts do not behave as 

efficient water oxidation catalysts. 

Nevertheless, the four synthesized aqua complexes were tested as potential catalysts 

towards the oxygen evolution from water in the presence of (NH4)2CeIV(NO3)6 as 

sacrificial oxidant. The total gas evolved was manometrically measured (Figure 30) and 

its composition in terms of O2:CO2 ratio was analyzed by means of on-line Mass 

Spectrometry (Figure 31). 

 

Figure 30. Manometric profile of evolved gases for complexes C1-OH2 to C4-OH2 in a pH=1 

aqueous solution and using (NH4)2CeIV(NO3)6 as sacrificial oxidant. 
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Figure 31. Mass Spectrometry profile of the generated gases upon oxidative treatment with 

((NH4)2CeIV(NO3)6 ) of: a) C1-OH2, b) C2-OH2, c) C3-OH2, d) C4-OH2. 

In the presence of 100 equivalents of CeIV at pH=1, complex C3-OH2 generated more 

gas (≈ 15 mBar) after 30 min of reaction than the other three complexes (Figure 30). In 

general, and only considering the amount of generated gas, facial complexes are 

superior to their meridional counterparts (see Figure 30). However when the profile of 

the generated gases is analyzed by on-line MS (Figure 31) C3-OH2 has the lowest 

O2:CO2 ratio (1:5.5), followed by C4-OH2 with 1:1.4, (Figure 31c-d). The O2:CO2 ratio 

was much higher for C1-OH2 and C2-OH2 (1:0.6, see Figure 31a-b). Therefore, despite 

still poor, the stability of the meridional trpy-based complexes C1-C2-OH2 is clearly 

higher than that of their facial (tpm or bpea) counterparts C3-C4-OH2 that easily get 

oxidized in the harsh reaction conditions of water oxidation. This is clearly reflected in 

Figure 32 where the profile of O2 evolution of the four aqua complexes can be compared.   
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Figure 32. Profile of oxygen evolution at pH=1 employing (NH4)2CeIV(NO3)6 as sacrificial 

oxidant.  

Catalyst-catalyst intermolecular oxidative degradation involving RuIV=O species50 or 

the direct degradation of the complexes by the highly oxidant CeIV are considered as 

the potential origin of the evolved CO2. In our system, the only relevant differences 

between the four evaluated complexes are the tridentate ligands employed. Therefore, 

tpm and bpea (both containing aliphatic carbon atoms prone to be easily oxidized in the 

harsh catalytic conditions employed) quickly decompose under catalytic conditions 

generating big amounts of CO2 that arise from ligand oxidation. However, and given 

that a great number of robust water oxidation catalysts containing the trpy ligand have 

been reported,51 the observed evolution of CO2 from C1-C2-OH2 clearly reflects the 

weakness of PhthaPz-OR family of ligands under oxidative conditions.  

 

III.2.6. Epoxidation of Alkenes 

III.2.6.1. Electrocatalytic Alkene Epoxidation 

The capacity of the prepared aqua complexes of electrocatalytically epoxide cis-β-

methylstyrene as model susbrate has been investigated by means of cyclic voltammetry. 
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All the experiments were performed in dichloromethane under well-controlled 

concentration of both catalysts and substrate. A glassy carbon electrode was used as the 

working electrode, a platinum wire as the auxiliary electrode and SSCE as the reference 

electrode; all the CVs were recorded at a scan rate of 100 mV/s. 

Figure 33 shows successive cyclic voltammograms of a 0.5 mM solution of C1-OH2 in 

dichloromethane with increasing concentrations of cis-β-methylstyrene. When the 

alkene is present, important electrocatalytic currents assigned to its oxidation are 

observed with 1.2 V vs. SSCE as onset potential. 

 

Figure 33. Successive cyclic voltammograms of a 0.5mM solution of C1-OH2 in DCM (0.1M 

TBAPF6) at increasing concentrations of cis-β-methylstyrene. Working electrode: glassy carbon; 

counter electrode: Pt; reference electrode: Hg/Hg2SO4; scan rate: 100 mV/s. Starting at 0 V toward 

positive potentials. 

The rate constant value k for the electrocatalytic epoxidation could be estimated from 

the plots of the icat vs. the square root of the substrate concentration according to 

equation 12:52 

icat = nFA[cat]D1/2k1/2[sub]1/2 (12)
 

where icat is the current intensity in the presence of cis-β-methylstyrene, n is the number 

of electrons involved in the catalysis, F is the Faraday constant, A is the surface area of 

the working electrode in cm2 (A is 0.07 cm2 in this experiment), [cat] is the 
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concentration of catalyst in mM, D is the diffusion coefficient of the catalyst in cm2/s, 

and [sub] is the concentration of cis-β-methylstyrene in mM.  

The plot of icat vs. [sub]1/2 shows a linear trend with the increasing concentration of 

substrate and under kinetic control conditions the slope is proportional to k1/2. Figure 

34 shows the plot of icat vs. [sub]1/2 for C1-OH2. 

 

Figure 34. Dependence of icat vs. [sub]1/2. Experimental conditions: C1-OH2 (0.5mM), [sub] = 0-

2.0mM, DCM (0.1 M TBAPF6), working electrode: glassy carbon; counter electrode: Pt; reference 

electrode: SSCE; scanning rate: 100 mV/s. 

In order to estimate the value of the rate constant, the diffusion coefficient D was 

calculated from the peak current prior the addition of the substrate according to the 

following equation52: 

ip = (2.69*105)n3/2AD1/2[cat]v1/2 (13)
 

where ip is the current intensity at 1.6 V, n is the number of electrons involved in the 

electrochemical process, A is the surface area of the working electrode in cm2, D is the 

diffusion coefficient of the catalyst in cm2/s, [cat] is the concentration of catalyst in mM 

and v is the scan rate in V/s. 

If a linear relationship for ip vs. v1/2 is obtained, the slope is proportional to AD1/2. As 

shown in Figure 35 for C1-OH2 the plot of ip vs. the square root of the scan rate 

presented a good linear trend for a range of scan rate from 20 mV/s to 200 mV/s. 
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Figure 35. Dependence of ip vs. v1/2. Experimental conditions: C2-OH2 (0.5mM) v = 20-200V/s, 

DCM (0.1 M TBAPF6), working electrode: glassy carbon; counter electrode: Pt; reference 

electrode: SSCE. 

The electrocatalytic epoxidation capacity of C3-OH2 and C4-OH2 with regards to cis-

β-methylstyrene was also tested and the corresponding figures and plots obtained are 

presented in the Supporting Information (Figures S17 to S22). 

From equations 12 and 13 and their combination both the diffusion coefficient factor D 

and rate constant k of the three tested complexes were calculated for the electrocatalytic 

epoxidation of cis-β-methylstyrene in dichloromethane. The values obtained are shown 

in Table 4. 

Table 4. Diffusion coefficient factor (D) and rate constant (k) for complexes C1-OH2, C3-OH2 and 

C4-OH2. 

C1-OH2 C4-OH2C3-OH2

D (cm2/s)

k (M-1s-1)

2*10-4 2*10-4 1.1*10-4

576 441 961
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III.2.6.2. Chemical Alkene Epoxidation 

The four aqua complexes, C1-C4-OH2 have been also tested with regards to their ability 

to epoxidize alkenes (Scheme 6) when chemically triggered with PhIO(OAc)2. The 

catalytic reactions have been carried out following the conditions exposed in Table 5, 

while the most relevant results are displayed in Table 6.  

 

Scheme 6. Alkene epoxidation catalyzed by Ru complexes. 

Table 5. Reaction conditions for the epoxidation of alkenes with C1-C4-OH2. The final volume is  

≈ 1.47 mL. 

 

A vial containing 1 mL of 1,2-dichloroethane (DCE) as solvent, (diacetoxyiodo)benzene 

as co-oxidant, 1,1'-biphenyl as internal standard, the catalyst, and the alkene substrate 

was stirred at room temperature. The excess of water is mandatory to ensure the 

generation of PhIO from PhI(OAc)2.53,54 Scheme 7 summarizes the set of reactions that 

occur during the catalytic epoxidation of alkenes for the proposed system. The products 

of each catalytic reaction have been analyzed by GC and identified by comparison of 

the retention times obtained with those of commercial samples and GC-MS. 
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Scheme 7. Summary of the reactions taking place in the catalytic epoxidation of alkenes with the 

four aqua complexes described in this Chapter. 

The catalytic activity of the four complexes towards alkene epoxidation was initially 

tested and optimized for the epoxidation of cis-β-methylstyrene and GC and GC-MS 

monitored the reaction evolution. The catalytic reaction was carried out at room 

temperature with a catalyst: substrate: PhI(OAc)2 ratio of 1: 1000: 2500. Afterwards, 

other alkenes as styrene, trans-stilbene and cyclooctene were studied for each of the 

four aqua complexes under the same reaction conditions. The gathered results obtained 

for all the alkenes tested are shown in Table 6.  
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Table 6. Results of epoxidation on different alkenes catalyzed by the four aqua complexes, a) C1-

OH2, b) C2-OH2, c) C3-OH2, d) C4-OH2. Reaction conditions: complexes (2.5*10-3 mmols, final 

concentration 0.85 mM), DCE (1mL), substrate (2.5 mmols, 1.7 M), PhI(OAc)2 (5 mmols, 3.4 M), 

H2O (5 mmols, 3.4 M), 1,1’-byphenil (1 mmol, 0.68 M), final volume ≈ 1.47 mL. 

a) 

Entry Substrate
Substrate

Conversion

(%)a

[Epoxide], M;

(Selectivity, %)b
TON/TOFic

Ph

Ph

Ph
Ph

2 100 1.42; (82)d 840/1.6

1 42 0.34; (19) 194/0.8

Time
(min)

240

525

3 540 100 1.19; (67) 680/1.3

4 480 100 1.63; (91) 930/2

e

 

b) 
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c) 

2 97 0.95; (53)d 545/0.4

1 23 0.11; (6) 60/0.5120

1410

3 510 90 0.26; (15) 148/0.3

4 2400 100 1.32; (74) 756/0.3

Ph

Ph

Ph
Ph

Entry Substrate
Substrate

Conversion

(%)a

[Epoxide], M;

(Selectivity, %)b
TON/TOFicTime

(min)

e

 

d) 

2 99 1.20; (67)d 687/0.7

1 21 0.49; (2.6) 27/0.1240

990

3 720 91 0.24; (13) 136/0.2

4 2520 100 1.65; (92) 940/0.4

Ph

Ph

Ph
Ph

Entry Substrate
Substrate

Conversion

(%)a

[Epoxide], M;

(Selectivity, %)b
TON/TOFicTime

(min)

e

 

a Substrate conversion = {([substrate]i-[substrate]f)/[substrate]i}*100. b Epoxide selectivity = 

{[epoxide]f/([substrate]i-[substrate]f)}*100. c TON with regard to epoxide; TOFi = TON/min. d cis 

epoxide. e DCE volum is 5ml. 

As can be observed in entry 2 of Table 6(c), the system: C1-OH2 1.7mM, cis-β-

methylstyrene 1.7M, PhI(OAc)2 3.4M, H2O 3.4 M in DCE gives 1.42 M cis-β-
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methylstyrene epoxide which represent a TON of 840 with regard to the initial catalyst 

in 525 minutes. The conversion of the initial substrate is 100% and the selectivity in 

epoxide is 82%. The activity of the four aqua complexes tested in the  epoxidation of 

different alkenes is also reported in Table 6. As a general trend, complexes where direct 

bi-electronic transfers between Ru(II) and Ru(IV) species are favored (those where 

Ru(III) is unstable with regards to disproportionation) give higher epoxide yields, 

therefore, an increased selectivity of the oxidation process. It is well known that bi-

electronic catalysts drive epoxidation reactions to concerted pathways (see Scheme 8). 

This avoids the generation of radicalary intermediates of high energy that usually end 

up reducing the selectivity of the whole process by the generation of a wide set of 

byproducts. This is the trend observed for C1-C2-OH2 (see Table 6a-b). However, 

comparatively lower epoxidation capacity (both lower conversions and selectivities are 

gathered with regards to C1-C2-OH2 even at much longer reaction times) is observed 

for C3-OH2, also a catalyst favoring bi-electronic processes (Table 6c). Two 

conceivable reasons are: 1) the tpm ligand is prone to be oxidized in the employed 

reaction conditions, thus progressively lowering the catalyst loading with time and b) 

the steric bulkiness of the tpm ligand difficult and modify the interaction between the 

substrates and the active site of the catalyst, that lowering the catalytic reaction and 

modifying the obtained reaction products.  Other information extracted from Table 6 

shows that studied aqua complexes perform much better with substrates containing 

electron-donor groups than with those bearing electron-withdrawer substituents. 

Therefore, the best results are gathered for cis-cyclooctene for each of the complexes 

whereas the poorest values are obtained for styrene and, specially, trans-stilbene. Trans-

stilbene also suffers from potential steric effects due to the bulkiness of its two phenyl 

rings. Another interesting feature observed from the systems studied in this work is the 

stereospecific nature of the catalytic process. For the whole set of aqua complexes, when 

cis-β-methylstyrene is employed as substrate, no cis/trans isomerization takes place. 

Therefore, if catalysts favoring bi-electronic pathways can potentially go through a 

concerted oxene insertion to the alkene double bond (Scheme 8, bottom), ring closure 

must be faster than C-C rotation in the radical intermediates proposed for catalysts such 

as C4-OH2 that proceed through mono-electronic transfers (Scheme 8, top). 
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Scheme 8. Radicalary and concerted mechanisms for the epoxidation of alkenes with Ru 

complexes.  

III.3. Conclusions 

A new dinucleating CNNC tetradentate ligand (L12+) has been synthesized and 

thoroughly characterized in solution (1D and 2D NMR) and in the solid state (X-ray 

diffraction analysis). Attempts of coordinating this ligand to [Ru(T)Cl3] (T = trpy, tpm, 

bepa) type of precursors in nucleophilic protic solvents such as MeOH or iPrOH lead 

to ligand breakage (C-N bond scission due to the nucleophilic attack of a solvent 

molecule) and the consequent formation of four new Ru mononuclear complexes with 

general fomula: out-[Ru(PhthaPz-R)(trpy)X]n+ (X = Cl, n = 1, X = H2O, n = 2; R = 

Methyl, Isopropyl; PhthaPz = 1-(1-methylimidazole)phthalene), [Ru(PhthaPz-

R)(tpm)X]n+, (R = Methyl, tpm = Tris(pyrazol-1-yl)methane) and trans,fac-[Ru(PhthaP-

R)(bpea)X]n+ (R = Methyl, bpea = N,N-bis(pyridin-2-ylmethyl)ethanamine), 

respectively termed C1-Cl/OH2, C2-Cl/OH2, C3-Cl/OH2 and C4-Cl/OH2. The four 

complexes have been thoroughly characterized in solution by means of spectroscopic 

(1D and 2D NMR and UV-vis) and electrochemical techniques (CV and DPV) and in 

the solid state (X-ray diffraction analysis) for the C4-Cl case. A Structural 

transformation of C1-OH2 and C2-OH2 when dissolved in water is observed by NMR 

spectroscopy. However, complexes C3-OH2 and C4-OH2 are stable in this solvent. 

From an electronic point of view, a nice regulation of the stability regions of the 

different oxidation states have been obtained by the different ligand combinations, thus 

going from C4-OH2 where Ru(III) is clearly stable and mono-electronic transfers are 

favored to C3-OH2 where this oxidation state is instable with regard to disproportion to 
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Ru(II) and Ru(IV). All this passing from complexes C1-C2-OH2 that represent an 

intermediate situation with a narrow range of Ru(III) stability.  

The catalytic performance of the four Ru-OH2 complexes has been analyzed with 

regards to the chemically driven water oxidation reaction and the chemically and 

electrochemically triggered epoxidation of alkenes. With regards to water oxidation, the 

four aqua complexes show poor stability due to ligand oxidation under the harsh 

reaction conditions and the consequent evolution of CO2 together with O2. Higher 

O2:CO2 ratios are observed for the trpy-based complexes C1-OH2 and C2-OH2 given 

the more robust character of this fully aromatic ligand when compared with tpm and 

bpea (C3-OH2 and C4-OH2, respectively). With regards to the epoxidation of alkenes, 

complexes favoring two-electronic processes showed better performance and selectivity 

compared with those favoring one-electronic processes. The comparatively lower 

oxidation capacity of complex C3-OH2 potentially origins from the oxidative 

degradation of the tpm ligand under the conditions used or/and due to the steric 

bulkiness of this facial ligand. Alkenes containing electron-donor groups performed 

better than those bearing electron-withdrawers. In addition, when cis-β-methylstyrene 

is employed as substrate, no cis/trans isomerization takes place, therefore leading to 

stereospecific epoxidation processes. 

 

III.4. Experimental Section 

Materials: All reagents used in the present work were obtained from Sigma Aldrich 

Chemical Co. and were used without further purification. Reagent-grade organic 

solvents were obtained from Scharlab. RuCl3·3H2O was supplied by Alfa Aesar. The 

starting ligands tri(1H-pyrazol-1-yl)methane (tpm) and N,N-bis(pyridin-2-

ylmethyl)ethanamine (bpea) were prepared as described in the literature. 55 , 56
 The 

synthetic manipulations were routinely performed under nitrogen atmosphere using 

Schlenk flask and vacuum-line techniques. 

Instrumentation and Measurements: UV-vis spectroscopy was carried out by a 

HP8453 spectrometer using 1 cm quartz cells. NMR spectroscopy was performed on a 
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Bruker DPX 250 MHz, DPX 360 MHz, DPX 400 MHz, DPX 500 MHz or a DPX 600 

MHz spectrometer. Samples were run in MeOD, DCM-d2 or acetone-d6 with internal 

references. Elemental analyses were performed using a Carlo Erba CHMS EA-1108 

instrument from the Chemical Analysis Service of the Universitat Autònoma de 

Barcelona (CAS-UAB). Electrospray ionization Mass Spectrometry (ESI-MS) 

experiments were performed on a HP298s gas chromatography (GC-MS) system from 

the CAS-UAB. Cyclic voltammetry and differential pulse voltammetry experiments 

were performed on the Bio Logic Science Instrument SP-150 potentiostat using a three-

electrode cell. A glassy carbon electrode (7 mm diameter) was employed as working 

electrode while platinum wire as auxiliary electrode and a SSCE as a reference electrode. 

Working electrodes were polished with 0.05 micron Alumina paste and washed with 

distillated water and acetone before each measurement. The complexes were dissolved 

in acetonitrile, methanol or dichloromethane solutions of 0.1 M ionic strength 

containing the necessary amount of n-Bu4NPF6 (TABH) as supporting electrolyte. For 

the electrochemical analysis performed in water, the complexes were dissolved in pH=1 

triflic acid solution or solutions of phosphoric buffer for other pHs with ionic strength 

of 0.1 M. The pH values were increased or reduced by adding drops of 0.1 M NaOH 

solution or the pH=1 triflic acid solution. E1/2 values here presented were estimated from 

CV experiments from the average of the oxidative and reductive peak potentials (Ep,a + 

Ep,c)/2. The electrocatalysis of alkene epoxidation was carried out in dichloromethane 

(0.1M TBAPF6) at increasing concentrations of cis-β-methylstyrene with glassy carbon 

as working electrode and Hg/Hg2SO4 as the reference electrode. The CVs were recorded 

at scan rate of 100 Mv/s. For chemical catalysis of alkene epoxidation, the introduced 

substrates and the corresponding epoxides were separated and analyzed through Gas 

Chromatography HP 5890 PACKARD SERIES II. 

On-line manometry measurements were performed on a Testo 521 differential pressure 

manometer with an operating range of 1 to 100 hPa and accuracy within 0.5% of the 

measurement, coupled to thermostatted reaction vessels for dynamic monitoring of the 

headspace pressure above each reaction. On-line monitoring of the gas evolution was 

carried out on a Pfeiffer Omnistar GSD 301C mass spectrometer. Typically, a degassed 

vial of 16.04 mL containing a suspension of the catalysts in a 0.1 M triflic acid (1.5 mL) 

was connected to the apparatus capillary tubing. Subsequently, the previously degassed 
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solution of CeIV (0.5 mL) at pH=1 (triflic acid, 100 equiv.) was injected by a Hamilton 

gastight syringe, and the reaction was dynamically monitored. A response ratio of 1: 2 

was observed when equal concentrations of dioxygen and carbon dioxide were injected 

which was used for the calculation of their relative concentrations.  

X-ray Crystal Structure Determination 

Crystals of L12+ were grown by slow diffusion of diethyl ether into a solution of 

L1(PF6)2 in acetone. Crystals of C4-Cl were prepared by slow diffusion of diethyl ether 

on a solution of C4-Cl in methanol. 

Data collection 

Structure Solution and Refinement For this, SHELXTL was used. The crystal data 

parameters of L12+ and C4-Cl are listed in Table S1 and S2. The structure of L12+ and 

C4-Cl were analyzed by the program ORTEP and Mercury. 

Synthetic Preparations 

1,4-bis(1-methylimidazolium-1-yl)phthalazine dichloride (L1(Cl)2): To a evacuated 

Schlenk flask a mixture of 1,4-dichlorophthalazine (dcp) (990 mg, 0.5 mol) and 1-

methylimidazole (2.050 g 3 mol) were dissolved into 2 ml of DMF. The mixture was 

stirred under nitrogen atmosphere at 120°C for 4 hours. A white precipitate appeared in 

the reaction crude, which was filtered off, washed with DMF and diethyl ether and dried 

under vacuum. Yield: 1.26 g (70%). 1H-NMR (400Hz, acetone-d6, 298K) δ=9.95 (s, 2H, 

H6, H6’), 8.57 (dd, 2H, J9-10 = 6.2, 3.0 Hz, H9, H9’), 8.50 (s, 2H, H4, H4’), 8.46 (dd, 

2H, J10-9 = 6.3, 3.0 Hz, H10, H10’), 8.23 (s, 2H, H3, H3’), 4.39 (m, 6H, H1). 13C-NMR 

(400Hz, acetone-d6, 298K) δ=150.65 (C7), 138.44 (C6), 136.50 (C10), 125.28 (C3), 

124.16 (C9), 124.08 (C8), 123.57 (C4), 36.84 (C1). 

cis-[RuII(PhthaPz-Ome)(trpy)Cl]PF6 (C1-Cl): [Ru(trpy)Cl3] (130 mg, 0.3 mmol), 1,4-

bis(1-methylimidazolium-1-yl)phthalazine dichloride (L1(Cl)2) (73 mg, 0.2 mmol) and 

LiCl (38 mg 0.9 mmol) were mixed in a round bottom flask and dry methanol (20 mL) 

was added as solvent. Triethylamine (121 mg, 166 µL, 1.2 mmol) was added to the 

solution and the mixture was refluxed at 80°C for 16 hours. After cooling to room 
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temperature, the reaction crude was filtered through celite® to remove the black solid 

formed and then 20 drops of saturated NH4PF6 aqueous solution were added to the 

filtrate. The solution was concentrated under vacuum until about 10 mL, when a brown 

precipitate appeared. The precipitate was filtered off, washed with diethyl ether and 

dried under vacuum. Yield: 62 mg, (41%). 1H-NMR (600 MHz, CD2Cl2) δ=8.63 (d, 1H, 

J4-3 = 2.4 Hz, H4), 8.53 (d, 1H, J9-10 = 8.7 Hz, H9), 8.37 (d, 2H, J26-27 = 8.1 Hz, H26), 

8.22 (d, 2H, J23-22 = 8.0 Hz, H23), 8.18 (t, 1H, J27-26,26’ = 8.1 Hz, H27), 8.12 (d, 1H, J12-

11 = 8.1 Hz, H12), 8.07 (m, 1H, H10), 7.94 (d, 2H, J20-21 = 5.3 Hz, H20), 7.85 (t, 1H, 

J11-10,12 = 7.6 Hz, H11), 7.82 (t, 2H J22-21,23 = 7.8, Hz, H22), 7.69 (d, 1H J3-4 = 2.4 Hz, 

H3), 7.20 (m, 2H, H21), 4.78 (s, 3H, H1), 3.47 (s, 3H, H18). 13C-NMR (600 MHz, 

CD2Cl2) 200.66 (C6), 158.75 (C24), 158.43 (C14), 156.51 (C20), 155.50 (C25), 151.45 

(C7), 136.59 (C22), 135.43 (C27), 133.91 (C10), 132.29 (C11), 126.88 (C21), 125.83 

(C3), 124.51 (C12), 122.95 (C23), 121.16 (C26), 121.00 (C8), 120.20 (C9), 119.51 

(C13), 118.77 (C4), 54.61 (C18), 38.15 (C1). UV/vis (methanol): λmax (ε)= 281 (11988), 

313 (14247), 413 (4700), 475 (4332). ESI-MS (MeOH): m/z = 610.1 ([M-PF6-1]). 

Elemental analysis (%) found C, 37.66; H, 2.69; N, 10.95. Calcd for 

C28H24ClF12N7OP2Ru: C, 37.33; H, 2.68; N, 10.88. 

cis-[RuII(PhthaPz-Ipro)(trpy)Cl]PF6 (C2-Cl): [Ru(trpy)Cl3] (130 mg, 0.3 mmol), 1,4-

bis(1-methylimidazolium-1-yl)phthalazine dichloride (L1(Cl)2) (73 mg, 0.2 mmol) and 

LiCl (38 mg 0.9 mmol) were mixed in a round bottom flask and dry isopropanol (20 

mL) was added as solvent. Triethylamine (121 mg, 166 µL, 1.2 mmol) was added to the 

solution and the mixture was refluxed at 80°C for 16 hours. After cooling to room 

temperature, the reaction crude was filtered through celite® to remove the black solid 

formed and 20 drops of saturated aqueous NH4PF6 were added to the filtrate. The 

solvent was then totally removed in a rotary evaporator and the brown solid obtained 

was re-dissolved in methanol. The mixture was filtered through celite® and methanol 

was removed from the filtrate under vacuum until about 10 mL left. During this process 

a brown precipitate appeared, which was filtered off, washed with diethyl ether and 

dried under vacuum. Yield: 55 mg (35% yield) 1H-NMR (600 MHz, acetone-d6, 298K) 

δ=9.02 (d, 1H J4-3 = 2.4 Hz, H4), 8.84 (d, 1H, J9-10 = 9.0 Hz, H9), 8.75 (d, 2H, J27-28 = 

8.1 Hz, H27), 8.57 (d, 2H, J24-23 = 15.8 Hz, H24), 8.35 (t, 1H, J28-27,27’ = 8.1 Hz, H28), 

8.11 (m, 4H, J21-22 = 7.2, H21; J12-11 = 4.8, H12; J10-9,11 = 3.8 Hz, H10), 8.00 (d, 1H, J3-
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4 = 2.4 Hz, H3), 7.92 (m, 3H, H11, H23), 7.29 (ddd, 1H, J22-21,23,24 = 7.0, 5.6, 1.2 Hz, 

H22), 4.79 (s, 3H, H1), 4.54 (m, 1H, H18). 13C-NMR (600 MHz, acetone-d6, 298K) 

200.91 (C6), 159.08 (C25), 157.41 (C14), 156.82 (C21), 155.61 (C26), 151.44 (C7), 

136.70 (C23), 135.48 (C28), 133.82 (C10), 132.09 (C11), 126.85 (C22), 126.03 (C3), 

124.30 (C12), 123.13 (C24), 121.64 (C27), 121.28 (C8), 120.94 (C9), 119.61 (C13), 

119.14 (C4), 70.79 (C18), 37.48 (C1), 20.96 (C19). UV/vis (methanol): λmax (ε)= 276 

(11315), 314 (14616), 413 (5036), 479 (3889). ESI-MS (MeOH): m/z = 638.1 ([M-PF6-

1]). 

[Ru(PhthaPz-Ome)(tpm)Cl]PF6 (C3-Cl): [Ru(tpm)Cl3] (130 mg, 0.3 mmol), 1,4-bis (1-

methylimidazolium-1-yl)phthalazine dichloride (L1(Cl)2) (73 mg, 0.2 mmol) and LiCl 

(38 mg 0.9 mmol) were mixed in a round bottom flask and dry methanol (20 mL) was 

added as solvent. Triethylamine (121 mg, 166 µL, 1.2 mmol) was added to the solution 

and the mixture was refluxed at 80°C for 16 hours. After cooling to room temperature, 

the reaction crude was filtered through celite® to remove the black solid formed and 20 

drops of saturated aqueous NH4PF6 were added to the filtrate. The methanolic solution 

was concentrated in a rotary evaporator until about 10 mL and a brown precipitate was 

obtained. The precipitate was filtered off, washed with diethyl ether and dried under 

vacuum. Yield: 88 mg (60%) 1H-NMR (600 MHz, acetone-d6, 298K) δ=9.66 (s, 1H, 

H24), 8.88 (d, 1H, J = 2.3 Hz, H4), 8.87 (d, 1H, J = 8.6 Hz, H9), 8.68 (d, 1H, J20-21 = 

1.6 Hz, H20), 8.57 (d, 1H, J31-32 = 2.3 Hz, H31), 8.52 (d, 1H, J22-21 = 2.2 Hz, H22), 8.47 

(d, 1H, J33-32 = 1.7 Hz, H33), 8.46 (d, 1H, J26-27 = 2.5 Hz, H26), 8.39 (d, 1H, J12-11 = 8.0 

Hz, H12), 8.20 (t, 1H, J10-9,11 = 7.3 Hz, H10), 8.07 (t, 1H, J11-10,12 = 7.6 Hz, H11), 7.64 

(d, 1H, J3-4 = 2.3 Hz, H3), 6.89 (d, 1H, J28-27 = 1.9 Hz, H28), 6.74 (s, 1H, H21), 6.67 (s, 

1H, H32), 6.33 (t, 1H, J27-26,28 = 2.4 Hz, H27), 4.16 (s, 3H, H18), 3.73 (s, 3H, H1). 13C-

NMR (600 MHz, acetone-d6, 298K) 157.87 (C14), 151.40 (C7), 149.12 (C33), 146.71 

(C28), 146.66 (C20), 134.70 (C26), 133.97 (C31), 133.75 (C10), 132.43 (C22), 132.27 

(C11), 124.89 (C3), 124.34 (C12), 121.57 (C8), 121.28 (C9), 120.17 (C13), 119.63 (C4), 

108.41 (C32), 108.27 (C27), 107.51 (C21), 76.77 (C24), 55.04 (C18), 36.27 (C1). 

UV/vis (methanol): λmax (ε)= 302 (7799), 410 (4745). ESI-MS (MeOH): m/z = 591.1 

([M-PF6-1]). 
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trans,fac-[Ru(PhthaPz-Ome)(bpea)Cl]PF6 (C4-Cl): [Ru(bpea)Cl3] (130 mg, 0.3 mmol), 

1,4-bis(1-methylimidazolium-1-yl)phthalazine dichloride (L1(Cl)2) (73 mg, 0.2 mmol) 

and LiCl (38 mg 0.9 mmol) were mixed in a round bottom flask and dry methanol (20 

mL) was added as solvent. Triethylamine (121 mg, 166 µL, 1.2 mmol) was added to the 

solution and the mixture was refluxed at 80°C for 16 hours. After cooling to room 

temperature, the reaction crude was filtered through celite® to remove the black solid 

formed and 20 drops of saturated aqueous NH4PF6 were added to the filtrate. The 

methanolic solution was concentrated in a rotary evaporator until about 10 mL left and 

a brown precipitate appeared. The precipitate was filtered, washed with diethyl ether 

and dried under vacuum. Yield: 68 mg (45%). 1H-NMR (600 MHz, acetone-d6, 298K) 

δ=9.63 (d, 1H, J20-21 = 5.3 Hz, H20), 9.56 (d, 1H, J34-33 = 5.0 Hz, H34), 8.84 (s, 1H, H4), 

8.79 (d, 1H, J9-10 = 8.3 Hz, H9), 8.25 (d, 1H, J12-11 = 8.0 Hz, H12), 8.12 (t, 1H, J10-9,11 = 

7.5 Hz, H10), 7.97 (t, 1H, J11-10,12 = 7.6 Hz, H11), 7.92 (t, 1H, J32-31,33 = 7.3 Hz, H32), 

7.82 (t, 1H, J22-21,23 = 7.4 Hz, H22), 7.58 (d, 2H, J3-4,31-32 = 10.2 Hz, H3, H31), 7.50 (m, 

1H, J23-22,33-32,34 = 7.3 Hz, H23, H33), 7.41 (t, 1H, J21-20,22 = 6.5 Hz, H21). 4.52-4.42 (m, 

4H, H26, H29) 3.65 (s, 3H, H18), 3.58 (s, 3H, H1), 2.53 (td, 1H, J27-27’,28 = 13.8, 6.8 Hz, 

H27), 2.35 (td, 1H, J27’-27,28 = 13.7, 6.8 Hz, H27’), 0.91 (m, 3H, H28). 13C-NMR (600 

MHz, acetone-d6, 298K) 204.97 (C6), 67.49 (C25), 66.09 (C29), 61.96 (C27), 53.89 

(C18), 35.45 (C1), 7.98 (C28), 161.42 (C20), 160.02 (C34), 158.07 (C14), 151.65 (C24), 

150.15 (C13), 149.42 (C30), 136.55 (C32), 125.73 (C22), 133.74 (C10), 131.47 (C11), 

125.00 (C3), 124.30 (C12), 123.63 (C21), 123.13 (C33), 121.52 (C8), 121.01 (C23), 

120.70 (C9), 120.64 (C31), 119.44 (C7), 118.85 (C4). UV/vis (methanol): λmax (ε)= 299 

(5226), 434 (5612). ESI-MS (MeOH): m/z = 604.1 ([M-PF6-1]). 

cis-[RuII(PhthaPz-Ome)(trpy)(OH2)](PF6)2 (C1-OH2): C1-Cl (120 mg, 0.16  mmol) 

was dissolved in a mixture of acetone and water (acetone: water = 1: 3, 40 mL). AgBF4 

(109 mg, 0.56 mmol) was added into the solution, which was then refluxed at 90°C for 

4 hours. After cooling to room temperature, the reaction crude was filtered through 

celite® to remove the black solid formed. The brown solution was concentrated under 

vacuum until about 20 mL left, followed by centrifugation (10.000r/m, 10min) to 

remove the potential colloidal silver still remaining. To the clear red solution 20 drops 

of saturated aqueous NH4PF6 solution were added and the precipitate formed was 

filtered off, washed with diethylether and dried under vacuum. Yield: 91 mg (65%) 1H-
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NMR (600 MHz, acetone-d6, 298K) 9.01 (d, 1H, J4-3 = 2.4 Hz, H4), 8.80 (d, 2H, J26-27 

= 7.4 Hz, H26), 8.78 (d, J9-10 = 8.7 Hz, H9), 8.62 (d, 2H, J23-22 = 8.0 Hz, H23), 8.44 (t, 

2H, J27-26,26’ = 8.1 Hz, H27), 8.19 (d, 2H, J20-21 = 5.0 Hz, H20), 8.12 (t, 1H, J10-9,11 = 

19.9 Hz, H10), 8.04-8.00 (m, 4H, H12, H3, H22), 7.91 (t, 1H, J11-10,12 = 7.5 Hz, H11), 

7.37 (m, 2H, H21), 4.56 (s, 3H, H1), 3.46 (s, 3H, H18). 13C-NMR (600 MHz, acetone-

d6, 298K) 200.62 (C6), 159.47 (C24), 158.01 (C14), 157.82 (C20), 156.41 (C25), 

153.08 (C7), 138.22 (C22), 137.65 (C27), 134.20 (C10), 132.83 (C11), 127.53 (C21), 

126.29 (C3), 124.05 (C12), 123.85 (C23), 122.38 (C26), 121.12 (C9), 120.90 (C8), 

119.57 (C14), 119.21 (C3), 54.43 (C18), 36.55 (C1). UV/vis (methanol): λmax (ε)= 275 

(12189), 309 (13040), 388 (4338), 467 (4474). ESI-MS (MeOH): m/z = 594.1 ([M-

2PF6]). 

cis-[RuII(PhthaPz-Ipro)(trpy)(OH2)]PF6 (C2-OH2): C2-Cl (120mg, 0.15 mmol) was 

dissolved in a 40 mL mixture of acetone and water (1:3). AgBF4 (109 mg, 0.56 mmol) 

was then added to the solution, which was then refluxed at 90°C for 4 hours. After 

cooling to room temperature, the reaction crude was filtered through celite® to remove 

the silver chloride formed. The brown filtrate was then concentrated in a rotary 

evaporator until about 20 mL, followed by centrifugation (10.000 r/m, 10 min) to 

remove the remaining solids. To the clear red solution 20 drops of a saturated aqueous 

NH4PF6 solution were added. The brown precipitate formed was filtered off, washed 

with diethyl ether and dried under vacuum. Yield: 91 mg (65%) 1H-NMR (600 MHz, 

acetone-d6, 298K) δ=9.03 (d, 2H, J = 2.4 Hz, H4), 8.84 (d, 2H, J27-28 = 6.7 Hz, H27), 

8.81 (d, 1H, J9-10 = 8.7 Hz, H9). 8.63 (d, 2H, J24-23 = 8.0 Hz, H24), 8.50 (t, 1H, J28-27,27’ 

= 8.1 Hz, H28), 8.23 (dd, 2H, J21-22,23 = 10.5, 5.6 Hz, H21), 8.13 (d, 1H, J3-4 = 8.5, Hz, 

H3), 8.10 (t, 1H, J23-22,24 = 8.7 Hz, H23), 7.93 (t, 1H, J11-10,12 = 7.6 Hz, H11), 7.38 (ddd, 

1H, J22-21,23,24 = 7.0, 5.6, 1.2 Hz, H22), 4.58 (s, 3H, H1), 4.49 (dt, 1H, J18-19,19’ = 12.3, 

6.2 Hz, H18), 1.07 (d, 6H, J19-18 = 6.2 Hz, H19). 13C-NMR (600 MHz, acetone-d6, 298K) 

200.66 (C6), 159.47 (C25), 157.96 (C21), 157.31 (C14), 156.32 (C26), 152.73 (C7), 

138.23 (C23), 137.53 (C28), 134.05 (C10), 132.74 (C11), 127.63 (C22), 126.16 (C3), 

124.24 (C12), 123.77 (C24), 122.47 (C27), 121.15 (C8), 121.07 (C9), 119.80 (C13), 

119.62 (C4), 70.98 (C18), 36.39 (C1), 20.90 (C19). UV/vis (methanol): λmax (ε)= 280 

(12006), 311 (14895), 392 (4700), 463 (4220). ESI-MS (MeOH): m/z = 622.1 ([M-

2PF6]). 
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[Ru(PhthaPz-Ome)(tpm)(OH2)](PF6)2 (C3-OH2): C3-Cl (120 mg, 0.16 mmol) was 

dissolved in a 40 mL mixture of acetone and water (1:3). AgBF4 (109 mg, 0.56 mmol) 

was added into the solution that was then refluxed at 90°C for 4 hours. After cooling to 

room temperature, the reaction crude was filtered through celite® to remove the silver 

chloride formed. The brown filtrate was then concentrated in a rotary evaporator until 

about 20 mL, followed by centrifugation (10.000 r/m 10 min) in order to remove the 

remaining solids. To the clear red solution 20 drops of a saturated aqueous NH4PF6 

solution were added. The brown precipitate formed was filtered off, washed with diethyl 

ether and dried under vacuum. Yield: 76 mg (55%) 1H-NMR (600 MHz, acetone-d6, 

298K) δ=9.90 (s, 1H, H24), 8.99 (d, 1H, J = 2.4 Hz, H4), 8.97 (d, 1H, J = 8.5 Hz, H9), 

8.83 (d, 1H, J = 1.7 Hz, H20), 8.72 (t, 1H, J31-32 = 4.9 Hz, H31), 8.67 (d, 1H, J22-21 = 

2.7 Hz, H22), 8.57 (t, 1H, J33-32 = 4.2 Hz, H33), 8.53 (d, 1H, J26-27 = 5.5 Hz, H26), 8.47 

(d, 1H, J12-11 = 8.1 Hz, H12), 8.29 (tt, 1H, J10-9,11 = 14.2, 7.1 Hz, H10), 8.17 (t, 1H, J11-

10,12 = 7.7 Hz, H11), 7.74 (d, 1H, J3-4 = 2.3 Hz, H3), 6.85 (m, J21-20,22 = 24 Hz, J28-27 = 

22 Hz H21, H28), 6.80 (t, 1H, J32-31,33 = 2.5 Hz, H32), 6.35 (dt, 1H, J27-26,28 = 5.1, 2.5 

Hz, H27), 4.20 (s, 3H, H18), 3.74 (s, 1H, H1). 13C-NMR (600 MHz, acetone-d6, 298K) 

200.22 (C6), 158.58 (C14), 152.76 (C7), 148.70 (C33), 148.04 (C28), 147.06 (C20), 

135.74 (C26), 134.89 (C31), 134.17 (C10), 133.64 (C22), 133.40 (C11), 125.84 (C3), 

124.48 (C12), 122.02 (C9), 121.75 (C8), 120.96 (C13), 120.61 (C4), 109.06 (C32), 

108.69 (C27), 108.04 (C21). 76.61 (C24), 55.38 (C18), 36.65 (C1). UV/vis (methanol): 

λmax (ε)= 295 (8297), 392 (5315). ESI-MS (MeOH): m/z = 575.1 ([M-2PF6]). 

trans,fac-[Ru(PhthaP-Ome)(bpea)(OH2)](PF6)2 (C4-OH2): C4-Cl (120 mg, 0.16  

mmol) was dissolved in a 40 mL mixture of acetone and water (1: 3). AgBF4 (109 mg, 

0.56 mmol) was then added into the solution, which was refluxed at 90°C for 4 hours. 

After cooling to room temperature, the reaction crude was filtered through celite® to 

remove the silver chloride formed. The brown solution was concentrated in a rotary 

evaporator until about 20 mL, followed by centrifugation (10.000r /m, 10 min) to 

remove the remaining solids. To the clear red solution 20 drops of a saturated aqueous 

NH4PF6 solution were added. The precipitate formed was filtered off, washed with 

diethyl ether and dried under vacuum. Yield: 96 mg (68%) 1H-NMR (600 MHz, 

acetone-d6, 298K) δ=8.99 (d, 1H, J = 2.4 Hz, H4), 8.96 (d, 1H, J = 5.3 Hz, H20), 8.93 

(m, 2H, H34, H9). 8.36 (d, 1H, J = 8.1 Hz, H12), 8.23 (m, 1H, H10), 8.08 (t, 1H, J11-
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10,12 = 7.6 Hz, H11), 7.99 (td, 1H, J22-21,23 = 7.8, 1.4 Hz, H22), 7.88 (td, 1H, J32-31,33 = 

7.4, 1.7 Hz, H32), 7.72 (d, 1H, J3-4 = 2.4 Hz, H3), 7.67 (d, 1H, J23-22 = 7.9 Hz, H23), 

7.57 (m, 1H, H21), 7.55 (d, 1H, J31-32 = 7.9 Hz, H31), 7.50 (t, 1H, J33-32,34 = 6.6 Hz, 

H33), 4.57-4.40 (m, 4H, H29, H25), 3.71 (s, 3H, H1), 3.65 (s, 3H, H18), 2.34 (m, 2H, 

H7), 0.91 (dd, 3H, J28-27,27’ = 9.2, 5.0 Hz, H28). 13C-NMR (600 MHz, acetone-d6, 298K) 

202.85 (C6), 161.20 (C30), 159.56 (C24), 158.81 (C14), 151.85 (C7), 149.37 (C34), 

147.67 (C20), 137.42 (C22), 136.72 (C32), 134.06 (C10), 132.67 (C11), 125.82 (C3), 

124.41 (C12), 124.30 (C33), 123.78 (C21), 121.63 (C8), 121.54 (C31), 121.49 (C23), 

121.35 (C9), 120.47 (C13), 119.89 (C4), 67.89 (C29), 67.29 (C25), 62.80 (C27), 54.19 

(C18), 35.89 (C1), 7.97 (C28). UV/vis (methanol): λmax (ε)= 299 (5810), 423 (5753). 

ESI-MS (MeOH): m/z = 588.1 ([M-2PF6]). 
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Figure S1. 1D and 2D NMR spectra of Ligand L12+ (600 MHz, 298K, acetone-d6): a) 13C NMR, b) 

HSQC, b) HMBC 
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Table S1.  Crystallographic data for L1(PF6)2 

Empirical formula C16 H16 F12 N6 P2 

Formula weight  582.29 

Temperature 298(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P2(1)/c 

Unit cell dimensions a = 17.64(6) Å   α = 90° 

 b = 12.59(4) Å   β= 101.23(7) ° 

 c = 18.67(6) Å   γ = 90° 

Volume 4065(22) Å 3 

Z 8 

Calculated density 1.903 Mg/m3 

Absorption coefficient 0.344 mm-1 

F(000) 2336 

Crystal size 0.30 × 0.30 × 0.25 mm3 

Theta range for data collection 1.96 to 29.66° 

Limiting indices -24<=h<=24, -17<=k<=17, -25<=l<=25 

Reflections collected / unique 68116 / 11227 [R(int) = 0.2510] 

Completeness to theta = 29.66 97.7 % 

Absorption correction Empirical 

Max. and min. transmission 1.0 and 0.388546 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11227 / 0 / 649 

Goodness-of-fit on F2 1.016 

Final R indices [I>2sigma(I)] R1 = 0.0940, wR2 = 0.2072 

R indices (all data) R1 = 0.3097, wR2 = 0.2912 

Largest diff. peak and hole 0.592 and -0.387 e.A^-3 
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Figure S2. The angle between the plane of two imidazoles and the phthalazine scaffold from the 

crystal structure of L1(PF6)2. 

 

 

Figure S3. 1D and 2D NMR spectra of C1-Cl (600 MHz, 298K, CD2Cl2): a) 1H NMR, b) 13C 

NMR, c) HSQC, d) HMBC 

a) 
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b)  

 

c) 
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Figure S4. 1D and 2D NMR spectra of C2-Cl (600 MHz, 298K, acetone-d6): a) 1H NMR, b) 13C 

NMR, c) HMBC, d) HSQC, e) ROESY, f) TOCSY 

a) 

 

b) 
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c) 

 

d) 
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e)  

 

f) 
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Figure S5. 1D and 2D NMR spectra of C3-Cl (600 MHz, 298K, acetone-d6): a) 1H NMR, b) 13C 

NMR, c) HSQC, d) HMBC, e) ROESY, f) TOSCY 

a) 

 

b) 
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c) 

 

d) 
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e) 

 

f) 
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Figure S6. 1D and 2D NMR spectra of C4-Cl (600 MHz, 298K, acetone-d6): a) 1H NMR, b) 13C 

NMR, c) HSQC, d) ROESY, e) 1D selective NOESY 

a) 

 

b) 
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c) 

 

d)  
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e) 

 

Figure S7. 1D and 2D NMR spectra of C1-OH2 (600 MHz, 298K, acetone-d6): a) 1H NMR, b) 13C 

NMR, c) HSQC, d) HMBC 

a) 
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b) 

 

c) 
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d) 
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Figure S8. 1D and 2D NMR spectra of C2-OH2 (600 MHz, 298K, acetone-d6): a) 1H NMR, b) 13C 

NMR, c) HSQC, d) HMBC, e) ROESY, f) TOCSY 

a) 

 

b) 
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c) 

 

d) 
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e) 

 

f) 
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Figure S9. 1D and 2D NMR spectra of C3-OH2 (600 MHz, 298K, acetone-d6): a) 1H NMR, b) 13C 

NMR, c) HSQC, d) HMBC, e) TOCSY 

a) 

 

b) 

 

 



132 

 

c) 

 

d) 
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e) 

 

Figure S10. 1D and 2D NMR spectra of C4-OH2 (600 MHz, 298K, acetone-d6): a) 1H NMR, b) 

13C NMR, c) HSQC, d) HMBC, e) ROESY 

a) 
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b) 

 

 

c) 
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d) 

 

e) 
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Figure S11. 1H NMR of complexes C3-OH2 (a) and C4-OH2 (b) freshly made, after 24 hours and 

after 6 days. 
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Table S2.  Crystallographic data for C4-Cl. 

Identification code  mo_HJCAt4_0m 

Empirical formula  C27 H29 Cl F6 N7 O P Ru  

Formula weight  749.06 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1    

Unit cell dimensions a = 7.8526(10)Å     α= 75.184(4)°. 

 b = 12.5701(14)Å    β= 79.085(4)°. 

 c = 16.1322(19)Å    γ= 77.741(4)°. 

Volume 1488.9(3) Å3 

Z 2 

Density (calculated) 1.671 Mg/m3 

Absorption coefficient 0.744 mm-1 

F(000) 756 

Crystal size 0.15 x 0.05 x 0.03 mm3 

Theta range for data collection 1.701 to 25.968°. 

Index ranges -9<=h<=9,-10<=k<=15,-19<=l<=19 

Reflections collected 18296 

Independent reflections 5655[R(int) = 0.0588] 

Completeness to theta =25.968° 97.00% 

Absorption correction Empirical 

Max. and min. transmission 0.978 and 0.878 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5655/ 0/ 400 

Goodness-of-fit on F2 1.038 

Final R indices [I>2sigma(I)] R1 = 0.0493, wR2 = 0.1162 
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R indices (all data) R1 = 0.0741, wR2 = 0.1293 

Largest diff. peak and hole 1.123 and -0.578 e.Å-3 

 

Figure S12. CV of C1-OH2 in water pH=1 (triflic acid buffer) and pH=8 (phosphates buffer) at 

100 mV/s scan rate. Glassy carbon is used as working electrode and the potential is measured vs. 

SSCE. 

 

Figure S13. DPV of C1-OH2 in water pH=1 (triflic acid buffer) and pH=8 (phosphates buffer) at 

20 mV/s scan rate. Glassy carbon is used as working electrode and the potential is measured vs. 

SSCE. 
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Figure S14. A plot of E1/2 vs. pH (Pourbaix Diagram) for complex C1-OH2. The pH/potential 

regions of stability for the various oxidation states and their dominant proton compositions are 

indicated by using abbreviations such as RuII-OH2, for example, for [RuII(CN-OMe)OH2(trpy)]2+. 

The vertical solid lines in the various E/pH regions show the pKa values. 

 

 

Figure S15. Spectrophotometric titration with CeIV for C2-OH2 (a) and C3-OH2 (b) in pH=1 water 

solution. Two equivalents of CeIV were added. 
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Figure S16. CV of the four complexes at different pH values. a) C1-OH2 in a pH=1 solution, b) 

C1-OH2 in pH=7 solution, c) C3-OH2 in a pH=1 solution, d) C3-OH2 in a pH=7 solution, e) C4-

OH2 in a pH=1 solution, f) C4-OH2 in a pH=7 solution. 
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Figure S17. Successive cyclic voltammograms of 0.5mM solution of C3-OH2 in DCM (0.1M 

TBAPF6) at increasing concentrations of cis-β-methylstyrene. Working electrode: glassy carbon; 

counter electrode: Pt; reference electrode: Hg/Hg2SO4; scan rate: 100Mv. Starting at 0 V toward 

positive potential. 

 

 

 

Figure S18. Dependence of icat vs. [sub]1/2. Experimental conditions: C3-OH2 (0.5mM), [sub] = 0-

2.0mM, DCM (0.1 M TBAPF6), working electrode: glassy carbon; counter electrode: Pt; reference 

electrode: Hg/Hg2SO4, scanning rate: 100mV/s. 
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Figure S19. Dependence of ip vs. v1/2. Experimental conditions: C3-OH2 (0.5mM) v = 20-200V/s, 

DCM (0.1 M TBAPF6), working electrode: glassy carbon; counter electrode: Pt; reference 

electrode: Hg/Hg2SO4. 

 

 

Figure S20. Successive cyclic voltammograms of 0.5mM solution of C4-OH2 in DCM (0.1M 

TBAPF6) at increasing concentrations of cis-β-methylstyrene. Working electrode: glassy carbon; 

counter electrode: Pt; reference electrode: Hg/Hg2SO4; scan rate: 100Mv. Starting at 0 V toward 

positive potential. 
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Figure S21. Dependence of icat vs. [sub]1/2. Experimental conditions: C4-OH2 (0.5mM), [sub] = 0-

2.0mM, DCM (0.1 M TBAPF6), working electrode: glassy carbon; counter electrode: Pt; reference 

electrode: Hg/Hg2SO4, scanning rate: 100mV/s. 

 

 

 

Figure S22. Dependence of ip vs. v1/2. Experimental conditions: C4-OH2 (0.5mM) v = 20-200V/s, 

DCM (0.1 M TBAPF6), working electrode: glassy carbon; counter electrode: Pt; reference 

electrode: Hg/Hg2SO4. 
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Chapter IV. 

Enantioselective Alkene Epoxidation Catalyzed by Ru 

Carbene Chiral Polypyridyl Complexes 

 

IV.1. Introduction 

As highly versatile organic intermediates, chiral epoxides occupy a central position in 

the synthesis of enantiopure compounds, useful molecules for the preparation of 

advanced materials, biologically relevant compounds and pharmaceutical products.1 

During the nearly last 40 years the synthetic value of enantiopure epoxides has been 

well established and a substantial amount of investigation on the preparation of these 

oxygenated three-membered rings have been carried out. In 2001, Barry Sharpless was 

awarded the Nobel Price as a reward for his great contribution to this field, which 

founded the grounds of asymmetric epoxidation.2,3 

Traditional enantioselective alkene epoxidation catalysts are mainly based on the so-

called “Sharpless system” or chiral metalloporphyrins. “Sharpless system” represented 

the transition metal compounds bearing multi-oxygen ligand4. Some of these catalysts 

gave excellent asymmetrical epoxidation capacity with enantiomeric excess (ee) more 

than 90%. However, the low turnover numbers (TONs) obtained came to be the main 

drawback of this system.5 On the other hand, chiral metalloporphyrins have always 

been an important class of catalysts for the asymmetric epoxidation of alkenes since 

diverse chiral groups can be easily appended onto their macrocyclic rings. The ee values 

range from 30 to 90% when Fe or Ru is coordinated to the porphyrin centre.6 The π-

conjugated structure of the porphyrin ring precludes the presence of chiral carbons on 
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the main ligand skeleton close to the catalytic active sites, which prevents the attainment 

of higher enantioselectivities.7  

As discussed in the former chapters, M-O species usually function as the catalytic active 

centers in oxidation catalysis. Ru-aqua/oxo species manifest particularly interesting 

properties thanks to proton coupled electron transfer (PCET), which convert Ru 

complexes in valuable tools in the field of hydrocarbon oxidation. Therefore, the 

combination of a Ru-aqua/oxo system with a chiral ligand environment has been also 

studied in asymmetric epoxidation reactions. Since 1980s, a wide range of chiral Ru 

complexes has been studied for this purpose. Several representative examples are 

presented in Figure 1.8,9,10 The advances in this area were systematically reviewed by 

Chatterjee in 2008.11  
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Figure 1. Representative chiral Ru complexes employed in asymmetric epoxidation processes. 

Apart from the above-presented families, complexes bearing polypyridylic ligands with 

appended chiral substituents are also considered as promising chiral compounds.12 

However, despite their rich coordination chemistry, chiral polypyridylic ligands have 

not gathered much attention until Hayoz and co-workers introduced a chiral α-pinene 

moiety into a pyridine ring in the 1990s.13,14 Since then, a variety of pineno-annellated 

ligands have been described.15 [4,5] and [5,6]pineno-fused ligands are easily accessible 

in their enantiomerically pure forms starting from the commercially available (-)-α-

pinene or (-)-myrtenal monoterpenes, respectively. For example, in 2004 the group of 

Stefan Bernhard reported the chiral bridging ligand 1 (Figure 2)16 and in 2006 Sala, 

Llobet and coworkers successful synthesized the C3-symmetric tripodal ligand 2 shown 

in Figure 1. 17 ,18  Based on this type of chiral ligands, a number of chiral pinene-

containing complexes have been reported (5, 6 and 7 in Figure 1).19,20 

 

Figure 2. Examples of reported chiral pinene ligands (up) and Ru chiral pinene complexes (down). 
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In Chapter III of this PhD Thesis we have reported a new family of Ru-based 

expoxidation catalysts bearing NHC and polypyridylic ligands on their 1st coordination 

sphere, (see Chapter III for further details). Among them, C1-Cl/OH2 and C2-Cl/OH2, 

bearing together with the NHC ligand a trpy scaffold were identified as the most 

interesting species given their capacity to stereospecifically epoxidize cis olefins such 

as cis-β-methylstyrene. Therefore, here on we intend the introduction of chirality on the 

trpy ligand by means of Pinene moieties and the analysis of the resulting compounds in 

the stereo and enantioselective epoxidation of cis alkenes.  Therefore, we present in 

this Chapter the synthesis of two compexes with general formula [RuII(L2)(PhthaPz-

Ome)X]n+ (L2 = [4,5]pinene-trpy; X = Cl, n = 1; X = OH2, n = 2), their structural and 

electrochemical characterization and the preliminary evaluation of their performance as 

asymmetric epoxidation catalysts.  
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IV.2. Results and Discussion 

IV.2.1. Synthesis and characterization of [RuIII(L2)Cl3] 

The chiral [4,5]pinene-trpy ligand L2 (Scheme 1) was prepared according to the 

methodology presented by Balavoine and coworkers in 1999.21 Using the chiral ligand, 

the precursor [Ru(L2)Cl3] was prepared following a slightly modified procedure also 

presented by the same research group.21 Ethanol was chosen to be the best solvent for 

the synthesis of the [Ru(L2)Cl3] precursor. 22  RuCl3·3H2O and L2 were refluxed 

together for 6h in ethanol and [Ru(L2)Cl3] was directly obtained as a reddish precipitate 

in a 65% yield. Given its paramagnetic nature that prevented NMR characterization, the 

presence of the desired compound was indicated by means of Cyclic Voltammetry (see 

Figure 3) and Mass Spectrometry (Figure S1 in Supporting Information). [Ru(L2)Cl3] 

was then employed for the next synthetic step without further purification. 

As shown in Figure 3, the CV of the [Ru(L2)Cl3] precursor exhibits two reversible 

waves which can be assigned as the following electrochemical processes: 

 

 

The two reversible waves observed at -0.09 and 1.35V correspond to the Ru(III/II) and 

Ru(IV/III) processes.  
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Figure 3. CV of the [RuIII(L2)Cl3] precursor. 

 

IV.2.2. Synthesis and Characterization of C5-Cl/OH2 

IV.2.2.1. Synthesis of C5-Cl/OH2 

The synthetic procedure of C5 complexes (Scheme 1) is similar to the one employed 

for complexes C1-C4-Cl/OH2 discussed in Chapter III.23,24 Following a previously 

reported methodology reported by our group, 2 molar equivalents of [Ru(L2)Cl3] were 

mixed with L2, Et3N as reducing agent and LiCl to ensure the presence of a labile site 

in the generated complex. After hot filtration, a few drops of aqueous NH4PF6 were 

added to the crude solution and the solvent was evaporated to dryness under vacuum. 

Conversely to the trpy containing complexes reported in Chapter III that easily 

precipitate after counteranion addition, the increased aliphatic content in L2 makes C5-

Cl complexes highly soluble in organic solvents. Therefore, the brown solid obtained 

was purified by column chromatography in Alumina and the mononuclear complex C5-

Cl was obtained as a red-brown powder in a final yield of about 30%. In analogy to C1-

Cl, despite bimetallic species were expected, the mononuclear complexes C5-Cl 
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([RuII(L2)(PhthaPz-Ome)Cl]+) was obtained under the reaction conditions employed. 

As commented in Chapter 3, the tetradentate dinucleating L1 ligand decompose due to 

the nucleophilic attack of methanol to one of its C-N bonds that leading to a bidentate 

scaffold only able to form mononuclear complexes such as the ones shown in Scheme 

1. The N-donor coordinating groups of the L2 ligand are meridionally coordinated to 

the octahedral Ru metal center. 

The aqua complex C5-OH2 was attainted by the addition of AgI to a C5-Cl solution, 

which promoted the decoordination of the chlorido ligand and facilitated the entrance 

of an aqua group to the 1st coordination sphere of the Ru center. Since the solubility of 

C5-Cl was extremely low in water, the ratio of acetone: water was increased to 1: 2 (for 

C1-OH2 in Chapter III the ratio was 1: 3). After AgCl filtration, acetone was slowly 

evaporated from the solvent mixture under vacuum. The counter ion could be easily 

exchanged from BF4
- to PF6

- by adding excess NH4PF6(aq) into the solution, thus 

obtaining [C5-OH2](PF6)2 as a red precipitate. The synthetic procedure is depicted in 

Scheme 1. 
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Scheme 1. Synthesis of [RuIII(L2)Cl3], C5-Cl and C5-OH2. 

 

IV.2.2.2. Characterization of C5-(Cl/OH2) 

Complexes C5-Cl/OH2 were spectroscopically (1D and 2D NMR and UV-vis) and 

electrochemically (CV) characterized in solution as detailed in the following 

subsections. 
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IV.2.2.2.1. NMR Spectroscopy 

Nuclear Magnetic Resonance experiments have been carried out for the diamagnetic 

compound C5-Cl (See Figure 4 and Figure S2 in the Supporting Information). Both 1D 

(1H and 13C) and 2D (COSY, ROESY, HSQC and HMBC) experiments have proven to 

be mandatory tools in order to structurally characterize the compounds in solution. Both 

chlorido and aqua compounds (C5-Cl/OH2) display C1 symmetry in solution, with no 

symmetry elements present in the molecule. Therefore, two enantiomers are present in 

solution that remain indistinguishable in NMR. The symmetry plane present in the trpy 

containing complexes C1 and C2 in Chapter III is now not present due to the chiral 

pinene moyeties present in L2. However, similarly to what is observed for C1 and C2 

in Chapter III, only a single geometric isomer (the cis one) is obtained under the reaction 

conditions employed. The notation cis and trans refer to the relative position of the 

chlorido/aqua ligand with regard to the Ru carbene bond. The NMR spectra of complex 

C5-OH2 are shown in the Supporting Information (Figure S3). 

 

Figure 4. 1H NMR of C5-Cl in acetone-d6 and its corresponding proton assignment. 
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IV.2.2.2.2. Electrochemistry 

The redox properties of the chlorido and aqua complexes C5-Cl/OH2 described in the 

present work have been investigated and their CVs are shown in Figure 5 and Figure 6, 

respectively. 

The single reversible wave obtained for the chlorido complex is assigned to the 

following process: 
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Figure 5. CV of C5-Cl in DCM at a scan rate of 100 mv/s and using glassy carbon as working 

electrode and SSCE as reference electrode. 

As usual, Ru(III/II) processes are not observed for aqua complexes in DCM. Therefore, 

the reversible waves shown in Figure 6 correspond to the following Ru(IV/II) process: 
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Figure 6. CV of C5-OH2 in DCM at a scan rate of 100 mv/s and using glassy carbon as working 

electrode and SSCE as reference electrode. 

In contrast to its non-chiral trpy-based counterpart [C5-OH2](PF6)2 resulted to be totally 

insoluble in water, which precluded the analysis of its redox properties in this solvent.  

 

IV.2.2.2.3. UV-vis 

The UV-vis spectra of the complexes C5-Cl/OH2 have been recorded in methanol and 

are displayed in Figure 7. Two regions could be observed for all the complexes; one 

region between 260 nm and 350 nm with very intense bands is due to intraligand π to 

π* transitions of the coordinated ligands. A second region is between 350 nm and 550 

nm where unsymmetrical broad typical MLCT (metal-to-ligand charge transfer) bands 

appear that could be tentatively assigned to dπ(Ru) to π* N-ligands transitions.25,26 



157 

 

300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

A
b

s
o

rb
a

n
c
e

Wave Length

 Cl

 H
2
O

 

Figure 7. UV-vis spectra of C5-Cl and C5-OH2 complexes in 50 µM MeOH solutions. 

The electronic nature of the monodentate ligand influences the energies of the 

transitions involving orbitals with d(Ru) character to some extent. The MLCT bands for 

the Ru-aqua complexes are slightly blue-shifted with regards to those of their Ru-Cl 

counterparts due to the relative stabilization of the dπ(Ru) levels provoked by the non- 

π-donor character of the aqua ligand.27 

 

IV.2.3. Asymmetric Epoxidation of Different Alkenes 

The aqua complex C5-OH2 have been preliminarily tested with regards to its ability to 

asymmetrically epoxidize prochiral alkenes (Scheme 2) when chemically triggered with 

PhI(OAc)2. The catalytic reactions have been carried out following the conditions 

exposed in Table 1, while the most relevant results are displayed in Table 2.  
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Scheme 2. Enantioselective epoxidation of different alkenes catalyzed by chiral Ru complexes. 

A vial containing 1 mL of 1,2-dichloroethane (DCE) as solvent, (diacetoxyiodo)benzene 

as co-oxidant, 1,1'-biphenyl as internal standard, the catalyst, and the alkene substrate 

was stirred at room temperature. The excess of water is mandatory to ensure the 

generation of PhIO from PhI(OAc)2.28,29. The products of each catalytic reaction have 

been identified by GC (β-dex column) and identified by comparison of their reaction 

times with those of commercial samples of the pure enantiomers and GC-MS. 

Table 1. Reaction conditions for asymmetric epoxidation of styrene and cis-β-methylstyrene 

catalyzed by C5-OH2 

 

The catalytic activity of C5-OH2 towards the epoxidation of alkenes has been 

preliminary tested following the same methodology used in Chapter III for its non-

asymmetric counterpart. The catalytic reaction was carried out at room temperature with 

a catalyst: substrate: PhI(OAc)2 ratio of 1: 1000: 2500. The gathered results obtained 

for the two tested substrates are shown in Table 2. 
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Table 2. Enantioselective epoxidation of styrene and cis-β-methylstyrene catalyzed by C5-OH2. 

Reaction conditions: C5-OH2 (2.5*10-3 mmols, final concentration 0.85 mM) in DCE (1mL), 

substrate (2.5 mmols, 1.7 M), PhI(OAc)2 (5 mmols, 3.4 M), H2O (5 mmols, 3.4 M), 1,1’-byphenil 

(1 mmol, 0.68 M), final volume ≈ 1.47 mL. 

 

a Substrate conversion = {([substrate]i-[substrate]f)/[substrate]i}*100. b Epoxide selectivity = 

{[epoxide]f/([substrate]i-[substrate]f)}*100. c TON with regard to epoxide; TOFi = TON/min. d cis 

epoxide. 

After 7 hours reaction time, 1.29 M cis-β-methylstyrene oxide is obtained with a 

moderate enantioselectivity (20% ee) together with benzaldehyde as main byproduct. 

Similar ee values are obtained for the epoxidation of styrene to styren oxide but, by far, 

with much lower product selectivity (Table 2, entry 2). While these results clearly 

manifest the capacity of Ru-complex, containing the pinene ligand, to 

enantiodifferentiate prochiral substrates such as styrene or cis-β-methylstyrene, it is 

obvious that the enantiomeric excess obtained needs to be significantly improved in 

order to be able to have a meaningful synthetic application. Therefore, further work is 

in progress to optimize reaction conditions for this system in order to improve 

enantioselectivities. 
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IV.3. Conclusions 

In this chapter we presented the preparation, characterization and preliminary 

enantioselective alkene epoxidation capacity of a new family of nononuclear complexes 

with general formula [RuII(PhthaPz-Ome)(L2)X]n+ (L2 is [4,5]pinene-trpy ligand; 

X=Cl, n=1; X=OH2, n=2), C5-Cl/OH2. Initially, the chiral precursor [RuIII(L2)Cl3] was 

synthesized and characterized by means of CV and MS. Reaction of this precursor with 

the dinucleating CNNC ligand L12+ (see Chart 1 in Chapter III) in MeOH lead to 

decomposition of L12+ due to C-N nucleophilic bond cleavage promoted by the solvent 

and, therefore, to the generation of the mononuclear species C5. Given the increased 

alkylic content supplied by the pinene groups appended to the trpy ligand this family of 

complexes show increased solubility in organic solvent but dramatically low solubility 

in water.  C5-OH2 was preliminary tested as a catalyst for the enantioselective 

epoxidation of styrene and cis-β-methylstyrene in dichloroethane giving low ee values 

of about 20%. This result demonstrates the capacity of the ligand combination to 

enantiodifferentiate prochiral substrates. However, the remote position of the chiral 

pinene moieties with regard to the Ru-O active site is probably responsible for the low 

ee value observed.  

 

IV.4. Experimental Section 

Materials: All reagents used in the present work were obtained from Sigma Aldrich 

Chemical Co. and were used without further purification. Reagent-grade organic 

solvents were obtained from Scharlab. RuCl3·3H2O was supplied by Alfa Aesar and 

was used as received. The [4,5]pinene-trpy ligand L2 was prepared as described in the 

literature.21 The synthetic manipulations were routinely performed under nitrogen 

atmosphere using Schlenk tubes and vacuum-line techniques. 
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Instrumentation and Measurements: UV-Vis spectroscopy was carried out by a 

HP8453 spectrometer using 1 cm quartz cells. NMR spectroscopy was performed on a 

Bruker DPX 250 MHz, DPX 360 MHz, DPX 400 MHz, DPX 500 MHz or a DPX 600 

MHz spectrometer. Samples were run in MeOD, DCM-d2 or acetone-d6 with internal 

references. Elemental analyses were performed using a Carlo Erba CHMS EA-1108 

instrument from the Chemical Analysis Service of the Universitat Autònoma de 

Barcelona (CAS-UAB). Electrospray ionization Mass Spectrometry (ESI-MS) 

experiments were proformed on an HP298s gas chromatography (GC-MS) system from 

the CAS-UAB. Cyclic voltammetry and Differential pulse voltammetry experiments 

were performed on the Bio Logic Science Instrument SP-150 potentiostat using a three-

electrode cell. A glassy carbon electrode (2 mm diameter) was employed as working 

electrode while platinum wire as auxiliary electrode and a SSCE as a reference electrode. 

Working electrodes were polished with 0.05 micron Alumina paste and washed with 

distillated water and acetone before each measurement. The complexes were dissolved 

in methanol or dichloromethane solution of 0.1 M ionic strength containing the 

necessary amount of n-Bu4NPF6 (TABH) as supporting electrolyte. E1/2 values here 

presented were estimated from CV experiments from the average of the oxidative and 

reductive peak potentials (Ep,a + Ep,c)/2. The introduced alkenes and the corresponding 

chiral epoxides were separated and analyzed through Gas Chromatography HRGC-

3000 KONIK ISTRUMENT.  

Synthetic Preparations 

[Ru(L2)Cl3]: RuCl3·3H2O (523 mg, 2.0 mmol) and 2,6-bis((6S,8S)-7,7-dimethyl-

5,6,7,8-tetrahydro-6,8-methanoisoquinolin-3-yl)pyridine  (L2) (842 mg, 2.0 mmol) 

was suspended in 50 mL ethanol and refluxed for 4 hours while vigorous magnetic 

stirring was maintained. Then the reaction was cooled down to room temperature and 

the brown precipitate formed was filtered off and washed with 3×30 mL of first 
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methanol and then diethylether. Yield: 591 mg (47%). E1/2 (CV in DCM): Ru(III/II) =  

-0.09V, Ru(IV/III) = 1.35V. ESI-MS (MeOH): m/z = 593.1 ([M-Cl]), 559.1 ([M-2Cl+1]). 

cis-[RuII(PhthaPz-Ome)(L2)Cl]PF6 (C5-Cl): [Ru(L2)Cl3] (130 mg, 0.3 mmol), 1,4-Bis 

(1-methylimidazolium-1-yl) phthalazine dichloride (L1(Cl)2) (73 mg, 0.2 mmol) and 

LiCl (38 mg 0.9 mmol) were placed together in a flask and dry methanol (20 mL) was 

added as solvent. Triethylamine (121 mg, 166 µL, 1.2 mmol) was added to the solution 

and the mixture was refluxed at 80ºC for 16 hours. The solution was filtered through 

celite® and to the residual solution 20 drops of saturated NH4PF6 water solution were 

added. The solvent was removed under vacuum and the residual solid was purified by 

column chromatography with DMC: MeOH (98: 2) as eluent mixture. Yield: 62 mg 

(33%) 1H NMR (600 MHz, acetone-d6, 298K) δ=8.97 (d, 1H, J4-3 = 2.4 Hz, H4), 8.81 

(d, 1H, J9-10 = 8.7 Hz, H9), 8.63 (d, 2H, J33-34 = 2.9 Hz, H33), 8.35 (s, 1H, H27), 8.28 

(t, 1H, J34-33,33’ = 8.1 Hz, H34), 8.11 (m, 2H, H10, H11), 7.95 (d, 1H, J3-4 = 2.3 Hz, H3), 

7.91 (t, 1H, J11-10,12 = 7.6 Hz, H11), 7.65 (d, 1H, J20-22 = 6.4 Hz, H20), 7.62 (d, 1H, J20’-

22’ = 6.4 Hz, H20’), 4.77 (m, 3H, H1), 3.54 (s, 3H, H18), 3.20 (m, 4H, H25), 2.66 (ddt, 

2H, J22-30,23,23’ = 23.0, 17.5, 5.6 Hz, H22), 2.55 (m, 4H, H23a), 2.28 (m, 2H, H24), 1.35 

(s, 3H, H30), 1.27 (s, 3H, H30’), 1.18 (d, 1H, J23b-23a = 9.4 Hz, H23b), 0.89 (d, 1H, J23b’-

23a’ = 9.8 Hz, H23b’), 0.64 (s, 3H, H31), 0.27 (s, 3H, H31’). 13C-NMR (600 MHz, 

acetone-d6, 298K) 157.95 (C13), 157.22 (C32), 157.17 (C32’), 156.05 (C28,28’), 

152.14 (C20), 152.09 (C20’), 151.68 (C8), 146.23 (C21), 146.19 (C21’), 145.85 (C26), 

145.82 (C26’), 135.33 (C34), 133.91 (C10), 131.93 (C11), 126.00 (C3), 124.16 (C12), 

122.63 (C27), 122.58 (C27’), 120.70 (C9), 120.43 (C33), 120.40 (C33’), 118.86 (C4), 

54.14 (C18), 44.26 (C22), 44.22 (C22’), 39.56 (C24,24’), 38.55 (C29), 38.38 (C29’), 

37.44 (C1), 32.39 (C25,25’), 30.83 (C23), 30.63 (C23’), 25.00 (C30), 24.91 (C30’), 

20.63 (C31), 20.34 (C31’). UV/vis (methanol): λmax (ε)= 283 (19400), 322 (20424), 417 

(5238), 464 (5062). ESI-MS (MeOH): m/z = 798.2 ([M-PF6-1]). 
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cis-[RuII(PhthaPz-Ome)(L2)(OH2)](PF6)2 (C5-OH2): C5-Cl (120 mg, 0.13 mmol) was 

dissolved in a mixture of acetone and water (1: 2, 30 mL). AgBF4 (109 mg, 0.56 mmol) 

was added into the solution. The mixture was refluxed at 90ºC for 4 hours. 50 mL of 

acetone were then added to the reaction mixture and the solution was filtered through 

celite® to remove the AgCl formed. 20 drops of a saturated NH4PF6 aqueous solution 

were then add to the filtrate. The solvent was removed under vacuum and the residual 

solid was purified by column chromatography  in alumina with DMC:MeOH (95.5:1.5) 

as eluent mixture Yield: 49 mg (35%) 1H NMR (600 MHz, acetone-d6, 298K) δ=9.00 

(d, 1H, J4-3 = 2.4 Hz, H4), 8.78 (d, 1H, J9-10 = 8.7 Hz, H9), 8.71 (d, 2H J33-34 = 7.4 Hz, 

H33), 8.45 (s, 2H, H27), 8.40 (t, 1H, J34-33,33’ = 8.1 Hz, H34), 8.12 (dd, 1H, J10-9,11 = 

11.6, 4.2 Hz, H10), 8.10 (d, 1H, J12-11 = 7.7 Hz, H12), 8.01 (d, 1H, J3-4 = 2.4 Hz, H3), 

7.93 (t, 1H, J11-10,12 = 7.6 Hz, H11), 7.78 (s, 1H, H20), 7.74 (s, 1H, H20’), 4.53 (s, 3H, 

H1), 3.50 (s, 3H, H18), 3.16 (m, 4H, H25), 2.66 (m, 2H, H22, H23a), 2.52 (m, 1H, 

H23b), 2.25 (m, 2H, H25), 1.31 (s, 3H, H30), 1.22 (s, 3H, H30’), 1.14 (d, 2H, J23a’-23a = 

9.5 Hz, H23a’), 0.84 (d, 1H, J23b’-23b = 9.9 Hz, H23b’), 0.62 (s, 3H, H31), 0.24 (s, 3H, 

H31’). 13C-NMR (600 MHz, acetone-d6, 298K) 201.22 (C6), 157.87 (C13), 157.58 

(C32), 157.50 (C32’), 156.75 (C28,28’), 153.12 (20), 153.00 (20’), 152.96 (C8), 147.56 

(C21), 147.53 (C21’), 147.19 (C26), 147.18 (C26’), 137.40 (C34), 134.17 (C10), 

132.67 (C11), 126.12 (C3), 124.14 (C12), 123.31 (C27), 123.27 (C27’), 121.20 

(C33,33’) 120.85 (C9), 119.35 (C4), 54.48 (C18), 44.22 (C22), 44.20 (C22’), 39.37 

(C24,24’), 38.48 (C29), 38.27 (C29’), 36.49 (C1), 32.55 (C25), 32.52 (C25’), 30.78 

(C23), 30.48 (C23’), 24.99 (C30), 24.86 (C30’), 20.63 (C31), 20.35 (C31’). UV/vis 

(methanol): λmax (ε)= 283 (18530), 323 (19872), 401 (5367), 451 (6123). ESI-MS 

(MeOH): m/z = 798.2 ([M-2PF6]). 
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Figure S1. ESI-MS spectrum of [Ru(L2)Cl3] 

 

 

Figure S2. 1D and 2D NMR spectra of C5-Cl (600 MHz, 298K, acetone-d6): a) 13C NMR, b) 

HSQC, c) HMBC, d) COSY, e) ROESY 

a) 
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b) 

 

c) 
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d) 

 

e) 
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Figure S3. 1D and 2D NMR spectra of C5-OH2 (600 MHz, 298K, acetone-d6): a)1H NMR, b) 13C 

NMR, c) HSQC, d) HMBC, e) COSY, f) ROESY 

a) 

 

b) 
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c) 

 

d) 
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e) 

 

f) 
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Figure S4. ESI-MS spectrum of C5-Cl 

 

 

Figure S5. ESI-MS spectrum of C5-OH2 
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Chapter V. Conclusions 

 

I. 

Conclusions 

1. A new tetradentate dinucleating NHC ligand, L12+, has been synthesized and 

fully characterized by means of NMR spectroscopy and X-ray diffraction 

analysis. 

2. Ligand L12+ partially decompose in nucleophilic protic solvents at high 

temperatures due to C-N bond scission. 

3. Four ruthenium mononuclear chlorido and aqua complexes with general 

formula [Ru(PhthaPz-R)(T)X]n+ (X = Cl, n = 1, X = H2O, n = 2 ; R = Methyl, 

Isopropyl; PhthaPz = 1,6-(1-methylimidazole)phthalene), T = trpy, bpea or tpm), 

have been successfully prepared by combining L12+ with [Ru(T)Cl3] type of 

precursors in nucleophilic protic solvents such as MeOH and iPrOH. Partial 

decomposition of the tetradentate NHC ligand to a bidentate scaffold takes place 

also in these conditions. 

4. The spectroscopic and electrochemical properties of the eight prepared 

complexes have been thoroughly analyzed by means of NMR and UV-vis 

spectroscopy, CV and spectrophotometric titration with CeIV. 

5. A gradual destabilization of the Ru(III) oxidation state in aqueous media has 

been observed for the aqua complexes prepared: C4-OH2 (bpea) increase its 

oxidation state through mono-electronic processes (∆E1/2 = 200 mV) via Ru(III), 

C1-OH2 and C2-OH2 manifest quasi-bielectronic process (∆E1/2 = 40 mV) and 
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complex C3-OH2 is oxidized through bi-electronic processes (∆E1/2 ≤ 0 mV), 

being Ru(III) unstable with regards to disproportionation.  

6. C1-OH2 and C2-OH2 are instable in aqueous media and progressively 

decompose/transform.to other Ru-based species still unidentified.  

7. The four aqua complexes show poor stability due to ligand oxidation under the 

harsh reaction conditions employed for the oxidation of water. The concomitant 

evolution of CO2 and O2 clearly reflects the weakness of the PhthaPz-OR family 

of ligands under oxidative conditions. Higher TON values are obtained for the 

trpy-based complexes C1-OH2 and C2-OH2 when compared with the bpea/tpm 

ones (C3-OH2/C4-OH2), which manifests the much less robust character of the 

latters with regards to oxidation.  

8. Complexes where bi-electronic oxidative redox process are favored show better 

performance and selectivity in the epoxidation of alkenes with PhI(OAc)2. The 

comparatively lower oxidation capacity of complex C3-OH2 mainly origins 

from both; the easy oxidation of the tpm ligand under the reaction conditions 

and the much higher steric encumbrance of this facial ligand. When cis-β-

methylstyrene is employed as substrate, no cis/trans isomerization takes place, 

therefore leading to stereospecific epoxidation processes. 

 

II. 

Conclusions 

1. The chiral ligand L2 ([4,5]pinene-trpy) has been successfully coordinated to 

RuCl3 leading to the chiral precursor [RuIII(L2)Cl3], which has been 

characterized by means of MS and CV. 
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2. Two chiral Ru complexes with general formula [RuII(L2)(PhthaPz-Ome)X]n+ 

(L2 = [4,5]pinene-trpy; X = Cl, n = 1; X = OH2, n = 2) have been synthesized 

and fully characterized by means of NMR and UV-vis spectroscopies. 

3. The aqua complex C5-OH2 was preliminary tested as a catalyst for the 

enantioselective epoxidation of styrene and cis-β-methylstyrene in 

dichloroethane giving low ee values of about 20%. This result demonstrates the 

capacity of the ligand combination to enantiodifferentiate prochiral substrates. 

However, the remote position of the chiral pinene moieties with regard to the 

Ru-O active site is probably responsible for the low ee value observed.  

 


