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IV.1. Introduction 

The epoxidation of olefins is still a great challenge due to its importance in industrial 

and organic synthetic methodologies.
1,2

 Epoxides are essential intermediates, 

particularly for the synthesis of various polymers (polyglicols, polyamides, 

polyurethanes, etc.)
3
 and fine chemicals such as pharmaceuticals, food additives or 

flavor and fragrance compounds.
4
 The biggest market is propylene oxide, which is 

produced at 8 million TON/year with an expected annual increase of 5%.
5
  

Ru complexes are excellent catalyst for redox transformations such as alcohol 

oxidation,
6
 sulfoxidation,

7
 water oxidation

8
 and epoxidation.

9
 In all these cases Ru

IV
=O 

species have shown to be the active catalytic unit. Most of the literature related to redox 

catalysis using Ru complexes is based on mononuclear complexes since they are 

generally easily accessible from a synthetic point of view. In sharp contrast, a powerful 

diruthenium epoxidation catalyst in terms of epoxide selectivity, and conversions has 

been recently reported by our research group.
11a

 In addition, this new catalyst displays 

distinctive reactivity with regards to cis and trans alkenes. Both features are proposed to 

be caused by a supramolecular hydrogen bonding interaction between the second 

Ru
IV

=O site and the substrate employed, together with steric effects.  

Our group has an extensive experience on the synthesis, characterization and oxidative 

catalytic performance of several dinuclear Ru complexes, most of them inspired on the 

well-known {[Ru
II
(trpy)]2(-bpp)(-Cl)}

2+
 water oxidation catalyst.

10
 Modifications 

around this paradigmatic compound such as the replacement of the trpy auxiliary 

ligands by facially coordinating scaffolds such as bpea or tpym (see Chart 1 for a 

drawing of these ligands), as well as the exchange of the bpp
-
 bridge by other  

tetradentate bridges such as pyr-dc
3-

 or pbl
-
 (Chart 1) have been prepared, characterized 

and catalytically evaluated.
11

 The use of facial ligands such as bpea and tpym allowed 

an “up, down” dispositon of the metal centers, thing that dramatically affected both the 

steric and electronic properties of these complexes as well as their final reactivity and 

water oxidation reaction mechanism.
12,13

  

The use of a bis-facial bridging ligand to prepare dinuclear Ru catalysts for water 

oxidation and/or olefin epoxidation has never been attempted. Therefore, in order to 

explore the properties of this kind of systems herein we report the synthesis, 
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spectroscopic and redox propierties of a new dinuclear complex with formula 

{[Ru
II
(bpy)]2(-bimp)(-Cl)}

2+
, 2

2+
 and its bis-aquo derivative {[Ru

II
(bpy)(H2O)]2(-

bimp)}
3+

, 3
3+

  (bpy is the 2,2’-bipyridine; bimp
-
 is the 3,5-bis[bis(1,4,5-

trimethyimidazol-2-yl)-methoxymethyl]pyrazolate). The already reported bimp
-
 ligand 

will act as bridging and bis-facial coordinating ligand. The reactivity of 3
3+

 towards the 

oxidation of water and olefins and the comparative discussion with the already reported 

family of related dinuclear complexes is reported in this work. 

 

Chart 1. Bridging and auxiliary ligands discussed in this work. 
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IV.2. Results & Discussion  

IV.2.1. Synthesis and characterization of 1, 2(PF6)2 and 3
3+

 

The synthetic strategy followed for the preparation of the dinuclear complexes 2(PF6)2 

and 3
3+

 is depicted in Scheme 1.  

 

Scheme 1. Synthetic pathway for the preparation of  and 2(PF6)2 and 3
3+

. 

Preparation of precursor 1 from RuCl3·nH2O involved the presence of sodium 

methoxide as a base to deprotonate the pyrazolic nitrogen of the Hbimp ligand.
*
 

Because of the high solubility of 1 in the reaction media, the addition of diethyl ether 

was mandatory to precipitate the desired product as a green powder (see ESI-MS 

spectra of 1 in Figure S7). The reaction of 1 in the presence of LiCl, triethylamine and 

2,2’-bypyridine (2 equivalents) ended up generating 2
2+

 after overnight stirring at room 

temperature. The addition of water and 1 ml of a saturated aqueous solution of NH4PF6 

yielded a violet powder corresponding to the desired complex, 2(PF6)2. The dissolution 

of 2(PF6)2 in a pH=1 aqueous solution (triflic acid 0.1 M) resulted in the generation of 

the bis-aqua complex 3
3+

. 

Each tridentate unit of the hexadentate Hbimp ligand, given its configuration, can only 

coordinate in a facial fashion to an octahedral metal centre. In addition, the Hbimp 

ligand can potentially generate the Cs (cis) and C2 (trans) isomers depicted in Figure 2. 

The terms cis and trans indicate whether the two bipyridines are located one above and 

                                                 

*
 The Hbimp ligand has been gently provided by Pr. Franc Meyer (University of Gottingen). 
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one below (trans) or both on the same side (cis) of the distorted plane formed by the 

pyrazolate ring, the Ru metal centers and the chlorido bridged or the two coordinated 

aqua ligands. A schematic view of these isomers is shown in Scheme 2.  

 

Scheme 2. Schematic plot of the potential isomers of complexes 2(PF6)2 and 3
3+

. (a) 

cis and (b) trans. Color code: bimp
-
 ligand (blue nitrogen atoms). bpy (red nitrogen 

atoms). 

In order to structurally characterize complex 2(PF6)2 in solution a set of NMR 

experiments have been performed. Figure 1a displays the 
1
H-NMR in acetone-d6 of 2

2+
.  

The broad kind of signals observed clearly reveals the paramagnetic character of the 

sample, probably due to the partial oxidation of 2
2+

.  

On the other hand, Figure 1b displays the 
1
H-NMR of the same sample when acquired 

in the presence of a reducing agent (Zn amalgam). The much nicer resonances here 

observed clearly corroborate the ease of oxidation of 2
2+

, as proposed above.  
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Figure 1. 1
H-NMR (400 MHz, acetone-d6) for 2

2+ 
(a) without and (b) with Zn amalgam.  

Figure S2 in the Supporting Information displays both 1D (
1
H and 

13
C {

1
H}) and 2D 

(COSY, HSQC and HMBC) NMR experiments for 2
2+

. NMR experiments were a 

mandatory tool in order to confirm the presence signals of a unique isomer of 2(PF6)2, 

thus excluding the formation of mixture of isomers. Due to the low solubility in the 

regular deuterated solvents and the ease of oxidation above-mentioned all our attempts 

to record a Noesy NMR spectrum failed, thus the pyridine rings of each bipyridine and 

the four methyl groups bonded to the imidazole moieties could not be distinguished. For 

this reason, only partial assignment of the proton and carbon resonances of complex 2
2+ 

could be accomplished (See the Experimental Section).  

Due to the unfruitful attempts to obtain good enough crystals for X-ray diffraction 

analysis and the lack of information extracted from the NMR experiments, DFT 

calculations have been carried out in order to assess the relative stability of theses 

isomers.
†
 These calculations gave energy values 5.7 Kcal/mol lower for the trans isomer 

                                                 

†
 DFT calculations have been carried out in collaboration with Dr. Albert Poater (University of Girona). 

b)

a)
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with regard to the cis in the case of the chlorido-bridged complex 2
2+

 (Figure 2). When 

the same calculation was applied for the corresponding cis and trans-

{[Ru
II
(bpy)(H2O)]2(-bimp)}

3+
, 3

3+
 (see Figure S1 in the Supporting Information for the 

corresponding plots), the cis/trans energy gap increased until 8.1 Kcal/mol, again 

demonstrating the higher thermodynamic stability of the latter. Despite these values are 

not high enough to discard the formation of the cis isomer under the reaction conditions, 

they are the unique argument we have to decide that the formed isomer is the trans one.    

 

Figure 2. Plot of -Cl front view (top) and pyrazole front view (bottom) of the proposed 

isomeric structures of cis (left) and trans-{[Ru
II
(bpy)]2(-bimp)(-Cl)}

2+
 (right), 2

2+
. 

2(PF6)2 and 3
3+

 have also been characterized in terms of their electronic spectra and 

electrochemical properties. The most relevant results about these data are reported in the 

following sections. Further information about their ESI-MS spectra is depicted in the 

Supporting Information (Figures S8-S9).  

 

cis

cis

trans

trans
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IV.2.1.1. Electrochemistry 

The redox properties of complexes 2
2+ 

and 3
3+

 described in the present work were 

investigated by means of CV and DPV and are reported in Table 1 together with those 

corresponding to previously reported related compounds. Figures 3-4 and Figures S3-S6 

in the Supporting Information display these experiments. The electrochemistry of 2
2+

 is 

reported in both DCM (Figures S4 and S5) and acetone (Figures 3 and S3), in which the 

solubility is higher. An aqueous solution at pH=1 (0.1 M triflic acid) was used for 3
3+

.     

Table 1. Redox potentials in V (vs. SSCE) at a scan rate of 100 mV/s for 2
2+

, 3
3+

 and 

related Ru complexes for comparison purposes.  

E
n

tr
y

 

  III/II       

N
p

y
ri

d
in

e
 

N
p

y
rz

/i
m

id
z
 

Cl 

R
ef

. 

1 [Ru(bpy)3]
+ d

 1,28    6 - - 14 

2 [Ru(tpy)(bpy)Cl]
+ d

 0,80    5 - 1 15 

3 [Ru(tpy)(bpy)(H2O)]
2+ b

 0,80    5 - - 17b 

    
III,II/     

II,II 

III,III

/III,II 

IV,III/ 

III,III 

IV,IV/ 

IV,III 
    

4 {[Ru
II
(trpy)]2(-bpp)(-Cl)}

2+ a
 0.71 1.12 - - 4 1 0,5 16 

5 2
2+ a

 0.55 0.98 - - 2 3 0,5 c 

6 trans-{[Ru
II
(Cl)(tpym)]2(-bpp)}

+ a
 0.54 0.84 - - 4 1 1 13 

7 trans-{[Ru
II
(Cl)(bpea)]2(-bpp)}

+ a
 0.37 0.72 - - 3 2 1 12 

8 cis-{[Ru
II
(trpy)(H2O)]2(-bpp)}

3+ b
 0.59 0.65 0.88 1.10 4 1 - 16 

9 trans-{[Ru
II
(tpym)(H2O)]2(-bpp)}

3+ b
 0.54 0.75 1.18 1.52 4 1 - 13 

10 3
3+ b

 0.27 0.46 0.69 1.06 2 3 - c 

11 trans-{[Ru
II
(bpea)(H2O)]2(-bpp)}

3+ b
 0.21 0.43 0.61 - 3 2 - 12 

a
 CH2Cl2 using 0.1 M of TABH as electrolyte. 

b
 Aqueous solution at pH=1 (0.1 M triflic acid).   

c
 This work. 

d
 Acetonitrile using 0.1 M of TABH as electrolyte. 

The CV of 2
2+

 in DCM (Figure S4) exhibits two reversible waves, which are assigned to 

 the following electrochemical reactions (the chlorido-bridged ligands are not shown for 

the sake of clarity): 

[Ru
III

(-L1)Ru
II
]

3+
 + 1e

- 
 [Ru

II
(-L1)Ru

II
]

2+
 (0.55 V) (2) 

[Ru
III

(-L1)Ru
III

]
4+

 + 1e
- 

 [Ru
III

(-L1)Ru
II
]

3+
 (0.98 V) (3) 

IV



CHAPTER IV 

 

126 

 

Table 1 displays the E1/2 values for the chlorido-bridged 2
2+

 and the bis-aquo derivate 

3
3+

 as well as for a set of related compounds with a high diversity of N-donor ligands. In 

this manner the compounds are classified depending on how -donor is the coordinated 

N-donor ligand (pyridine < pyrazole ≈ imidazole) as well as according to the number of 

chlorido anions coordinated per Ru center (0, 0.5 when a chlorido-bridge connects two 

Ru metal ions or 1). For the set of chlorido compounds (Table 1, entries 2 and 4-7) each 

Ru center is influenced by the two effects; meanwhile for the set of bis-aqua derivates 

(entries 3 and 8-11) only the -donation of the N-ligand influences the final E1/2 values. 

With all these rationalities on hand, and considering that the higher the electronic 

donation of the ligands, the lower the redox potential (E1/2); the electrochemical 

behavior of 2
2+

 and 3
3+

 can be explained as follows.  

A clear down-shift of the E1/2 is observed when comparing the redox potentials of 2
2+

 

(Table 1, entry 5) with the ones previously reported for the related {[Ru
II
(trpy)]2(-

bpp)(-Cl)}
2+ 

complex (entry 4). This is in agreement with the higher -donation and 

lower -acceptor capacity of the imidazole rings with regards to the pyridines 

conforming the trpy ligand. On the other hand, the redox potentials of the III,III-III,II 

and III,II-II,II couples of complex 2
2+

 can also be compared with the ones previously 

reported for other bis-facial Ru dinuclear complexes (entries 6 and 7). When comparing 

with the bpea complex (entry 7), both processes are anodically shifted by 240 and 180 

mV. This shift is a consequence of both the lower-donation and higher -acceptor 

capacity of the imidazole rings in 2
2+

 with regards to the central tertiary amine in the 

bpea ligand and the lower -donation of the chlorido-bridged anion in contrast to the 

two chlorido anions present in the trans-{[Ru
II
(Cl)(bpea)]2(-bpp)}

+
 complex. The 

redox potentials are surprisingly similar to those reported for the tpym chlorido complex 

(entry 6). While in trans-{[Ru
II
(Cl)(tpym)]2(-bpp)}

+
 each Ru is coordinated to 4 

pyridines, 1 pyrazole and one chlorido anion, in 2
2+

 (entry 5) each Ru is electronically 

modulated by 2 pyridines, 3 imidazole/pyrazole rings and only half chlorido ligand. The 

latest reveals, once again, the influence of both the N-ligands and chlorido anions into 

the final E1/2 and how this value is a perfect combination of both factors. 

 



Bis-facially Bridged Ru Dinuclear Domplexes:  

Powerful Catalyst for the Epoxidation of Alkenes  
 

 

127 

 

 

Figure 3. Cyclic voltammogram for the chlorido-bridged complex 2
2+

 in 0.1 M n-

Bu4NPF6 in acetone at 100 mV/s scan rate. Glassy carbon electrode is used as working electrode 

and the potential is measured vs. SSCE. 

The electrochemistry of 3
3+

 has been investigated after its “in-situ” generation in an 

acetone:pH 1 aqueous solution (0.1 M triflic acid) 10:90 using 2
2+

 as a precursor (see 

Scheme 1). From the CV (Figure S6) and DPV (Figure 4) of 3
3+

 a total of four waves 

are observed. These have been tentatively assigned, taking into account previous results 

on related complexes,
16

 to a total of four redox processes:  

[Ru
III

-Ru
II
] + 1e

- 
 [Ru

II-
Ru

II
] (0.27 V) (4) 

[Ru
III

-Ru
III

] + 1e
- 

 [Ru
III-

Ru
II
] (0.46 V) (5) 

[Ru
IV

-Ru
III

] + 1e
- 

 [Ru
III

Ru
III

] (0.69 V) (6) 

[Ru
IV

-Ru
IV

] + 1e
- 

 [Ru
IV

-Ru
III

] (1.06 V) (7) 

When the potential is increased further up to 1.3 V a large anodic current is observed in 

the DPV that is associated with a further one electron oxidation of the complex 

concomitant with the electrocatalytic oxidation of water to dioxygen in agreement with 

equations (8) and (9).  
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{O=Ru
V
-Ru

IV
=O}

4+
  +  1e

-
   {O=Ru

IV
-Ru

IV
=O}

3+
    (8) 

{O=Ru
V
-Ru

IV
=O}

4+
  +  2H2O   {H2O-Ru

III
-Ru

II
-OH2}

4+
 + O2  (9) 

The oxidation process related to the equation 8 is not observed in the DPV (Figure 5) 

given the concomitant and fast electrocatalytic current corresponding to the oxidation of 

water (equation 9). 

As can be observed in Table 1, relevant changes are observed when comparing the 

redox potentials of 3
3+

 with regard to those of the related bis-aquo species of the Hbpp 

family (compare entries 8 and 10 in Table 1). While when comparing the E1/2 of the 

chlorido derivates (Table 1, entries 3-6) the presence of one bridging or two 

independent chlorido anions and the more or less -donor/-acceptor character of the 

ligands were the arguments used to discussed the different E1/2 values, for the bis-aquo 

compounds only the latter applies. Therefore, the clear down-shift of the E1/2 values of 

3
3+

 (entry 10) with regards to the ones reported for the related cis-{[Ru
II
(trpy)(H2O)]2(-

bpp)}
3+

 complex (entry 8) can be explainded by the more -donating and less -

acceptor character of the imidazole rings with respect to pyridine. It is worth to mention 

how the redox processes of 3
3+

 are cathodically shifted comparing with the ones 

observed for the related and also bis-facial trans-{[Ru
II
(tpym)(H2O)]2(-bpp)}

3+
 (entry 

9), meanwhile its chlorido derivates (entries 5 and 6) displayed similar redox values due 

to the different number of these anions. Thus, here again, the more -donating and less 

-acceptor character of the imidazole rings with respect to pyridine rationalizes this 

observation. Finally, similar E1/2 values were obtained for the trans-

{[Ru
II
(bpea)(H2O)]2(-bpp)}

3+
 complex (entry 11) and 3

3+
 (entry 10). The mixture in 

the bpea ligand of a strong -donor such as the tertiary amine and 3 pyridine scaffolds 

per metal ion seems to average similar donor/acceptor properties than
 
when combining 

2 imidazol and 2 pyridine scaffolds per metal ion such as in 3
3+

.  
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Figure 4. Differential pulse voltammetry for the bis-aquo complex 3
3+

 in a mixture 

acetone:water (pH = 1.0 in 0.1 M triflic acid aqueous solution) 90:10. Scan rate: 100 mV/s. 

Glassy carbon electrode is used as working electrode and the potential is measured vs. SSCE. 

IV.2.1.2. UV-Vis 

The UV-vis spectra of 2
2+

 and 3
3+

 have been recorded in acetone and 

acetone:water(pH=1) 80:20 respectively and are displayed in Figure 5. The region 

between 250 nm and 350 nm, usually displaying very intense bands due to the 

intraligand  transitions, could not be registered here as they were out of the 

solvent range. In the region between 350 nm and 550 nm, unsymmetrical broad metal-

to-ligand charge transfer (MLCT) bands appear.
17

 For the chlorido-bridged complex 2
2+

 

the MLCT bands are shifted to longer wavelength due to the relative destabilization of 

the d(Ru) levels provoked by the chlorido ligand with regard to the related aquo 

derivate 3
3+

. 
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Figure 5. UV-vis spectra for 2
2+

 (green line) in a 59 M acetone solution and 3
3+

 (blue 

line) in a 18 M acetone:water(pH=1) (20:80) solution. 

 

IV.2.2. Water Oxidation Catalysis 

Complex 3
3+

 has been tested as potential catalyst towards the oxidation of water to 

dioxygen in the presence of (NH4)2Ce
IV

(NO3)6 as sacrificial oxidant. The total gas 

evolved has been manometrically measured (Figure 6a) and its composition (in terms of 

O2:CO2 ratio) analyzed by means of on-line Mass Spectrometry (Figure 6b).  
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Figure 6. Chemically triggered water oxidation with 3
3+

 (1 mM) at pH =1.0 in 0.1M triflic 

acid solution in the presence of (NH4)2Ce
IV

(NO3)6 (100 mM) as sacrificial oxidant. (a) 

Manometric measurment. (b) On-line mass spectroscopy (red line: O2, blue line: CO2)  

In the presence of 100 equivalents of Ce(IV) at pH 1, only 4 TON of gas were produced 

after 30 min of reaction, corresponding to a CO2:O2 ratio of 90:10 as could be inferred 

from mass spectrometry (Figure 6b). This low activity and fast CO2 evolution is 

attributed to deactivation process that can involve the degradation of 3
3+

 via 

intermolecular pathways between the highly oxidant Ru(IV)-O species (as previously 

reported for other dinuclear Ru complexes)
18

 or by the direct degradation of 3
3+ 

by the 

Ce(IV)
 
employed as sacrificial oxidant. 

IV.2.3. Epoxidation Catalysis 

3
3+

 has also been tested with regards to its ability to oxidize alkenes (Scheme 3). The 

catalytic reactions have been carried out following the conditions exposed in Table 2, 

whereas the most relevant results are displayed in Table 3. The products of each 

catalytic reaction have been identified by GC-MS (see Figures S10-S12 in the 

Supporting Information for further information). 

 

Scheme 3. Catalytic epoxidation of alkenes by Ruthenium catalysts. 
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Table 2. Reaction conditions for the epoxidation of alkenes with 3
3+

. Final volume ≈ 

1.47 ml. 

Specie mmols Concentration (M) Ratio cat:X 

3
3+

 1,25E-03 8,48E-04 - 

Alkene 2,5 1,7 2000 

Dodecane 1 0,7 800 

(diacetoxyiodo)benzene 5 3,4 4000 

Water 5 3,4 4000 

A vial containing 1 ml of 1,2-dichloroethane (DCE) as solvent, (diacetoxyiodo)benzene 

as oxidant, dodecane as internal standard, catalyst 2
2+

, and water, was initially stirred 

for 120 min. This “incubation” period before substrate addition was observed to be key 

in order to improve the rate of the catalytic reaction. Finally, the substrate was added to 

the previous mixture. The excess of water is mandatory to ensure the generation of 

PhIO from PhI(OAc)2
19

 and to transform 2
2+

 into the bis-aqua derivative 3
3+

. Figure 7 

summarizes the set of reactions that take place during the catalytic epoxidation of 

alkenes for the proposed system. 
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Figure 7. Summary of the reactions taking place in the catalytic epoxidation of alkenes 

with 3
3+

. 

The catalytic activity of 3
3+

 towards the epoxidation of alkenes has been initially tested 

and optimized for the oxidation of cis--methylstyrene and the reaction evolution 

monitored by GC and GC-MS. The results obtained for all the alkenes tested are 

gathered in Table 3. As it can be observed in entry 1, the system: 3
3+

 0.85 mM/cis--

methylstyrene 1.7 M/PhI(OAc)2 3.4 M/H2O 3.4 M in DCE gives 1.50 M cis--

methylstyrene epoxide that represents 1760 turnover numbers (TONs) with regard to the 

initial catalyst in 90 minutes. After this time the conversion of the initial substrate is 

100% and thus represents an epoxide selectivity of 88%. The activity of 3
3+

 for the 

epoxidation of a variety of alkenes is remarkable and the results are reported in entries 

2-7 of Table 3. For instance, the system 3
3+

/cis-2-octene generates an impressive 1.62 M 
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cis-2-octene oxide that represents a TON of 1900 with regard to the epoxide with an 

initial turnover frequency (TOFi) of 34.0 cycles per minute (see entry 5 in Table 3). 

Althought the results herein reported are difficult to compare with those of related 

complexes from the literature, due to the catalysts and oxidants used are substantially 

different, some conclusions can be extracted. Thus, as a general trend, the reported 

mononuclear species gave lower yield of epoxide and conversion of the substrate.20 

Additionally 3
2+

 is more than 30 times faster than the best mononuclear reference; this 

fact suggests a potential cooperation effect between the two metal centers for the 

dinuclear 3
3+

 catalyst. Potentially one of the Ru
IV

=O groups generate a hydrogen 

bonding with the alkene, fixing the substrate, while the other Ru
IV

=O group can be 

responsible for the oxygen atom transfer. An additional glance at Table 3 shows that 

with electron-donor groups 3
3+

 performs much better than with electron-withdrawers. 

Thus cis-2-octene (entry 5) is the best whereas trans-stilbene (entry 4) is the worst. The 

latter also suffers from potential steric effects due to the bulkiness of its two phenyl 

rings. The electronic effects are in agreement with the electrophilic character of the 

Ru
IV

=O active group proposed in related works.
11b

 As can be observed in Figure 8, it is 

worth to mention the lower activity and selectivity towards the trans substrates with 

regard to the related cis counterparts, which is in agreement with the high steric 

constrictions imposed by the cavity of the catalyst around the active sites. Another 

interesting feature of the systems studied here is the stereospecific nature of the 

catalysis performed in the sense that no cis/trans isomerization takes place for neither 

the cis-alkenes (entries 1,3,5,7) nor the trans-alkenes (entries 2,4,6). This points out 

towards a mechanism of either (A) a concerted oxygen atom transfer from the Ru
IV

=O 

active site to the double bond of the alkene or (B1) a radical path were the C-C rotation 

of the generated radical is much slower than the ring closing that generates the final 

epoxide, as shown in Figure 10.
21
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Table 3. Catalytic performance of 3
3+

 for the epoxidation of alkenes using PhI(OAc)2 as 

oxidant in DCE (Cat:Sub:Ox. 1:2000:4000).
a
 

 Entr

y 
Substrate 

Substrate 

conversion 

(%)
b
 

[Epoxide], M; 

(Selectivity, %)
c
 

TON/TOFi
d
 

1 
cis--

methylstyrene  
100 

1.50; 

(88)
e
 

1760/73 

2 
trans--

methylstyrene 
 

50 
0.68; 

(80)
f
 

800/21 

3 cis-stilbene 
 

100 
0.41; 

(24)
e
 

480/11 

4 trans-stilbene 

 

100 
0.24; 

(14)
f
 

280/4 

5 cis-2-octene 
 

95 
1.62;  

(100)
e
 

1900/34 

6 trans-2-octene 

 

42 
0.71; 

(100)
f
 

840/24 

7 cis-cyclooctene 

 

95 
1.05; 

(65)
e
 

1235/17 

a 
Reaction conditions: 2(PF6)2 (1.8 mg, 1.25 E

-3
 mmols, final concentration 0.85 mM) in DCE 

(1 ml), substrate (2.5 mmols, 1.7 M), PhI(OAc)2 (5 mmols, 3.4 M), H2O (5 mmols, 3.4 M), 

dodecane (1 mmol, 0.68 M); final volume ≈ 1.47 ml. 
b
 Substrate conversion = {([substrate]i – 

[substrate]f)/[substrate]i}·100. 
c
 Epoxide selectivity = {[epoxide]f/([substrate]i – 

[substrate]f)}·100. 
d
 TON with regard to epoxide; TOFi = TON/min. 

e
 100% cis epoxide. 

f
 

100% trans epoxide. 
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a) 

 

  b) 

 

Figure 8. (a) Evolution of cis--methylstyrene oxide (red line) and trans--methylstyrene 

oxide (blue line) when employing 3
3+

 as catalyst. (b) Plot of the O=Ru(IV)-Ru(IV)=O proposed 

structure. 
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Figure 9. Proposed stereoselective (A and B1) and non-stereoselective (B2) mechanisms 

for the epoxidation of alkenes by Ru
IV

=O species.  

 

IV.3. Conclusions 

A new Ruthenium bis-facial dinuclear complex, 2
2+

, containing the hexadentate  

pyrazolate-bridging ligand Hbimp and bpy as auxiliary ligands has been synthesized 

and fully characterized in solution by means of spectrometric, spectroscopic and 

electrochemical techniques. The new compound has been tested with regard to its 

capacity to oxidize water and alkenes. The in situ generated bis-aqua complex 3
3+

 

resulted in low effiencies and selectivities when performing as WOC, which was 

attributed to the intramolecular catalyst-catalyst degradation of the surrounding ligands 

in the harsh and highly oxidative reaction conditions. On the other hand, 3
3+

 has shown 

to be an excellent catalyst for the epoxidation of a wide range of alkenes. From the 

scope of substrates analyzed, the following conclusions can be pointed out: (a) cis 

alkenes were epoxided faster and in higher yields than their corresponding trans 

counterparts, thus reveling the important effect of the steric hindrance around the 

catalytically active sites in the final catalytic output. (b) Substrates containing electron-

donor groups yielded better results than those bearing electron-withdrawers, which 

points out the high electrophilic behavior of the Ru
IV

=O active site; (c) The catalytic 

systems described here are stereospecific in nature, in the sense that no cis/trans 

isomerization takes place for the cis-alkenes. Therefore, either a concerted oxygen atom 

transfer from the Ru
IV

=O active site to the alkene double bond or a radical path were the 
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C-C rotation of the generated radical is much slower than the ring closing that generates 

the final epoxide can be plausible mechanisms for this transformation. Further 

mechanistic work is in progress in our laboratories to unfold the elemental steps that 

take place in the epoxidation catalytic cycle and to fully understand the potential 

cooperative effects in the dinuclear catalysts. 

IV.4. Experimental Section 

Materials: All reagents used in the present work were obtained from 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. Synthesis and characterization of Hbimp ligand are reported in the literature.
22

 

All synthetic manipulations were routinely performed under nitrogen atmosphere using 

Schlenk tubes and vacuum-line techniques. 

Instrumentation and Measurements: UV-Vis spectroscopy was performed by a 

HP8453 spectrometer using 1 cm quartz cells. NMR spectroscopy was performed on a 

Bruker DPX 250 MHz, DPX 360 MHz or a DPX 400 MHz spectrometer or in a Varian 

NMR System 500MHz or 300MHz. Samples were run in CDCl3, CD3CN or acetone-d6 

with internal references. Electrospray ionization mass spectrometry (ESI-MS) 

experiments were carried out on an HP298s gas chromatography (GC-MS) system from 

the CAS-UAB. Cyclic voltammetry and Differential pulse voltammetry experiments 

were performed on an Ij-Cambria HI-660 potentiostat using a three-electrode cell. A 

glassy carbon electrode (2 mm diameter) was used as working electrode, platinum wire 

as auxiliary electrode and a SSCE as a reference electrode. Working electrodes were 

polished with 0.05 micron Alumina paste washed with distillated water and acetone 

before each measurement. The complex was dissolved in acetone containing the 

necessary amount of n-Bu4NPF6 (TABH) as supporting electrolyte to yield 0.1 M ionic 

strength solution. E1/2 values reported in this work were estimated from CV experiments 

as the average of the oxidative and reductive peak potentials (Ep,a + Ep,c)/2.  

Computational Details: The density functional theory (DFT) calculations have been 

carried out with the hybrid B3PW91 density functional,
23

 as implemented in the 

Gaussian 09 package.
24

 The Ru atoms have been represented with the quasi-relativistic 

effective core pseudo-potentials (RECP) of the Stuttgart group and the associated basis 

sets augmented with a f polarization function ( = 1.235).
25

 The remaining atoms (H, C, 
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N, O, and Cl) have been represented with 6-31G(d,p) basis sets.
26

 The B3PW91 

geometry optimizations were performed without any symmetry constraints, and the 

nature of minima was checked by analytical frequency calculations.  

The reported energies have been obtained including solvent effects with the polarizable 

continuum solvation model (PCM) using dichloromethane as a solvent,
27

 via single 

point calculations on the B3PW91 geometries with a triple- valence plus polarization 

basis set (TZVP keyword in Gaussian) of Ahlrichs and co-workers for H, C, N, O, and 

Cl,
28

 and for Ru we used the small-core, quasi-relativistic Stuttgart/Dresden effective 

core potential, with an associated valence basis set contracted (standard SDD keywords 

in gaussian09),
29

  using the M06 functional.
30

  

Overall, the relative Gibbs energies reported in this work include energies computed 

using the M06/TZVP//B3PW91/6-31G(d,p) method together with solvent effects 

obtained at the M06/TZVP level and zero-point energies, thermal corrections, and 

entropy effects calculated at 298 K with the B3PW91/6-31G(d,p) method. 

Synthetic preparations 

{[Ru
III

(Cl)2]2(-bimp)(-Cl)} (1): A sample of 0.382 mmols of Hbimp was solved in 40 

mL of dry methanol, then 1.8 mL of MeONa 0.2108 M (0.382 mmols) were added. The 

mixture was stirred at RT during 10 minutes, and 200 mg (0.765 mmols) of 

RuCl3·3H2O were added. The resulting solution was heated at reflux overnight while 

vigorous magnetic stirring was maintained. After this time the volume was reduced in 

the rotary evaporator and diethyl ether was added. The resulting solid was filtered and 

washed with diethyl ether. Yield: 336 mg (91%). ESI-MS (MeOH): m/z= 926.1 ([M-

2Cl+MeO
-
]

+
) 

trans-{[Ru
II
(bpy)]2(-bimp)(-Cl)}

2+
 (2(PF6)2). A mixture of 300 mg (0.311 mmols) of 

complex 1, 39 mg (0.933) of LiCl and 172.5 l (1.244 mmols) of NEt3 were solved in 

90 ml of dry methanol. The mixture was stirred during 30 min and then 96 mg (0.622 

mmols) of bpy were added. The resulting solution was overnight stirred at r.t.. After this 

time the crude was filtered and 3ml of NH4PF6 saturated aqua solution and 30 ml of 

water were added to the filtrate. The volume was reduced until a violet precipitate 

appeared, which was filtered and washed with cold diethyl ether. Yield: 200 mg 

(45%).
1
H NMR (400MHz, [D6]acetone): = 8.76 (d, 2H, J = 5.20 Hz, H20 or H23), 
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8.53 (d, 2H, J = 5.20 Hz, H20 or H23), 8.36 (d, 2H, J = 7.30 Hz, H17 or H26), 8.20 (d, 

2H, J = 7.30 Hz, H17 or H26), 7.88 (t, 2H, J = 8.90 Hz, J = 7.75 Hz, H18 or H25) 7.77 

(t, 2H, J = 8.90 Hz, J = 7.75 Hz, H18 or H25), 7.36 (t, 2H, H19 or H24), 7.34 (t, 2H, 

H19 or H24), 7.26 (s, 1H, H1), 4.25 (s, 3H, H16), 4.05 (s, 3H, H9 or H15), 3.90 (s, 3H, 

H9 or H15), 2.02, 1.96, 1.93, 0.16. ). 
13

C{
1
H} NMR (400MHz, [D6]acetone): = 161,57 

(C21/22), 161,07 (C21/22), 157,32 (C20/23), 156,51 (C20/23), 154,86  (C2), 145,41 

(C4/10), 143,32 (C4/10), 137,37 (C7/13), 136,06 (C7/13), 135,60, (C18/25), 134,53 

(C18/25),  128,47 (C5/11), 126,66 (C19/24), 125.80 (C5/11),  124,30 (C17/24), 

124,07 (C19/24), 122,88 (C17/24), 106,28 (C1), 85,35 (C3),  57,03 (C16), 33,05 

(C9/15), 32,83 (C9/15), 13,62, 9,13, 8,67, 8,51. ESI-MS (MeOH): m/z= 1283.2 ([M-

PF6]
+
)  
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Figure S1 Plot of bis-H2O front view (top) and pyrazole front view (bottom) of the 

proposed isomeric structures of cis (left) and trans,fac-{[Ru
II
(bpy)(H2O)]2(-bimp)}

3+
 

(right), 3
3+

. 
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Figure S2 1D and 2D NMR spectra (400 MHz, 298 K, Acetone-d6) for 22+: (a) 1H-

NMR, (b) COSY, (c) 13C-{1H}-NMR, (d) HSQC-NMR (aromatic region), (e) HMBC-

NMR (aromatic region). 

(a) 

(b) 
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(c) 

(d) 
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(e) 

Figure S3 DPV for 22+ in 0.1 M n-Bu4NPF6 in acetone at 100 mV/s scan rate. Glassy 

carbon electrode is used as working electrode and the potential is measured s. SSCE.  
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Figure S4 CV for 2
2+

 in 0.1 M n-Bu4NPF6 in DCM at 100 mV/s scan rate. Glassy 

carbon electrode is used as working electrode and the potential is measured vs. SSCE.  

 

 

 

 

Figure S5 DPV for 2
2+

 in 0.1 M n-Bu4NPF6 in DCM at 100 mV/s scan rate. Glassy 

carbon electrode is used as working electrode and the potential is measured vs. SSCE.  
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Figure S6 CV for 3
3+

 in a mixture acetone:water (pH = 1.0 in 0.1 M triflic acid aqueous 

solution) 90:10. Scan rate: 100 mV/s. Glassy carbon electrode is used as working 

electrode and the potential is measured vs. SSCE.  

 

 

 

 

Figure S7 Mass Spectra for complex 1. 
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Figure S8 Mass Spectra for complex 2
2+

. 

 

 

 

 

Figure S9 Experimental (right side) and theoretical zoom (left side) Mass Spectra for 

complex 2
2+
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Figure S10 GC-MS chromatogram for the catalytic performance of cis- and trans--

methylstyrene with 3
3+

. 

 

 

 

 

 

 

Figure S11 GC-MS chromatogram for the catalytic performance of trans--octene with 

3
3+

. 
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Figure S12 GC-MS chromatogram for the catalytic performance of cis-stilbene with 

3
3+

. 

 



CHAPTER V 

Towards new Phthalazine-Triazole N/C-hybrid Ligands: 

Synthesis, Coordination Chemistry and Future Prospects 

The synthesis of a new family of tetradentate bridging 

phthalazine-triazole ligands capable to coordinate a metal centre 

via both N and C atoms has been planned and attempted. The 

synthesis and characterization of a new dinuclear Ru complex 

containing one of these ligands is here reported and further 

discussed in this chapter. The work herein described was 

initially designed and performed in Prof. Martin Albrecht’s 

laboratory at UCD (University College Dublin) during a four 

months stage of the candidate. 
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V.1. Introduction 

A new family of mononuclear iridium complexes containing carbene ligands and 

capable of oxidize water to dioxygen, likewise the one shown in Chart 1 (A), has been 

recently developed.
1
 Because of the multistep redox processes involved in water 

oxidation, abnormally bound N-heterocyclic carbenes (NHCs) are considered to be 

advantageous spectator ligands. Abnormal carbenes, while being formally neutral 

donors, have large contribution from zwitterionic resonance forms,
2
 which may assist in 

stabilizing different metal oxidation states when coordinated to an appropriate transition 

metal. In addition, those ligands may serve as a transient reservoir of both positive and 

negative charge, thus providing synergistic effects similar to those observed in bi- and 

multimetallic complexes.
3
 

On the other hand, Sun & co-workers reported complex B (Chart 1) in 2010 with a 

performance in water oxidation catalysis of about 10000 TON.
4
 In this case a bis-

pyridyl-carboxylate phthalazine ligand behaves as a bridge between both ruthenium 

metals and contributes with an important sigma donor effect through the anionic 

carboxylate groups. Both the phthalazine moiety and the carboxylic groups play a 

significant role in the modification of the electronic properties of the ruthenium metals, 

thus enhancing the catalytic activity of the complex with regards to other structurally 

related compounds.
5,6

  

 

Chart 1. (A, B) Previously reported Ir and Ru catalysts relevant for this chapter. (Ca and 

Cb) New bridging ligands proposed for this work. 
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Based on these previous examples, herein we present the synthesis and characterization 

of a new family of bridging ligands with combined N/C-donor moieties and the 

subsequent preparation of the corresponding ruthenium dinuclear complexes. Therefore, 

the new bridging ligands proposed (Ca and Cb, Chart 1) preserve the phthalazine 

scaffold of the Sun’s system (B, Chart 1) as central unit and replace its donor pyridyl-

carboxylate grups by triazole scaffolds (Ca), potentially able to function as abnormal-

NHCs after N-alkylation (Cb). These new bridging ligands merge our knowledge in N-

donor ligands and Ru dinuclear complexes with Prof. Albrecht’s know-how in NHCs.
7
 
*
 

The alkylation (Cb) or not (Ca) of the free nitrogen atoms of the triazole rings should 

allow us preparing ruthenium complexes with N-N/N-N or C-N/N-C coordination 

patterns that could then be evaluated and compared as water oxidation catalysts.   

 

  

                                                 

*
 The work herein presented is the fruit of a four months stay of the candidate in Prof. Martin Albrecht’s 

laboratory at UCD (University College Dublin). 
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V.2. Results & Discussion  

V.2.1. Ligand Synthesis 

The synthesis of ligands 2a/2b and 3a/3b was initially proposed by means of the 

retrosynthetic route shown in Scheme 1.  

 

Scheme 1. Proposed retrosynthesis for 2a/2b and 3a/3b 
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The key steps of this scheme are: (a) the cross-coupling between the di-halo phthalazine 

ring (6a, 6b) and the acetylene derivate, (b) the click reaction involving the alkyne (5) 

and the azido products (4a/4b) and (c) the selective alkylation of the triazole nitrogen 

atoms of 3a and 3b.  

As a general trend, the formation of a new C—C bond between aryl halides and 

terminal acetylenes (such as the reaction of 6a/6b with trimethylsilylacetylene , Scheme 

1) concerns a mechanism based on two independent catalytic cycles (cycles A and B in 

Scheme 2).
8
  The so called “Palladium-cycle” (cycle A) starts with the catalytically 

active Pd(0)L2 species (1), which can be formed from both Pd(0) complexes such as 

Pd(PPh3)4 or Pd(II) complexes such as PdCl2(PPh3)2. Once with the active species 

formed next is the oxidative addition of the aryl halide (R
1
-X) (2), which is supposed to 

be the rate-determining step of the reaction. The energy barriers for the oxidative 

addition of ArX (X= Cl, Br, I) increase in the order ArI < ArBr < ArCl.
9
 Cycle B, which 

is poorly known, can be triggered by zinc or copper. On one hand, Negishi cross-

coupling reactions are based on the use of ZnCl2 and their mechanism is depicted in the 

left part of Scheme 2. In this case the presence of a strong base seems to be necessary to 

deprotonate the terminal alkyne and subsequently generate the organozincato adduct 

(10). On the other hand, copper salts such as CuI (7) are used in Sonogashira cross-

coupling reactions (Figure 1, right). Transmetalation of these metallic adducts (either 

zinc (10) or copper (8)) with the palladate derivative (3) (Cycle A) and subsequent 

reductive elimination ends up liberating the Pd catalyst and one molecule of the desired 

coupled product (6). 
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Scheme 2. Mechanistic cycles proposed for Sonogashira (left) and Negishi (right) cross-

coupling reactions. 

In this project, the cross-coupling of 6a/6b with trimethylsilylacetylene has been 

attempted by means of several reaction conditions pertaining to both Negishi and 

Sonogashira settings. The most relevant results are summarized in Table 1.   

Table 1. Most relevant reaction conditions used to attempt the cross-coupling step of 

6a/6b with trimethylsilylacetylene (Scheme 1) and mechanistically analyzed in Scheme 2. 

Entry Substrate 
Cycle A       

Pd source 

Cycle B 

Metal 
Base T (ºC) Solvent Time Yield 

1 6a Pd
0
(PPh3)4 ZnCl2 nBuLi -78 THF 

3days/ 

4 h 
15 % 

2 6b Pd
II
Cl2(PPh3)2 CuI Cs2CO3 -15 THF 

18 h/ 

4 h 
20 % 

The preparation of 5 was initially attempted by means of an already reported 

methodology
10

 where, instead of the central phthalazine here employed, a pyridazine 

scaffold was cross-coupled (entry 1). These are typical Negishi conditions. Working in 

extremely dry conditions and under argon atmosphere, trimethylsilylacetylene was 

allowed to react with a strong base, n-BuLi in THF at -78ºC for one hour, to accomplish 

the initial deprotonation of the acetylene residue. Then, a solution of ZnCl2 in THF was 

added and stirred at the same temperature for extra 45 min., thus generating the 
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corresponding organozincate. Next was the warm up of the reaction to 25ºC and the 

addition of a mixture containing 6a and the palladium source, in this case Pd(PPh3)4. 

The mixture was then reacted for three days at 35ºC.  After working up the reaction 

crude, column chromatography on silica gel (hexanes:ethyl acetate, 98:2) was 

mandatory to obtain the pure product. However, the low yields and bad reproducibility 

obtained forced us to optimize the reaction conditions. Several attempts were carried out 

reducing the reaction time (3 days, 2 days, 24, 12, 5 and 4 h) and the reaction 

temperature (45, 30 and 25 ºC). However, yields higher than 15% were never obtained. 

In addition, decomposition/polymerization of 5 was observed at temperatures higher 

than 35ºC and while stored for long time (also when maintained at very low 

temperatures).   

With these results on hand a new strategy to afford 5, now based on typical Sonogashira 

cross-coupling conditions,
11

 was attempted (Table 1, entry 2). 1,4-diiodophthalazine, 

6b, was obtained following an already reported methodology.
12

 Cs2CO3 (as above 

mentioned, a softer base than the one used for Negishi conditions) was first mixed with 

the diido substrate 6b at -15ºC. Subsequently, a mixture of the palladium catalyst and 

the copper co-catalyst in THF at -15ºC was added to the former reaction crude. Finally, 

the acetylsilyl substrate was introduced and the crude was stirred for 30 min at -15ºC 

and 18 h at room temperature. Similar results to the ones gathered using the Negishi 

cross-coupling were here obtained. After optimization, best results were obtained when 

the reaction was performed at low scale, with the product purified by column 

chromatography on silica gel (hexanes:ethyl acetate, 98:2) and immediately employed  

for the next step. 

The next step was a Click reaction between 5 and the corresponding azide 4a or 4b. 

Methylazide (4a) was obtained following a procedure established in Prof. Albrecht’s 

laboratory mixing sodium azide and methyliodide in water:THF (50:50) in the dark and 

stirring overnight. Phenylazide (4b) was obtained following a reported procedure.
13

 In 

both cases the desired products were obtained in quantitative yields and used for the 

next step without further purification. Click reactions concerning alkynes and azido 

derivates are catalyzed by copper and need the presence of a base as sodium ascorbate 

to deprotonate the alkyne, thus enhancing its negative charge density and subsequently 

the yield of the reaction. The trimethylsylil-protected nature of 5 makes its desilylation 

unavoidable. This is usually reported by reaction of the protected alkyne with K2CO3 in 
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MeOH.
10

 In our case, modifying the standard conditions, both the deprotection and the 

click steps were simultaneously performed, thus reducing one reaction step. For this 

reason, K2CO3 has been added to in situ deprotect the alkynes.
14

 A microwave reactor 

was employed for all the click reactions increasing the rate and also the yields of these 

steps. Therefore, after ammonia, water and brine washings to extract all copper residues 

and remove undesired inorganic salts, ligand 3a was obtained pure. However, 3b was 

purified by means of column chromatography on silica gel (DCM:EtAcO, 90:10).  

The selective alkylation of 3a and 3b towards 2a and 2b (Scheme 1) has been attempted 

by several strategies, which where unfruitful in all cases. The most relevant results of 

these alkylation approaches are displayed in Table 2.  

Table 2. Experimental conditions used for the alkylation of 3a and 3b.  

Entry Alkylating Agent Solvent T (ºC) 

1 MeI CH3CN 80 

2 MeOTf DCM 45 

Despite of failing on the attainment of the bridging ligand 2a, the methylation of 3a 

ended up with two unexpected molecules, 7
+
 and 8

2+
 (Scheme 3) which have been 

characterized in terms of NMR and X-ray. 

 

Scheme 3. Alkylation of 3a by MeI and MeOTf. 

When 3a was allowed to react with methyl iodide as alkylating agent, in acetonitrile at 

80 ºC (Table 2, entry 1), the methylation of one of the phthalazine nitrogen atoms was 

observed from the third hour of reaction, thus generating 7
+
 (Scheme 3). The same 
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result was attained at longer reaction times. However, when 3a was reacted with methyl 

triflate as alkylating agent in DCM (Table 2, entry 2) a double methylation (phthalazine 

and triazole) was observed, now generating 8
2+

 (Scheme 3) as reaction product. In this 

latter case the final product precipitated as a white powder; therefore it was filtered, 

washed with cold DCM and dried with diethyl ether. These results were confirmed by 

1
H-NMR and X-ray and will be discussed in following section. Of course, the alkylation 

of the phthalazine ring prevents the use of 7
+ 

and 8
2+ 

as bridging ligands. However, they 

can both be considered as potentially useful bidentate ligands for the preparation of 

mononuclear transition-metal complexes bearing abnormally bonded NHCs. 

The preference of the alkylating agents for the phthalazine nitrogen atoms, 

demonstrated in the obtention of 7
+
 and 8

2+
, pointed out the higher basicity of those 

nitrogens with regards to the triazolic ones.  

V.2.2. Characterization of 5, 3a-b, 7
+
 and 8

2+
 

The new ligands 3a-b, 7
+
 and 8

2+
 and the intermediate 5 have been fully characterized 

by the usual structural and spectroscopic techniques. In the present section the most 

important results about this characterization in terms of NMR and X-Ray will be 

discussed. 

V.2.2.1. NMR spectroscopy 

Nuclear Magnetic Resonance experiments have been carried out for ligands 3a-b, 7
+
 

and 8
2+

 and the intermediate 5 (Figures 1-3 and Figures S1-S4 in the Supporting 

Information). Both 1D (
1
H and 

13
C {

1
H}) and 2D (COSY, HSQC and HMBC) 

experiments have proven to be mandatory tools in order to structurally characterize 

them in solution. The full assignment of the observed resonances can be made based on 

their integrals, symmetry and multiplicity. When assigning the 
1
H-NMR of these 

molecules, their symmetry becomes a very useful tool. 5 and 3a-b display C2v symmetry 

in solution, with a symmetry plane containing the whole molecule and a second plane 

(perpendicular to the former) that bisects both the N-N and the C8-C9 bonds of the 

same phthalazine ring. The latter interconverts the two alkynes of 5 and the two triazole 

rings of the 3a-b ligands. However, both 7
+
 and 8

2+ 
do not display any symmetry 

because of the asymmetric alkylation of their nitrogen atoms (see Scheme 3). 
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As shown in the inset of Figure 1, for the precursor 5, both H7 and H8 display a doublet 

of doublets with a mirror effect, which is in agreement with the typical AA’BB’ (77’88’ 

in our case) pattern of this kind of systems.
15

  These systems are typically characterized 

by their higher JAB value (J78 = 6.3 Hz) than JAB’ value (J78’ = 3.3 Hz). The coupling of 

H7 and H8 with C6 and C4 in the 2D HMBC-NMR  (Figure S1f) has been a very useful 

tool to unambiguously assign the structure of 5. Furthermore, it is worth mentioning that 

the 18 equivalent protons corresponding to H1 appear at 0.38 ppm, which is a coherent 

chemical shift for a product so similar to TMS.  

 

 

Figure 1. 1
H-NMR (500 MHz, CDCl3) for 5. (Inset) zoom of the aromatic region. 

Ligand 3b displays the NMR shown in Figure 2. As can be observed, the doublet of 

doublets corresponding to H7 is shifted to lower fields due to the presence of the 

triazole ring. Furthermore, H1 appears at 8.95 ppm as a lone singlet, thus demonstrating 

the successful formation of the new ring and the purity of the product. The same 

arguments apply for the full NMR characterization of 3a depicted in Figure S2.  

7

1

8
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Figure 2. 1
H-NMR (500 MHz, CDCl3) for 3b. 

Finally, the 
1
H-NMR of 8

2+
 is shown in Figure 3. The lack of symmetry induces here 

the increase of signals in the spectrums of both 7
+
 (Figure S4) and 8

2+
 (Figure S5). In 

this manner H7 and H8 do not display the singular AA’BB’ system and become a 

doublet and a triplet, respectively. It is interesting to mention that H14 is shifted 0.5 

ppm to lower fields with regards to the equivalent H2, due to the positive charge on the 

triazolium nitrogen. 

7
8 11

10
9

2
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Figure 3. 1
H-NMR (500 MHz, CD3CN) for 8

2+
. 

V.2.2.2. X-ray Crystal Structures 

Suitable crystals for X-Ray diffraction analysis have been obtained for 7
+
 and 8

2+
. 

Figures 4 and 5 display an Ortep plot for the cationic moiety of these two ligands 

together with their corresponding atom labeling scheme. Acquisition, crystallographic 

data and stereoscopic views of the crystal packing are reported as Supporting 

Information. 

Monocrystals of 7
+
 were obtained from the NMR tube upon allowing the CDCl3 

solution to stand overnight at room temperature. As shown in Figure 4, each molecule is 

contained in two planes, one holding the phthalazine moiety and one of the triazole 

rings and a second one described by the other triazole ring. Their torsion angle is of 75º 

(C2-C3-C4-N4) (see Figure S11 for further information), which is due to the repulsion 

between H2 and H5. 7
+
 crystallized in a cell containing four molecules of the ligand, 

four chloroform molecules and four iodo anions as shown in Figure S10. 
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Figure 4. Ortep plot (ellipsoid at 50 % probability) of the X-ray crystal structure of the 

cationic moiety of 7
+
 with its corresponding labeling scheme. 

Monocrystals of 8
2+

 were obtained from the NMR tube in CD3CN, upon allowing the 

solution to stand overnight at room temperature. The X-ray structure of 8
2+

 allowed to 

better understand where the alkylation took place. As shown in Figure 5, each molecule 

contains three planes, one for each triazole ring and a third one described by the 

alkylated phthalazine moiety. The torsion angles between both triazole rings and the 

central phthalazine scaffold (C2-C3-C4-N4=51º and N6-C13-C12-N5=42º) are here 

caused by the H2-H5 and H14-H10 interactions, respectivley (See Figure S13 for a 

draw of these measurements). 8
2+

 crystallized in a cell containing eight molecules of the 

ligand and sixteen triflate anions as shown in Figure S12. 

 

Figure 5. Ortep plot (ellipsoid at 50 % probability) of the X-ray crystal structure of the 

cationic moiety of 8
2+

 with its corresponding labeling scheme. 
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V.2.3. Synthesis and Characterization of 9(PF6)3 and 10(PF6) 

The synthesis of complex 9(PF6)3 was carried out by following the usual procedures of 

our research group for this kind of complexes (Scheme 4).
6
 [RuCl3trpy] and the ligand 

3a, were refluxed in methanol for four hours affording the mixture of complexes shown 

in Scheme 4 (assigned by analyzing the proton NMR spectrum shown in Figure 6a).  

 

Scheme 4. Synthetic route for complex 9(PF6)3. 

The reaction mixture was then allowed to react for twelve extra hours and a new 
1
H-

NMR spectrum was recorded (Figure 6b). As can be appreciated, no evolution of the 

crude was observed during this extra reaction time. Column chromatography in alumina 

was mandatory to separate both products, which were assigned to the desired dinuclear 

complex 9(PF6)3 and the mononuclear complex 10(PF6) with the connectivity shown in 

the Scheme 4.  
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Figure 6. 1
H-NMR (400 MHz, acetone-d6) spectra recorded during the synthesis of 9

3+
: 

(a) 4 h of reaction (b) 12 h of reaction.  

The new dinuclear complex 9(PF6)3 has been characterized by usual structural, 

spectroscopic and electrochemical techniques. In the present section the most important 

results about this characterization, in terms of NMR, X-Ray, and Electrochemistry will 

be discussed. Due to the trace amounts obtained (less than 5 % yield, see the 

Experimental Section) 10
+
 has only been characterized by 

1
H-NMR and 

Electrochemistry. 

V.2.3.1. NMR spectroscopy 

Nuclear Magnetic Resonance experiments have been carried out for the diamagnetic 

compounds 9(PF6)3 and 10(PF6) (Figures 7-8 and Figure S6 in the Supporting 

Information). Both 1D (
1
H and 

13
C {

1
H}) and 2D (COSY, HSQC and HMBC) 

experiments have proven to be mandatory tools in order to structurally characterize 9
3+

 

in solution. 9
3+

 displays in solution a C2v symmetry with one symmetry plane containing 

the 3a ligand, the two Ru atoms, both central terpyridine nitrogen atoms and the 

chlorido bridge. A second plane (perpendicularly bisecting the former) passes through 

the chlorido bridge and bisects the N(4)-N(4a), C(7)-C(7a) and C(5)-C(5a) bonds of the 

same phthalazine scaffold, thus interconverting the two terpyridine ligands.  

b 

a 
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Figure 7. 1
H-NMR (400 MHz, acetone-d6) for 9

3+ 

When comparing this spectrum (Figure 7) with the one corresponding to the free 3a 

ligand (Figure S2), a shift from 8.71 to 9.94 ppm is observed for the H2 singlet, an 

experimental evidence of the coordination effect onto the triazole ring.  

Contrary to this, the 
1
H-NMR of 10

+
 shows a total absence of symmetry, thus appearing 

doublets and triplets for the four protons (a, b, c and d) of the central phthalazine 

scaffold (Figure 8). In addition to this the singlets HA, HB, HC and HD are no longer 

equivalents, thus four different signals can be observed at 4.2, 4.7, 7.5 and 10.1 ppm 

(Figure 8). The presence of the trpy signals and the shift to lower fields of HB with 

regards to its counterpart HC are evidences of the coordination to the ruthenium metal 

ion.  

2
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Figure 8. 1
H-NMR (400 MHz, acetone-d6) for 10

+
. 

 

V.2.3.2. X-Ray Crystal Structures 

Suitable crystals for X-Ray diffraction analysis have been obtained for 9(PF6)3. Figure 9 

displays an Ortep plot (ellipsoid at 40 % probability) of the cationic moiety of 9
3+

 with 

the corresponding labeling scheme (see the acquisition data in Table S3 and an 

stereoscopic view of the crystall packing in Figure S14 of the Supporting Information).  

B

D

C

A
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Figure 9. Ortep plot (ellipsoid at 40 % probability) of the cationic moiety of 9
3+

 with its 

corresponding labeling scheme. 

9(PF6)3 crystallizes in a small cell (Figure S14) with two complex molecules, two 

acetone molecules and twenty PF6 anions distributed as follows: two in the cell, two on 

the faces, eight on the vertexs and eight on the edges. The sumatory of all the 

contributions gives the needed six anions in total. Each ruthenium metal adopts pseudo-

octahedral coordination geometry with two positions occupied by the 3a ligand, three 

by the meridional terpyridine ligand and the latest by a Cl-bridged ligand. A comparison 

of the more relevant bond distances and angles of 9
3+

 with the ones reported for the 

related Ru-Hbpp complex [Ru
II

2(-Cl)(bpp)(trpy)2]
2+

, is displayed in Table 3. Figure 10 

displays the X-ray structure and the corresponding labeling scheme for [Ru
II

2(-

Cl)(bpp)(trpy)2]
2+

. The central phthalazine scaffold that coordinates both Ru metal ions 

is a six membered ring in 9
3+

, while the central pyrazol of the bpp ligand in [Ru
II

2(-

Cl)(bpp)(trpy)2]
2+

 is five membered. Therefore, higher Ru-N4 distances (Table 3, entry 

2) and shorter Ru-Cl and Ru-Ru(a) distances together with an also shorter Ru-Cl-Ru(a) 

angle are observed in 9
3+

 with regards to its Ru-Hbpp homologue. All these differences 

are in agreement with a better accomodation of the Ru metal ions in 9
3+

 due to the six 

membered nature of the phthalazine scaffold. This less constrained situation ends up 
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with an undistorted Ru-N4-N4(a)-Ru(a) angle (0º, Table 3, entry 11) with regards to the 

slightly distorted one observed for [Ru
II

2(-Cl)(bpp)(trpy)2]
2+

 (18º, Table 3, entry 11). 

 

Figure 10. X-ray structure of the hbpp homologue complex [Ru
II

2(-Cl)(bpp)(trpy)2]
2+ for 

comparison purposes.  

 

Table 3. Selected interatomic distances (Å) and angles (º) for 9
3+

 and the previously 

reported [Ru
II

2(-Cl)(bpp)(trpy)2]
2+

. 

ENTRY BOND DISTANCES 9
3+

 

[Ru
II

2(-Cl)(bpp)(trpy)2]
2+ 

6¡Error! Marcador no 

definido. 

1 Ru-N(1) 1.993(4) 2.054(3) 

2 Ru-N(4) 2.089(4) 1.999(3) 

3 Ru-N(5) 2.069(4) 2.079(3) 

4 Ru-N(6) 1.966(4) 1.967(3) 

5 Ru-N(7) 2.068(5) 2.060(3) 

6 Ru-Cl 2.396(12) 2.4466(7) 

7 Ru(a)-Cl 2.396(12) 2.4466(7) 

8 Ru-Ru(a) 3.657 3.876 

 ANGLES   

9 Ru-Cl-Ru(a) 99.84(6) 104.77(4) 

10 N(5)-Ru-N(7) 158.77(15) 158.15(14) 

11 Ru-N(4)-N(4a)-Ru(a) 0.00 18.69 

N1

N5

N6

N7

N4

Ru
Cl

Ru(a)

N4(a)

18.69º

b 
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V.2.3.3. Electrochemistry 

The redox properties of complexes 9
3+

 and 10
+
 were investigated by means of CV in 

acetone, and are displayed in Figure 11. 

 

 

Figure 11. Cyclic voltammogram for the chlorido-bridged complex 9
3+

 (a) and the 

mononuclear complex 10
+
 (b) in 0.1 M n-Bu4NPF6 in acetone at 100 mV/s scan rate. Glassy 

carbon electrode is used as working electrode and the potential is measured vs. SSCE. 

The CV of 9
3+

 exhibits two reversible waves that are assigned to the following 

electrochemical processes (the 3a and trpy ligands are not shown for the sake of clarity): 

[Ru
III

(-Cl)Ru
II
]

4+
 + 1e

- 
 [Ru

II
(-Cl)Ru

II
]

3+
 (0.83 V) (1) 
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[Ru
III

(-Cl)Ru
III

]
5+

 + 1e
- 

 [Ru
III

(-Cl)Ru
II
]

4+
 (1.27 V) (2) 

These two E1/2 values are similar to those reported for the structurally related [Ru
II

2(-

Cl)(bpp)(trpy)2]
2+

 complex (0.79V and 1.20V, respectively) containing an anionic bpp
-
 

bridge. This behavior can be explained as a consequence of two factors: (a) the less -

donor effect of the neutral phthalazine scaffold instead of the negatively charged 

pyrazolic ring and (b) the increase in -donor effect when exchange one pyridine ring 

for a triazole one. The combination of both effects ends up with almost no shift for the 

redox potentials with regard to the related [Ru
II

2(-Cl)(bpp)(trpy)2]
2+

 complex.  

10
+
 exhibits a unique reversible wave which is assigned to the RuIII/RuII process 

shown in Eq. 3. 

[Ru
III

(Cl)(3a)(trpy)]
2+

 + 1e
-
  [Ru

II
(Cl)(3a)(trpy)]

+
 (0.86 V) (3) 

 

V.3. Conclusions and Future Prospects 

In this chapter we have first prepared intermediate 5 by means of cross-coupling 

reactions between a di-halo phthalazine and acetylene derivatives. Despite of the intense 

optimization efforts carried out for this cross-coupling step, neither good yields nor 

acceptable reproducibility were obtained. Subsequently, the de-protection and Click 

reaction of 5 with 4a and 4b was performed in a single step, thus preparing ligands 3a 

and 3b in low yields. Those two new ligands were fully characterized. 3a has been 

employed for the preparation of the dinuclear Cl-bridged Ru complex 9
3+

 that has been 

structurally (X-ray), spectroscopically and electrochemically characterized. Comparison 

of 9
3+ 

solid state structure with the one of the related and previously reported [Ru
II

2(-

Cl)(bpp)(trpy)2]
2+

 complex pointed out relevant differences about the disposition and 

constrains of the metal centers. That together with the electrochemical values obtained 

are promising results towards a potentially interesting (and different from Ru-Hbpp 

family) catalytic activity of the here-prepared complex.  

Finally, and due to the unfruitful attempts of preparing the N/C-donor ligands 2a and 2b 

two new bidentate N/C-donor ligands, 7
+
 and 8

+
, were prepared and structurally 

characterized. These new ligands were the result of the always favored alkylation of a N 
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atom of the the central phthalazine scaffold with regards to the peripheral nitrogens of 

the triazole rings.  

Future prospects should be focused on the optimization of the cross-coupling process to 

obtain 5 in higher yields and reproducibility. On the other hand, the selective alkylation 

of 3a and 3b should be attempted under acidic media, preventing in this manner the 

non-desired nucleophilic attack of the phthalazine nitrogen atoms. 

V.4. Experimental Section 

Materials: All reagents used in the present work were obtained from 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 starting ligand 1,4-diiodophthalazine,
9
 the complex PdCl2(PPh3)2

16
 and 

[RuCl3(trpy)]
17

 were prepared as described in the literature.
,
 Phenylazide (4b) was 

obtained following a reported procedure.
13

 All synthetic manipulations were routinely 

performed under nitrogen atmosphere using Schlenk tubes and vacuum-line techniques. 

Instrumentation and Measurements: NMR spectroscopy was performed on a Bruker 

DPX 250 MHz, DPX 360 MHz or a DPX 400 MHz spectrometer or in a Varian NMR 

System 500MHz or 300MHz. Samples were run in CDCl3, CD3CN or acetone-d6 with 

internal references. Electrospray ionization mass spectrometry (ESI-MS) experiments 

were carried out on an HP298s gas chromatography (GC-MS) system from the CAS-

UAB. Cyclic voltammetry experiments were performed on an Ij-Cambria HI-660 

potentiostat using a three-electrode cell. A glassy carbon electrode (2 mm diameter) was 

used as working electrode, platinum wire as auxiliary electrode and a SSCE as a 

reference electrode. Working electrodes were polished with 0.05 micron Alumina paste 

washed with distillated water and acetone before each measurement. The complex was 

dissolved in acetone containing the necessary amount of n-Bu4NPF6 (TABH) as 

supporting electrolyte to yield 0.1 M ionic strength solution. E1/2 values reported in this 

work were estimated from CV experiments as the average of the oxidative and reductive 

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

X-ray Crystal Structure Determination. Crystal data for 7
+
, 8

2+
 and 9

3+
 were 

collected using an Oxford Diffraction SuperNova A diffractometer fitted with an Atlas 

detector. All the samples were measured with Mo–Kα (0.71073 Å). An at least 
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complete dataset was collected, assuming that the Friedel pairs are not equivalent. An 

analytical absorption correction based on the shape of the crystal was performed for all 

these crystals.
18

 The structures were solved by direct methods using SHELXS-97
19

 and 

refined by full matrix least-squares on F2 for all data using SHELXL-97. Their isotropic 

thermal displacement parameters were fixed to 1.2 times (1.5 times for methyl groups) 

the equivalent one of the parent atom. Anisotropic thermal displacement parameters 

were used for all non-hydrogen atoms.  

Synthetic preparations 

5:  A mixture of Cs2CO3 (0.41 g, 1.257 mmols) and 1,4-diiodophthalazine (120 mg, 

0.314 mmols) were placed into a 20 ml schlenk flask in a -15ºC bath (salt/ice). Several 

vacuum/argon cycles were applied. After that 4 ml of dried and argon-bubbled THF 

were added via canula. After degas the mixture and flush argon, bis-

(triphenylphosphine)-palladium dichloride (22.05 mg, 0.031 mmols) and copper (I) 

iodide (6 mg, 0.031 mmols) are added. The flask is another time degassed and flushed 

with argon and finally Trimethylsilylacetylene (101 l, 0.6912 mmols) is added. The 

mixture is stirred for 30 min at -15ºC and 4h at room temperature. The reaction mixture 

is poured in H2O:NH3 (30 ml, 2:1) and the product is extracted with ethyl acetate (20 

ml). The organic fraction is washed with H2O:NH3 until no more blue color is observed. 

Finally it is washed with water (2x20 ml) and brine 2x100 ml and dried with anhydrous 

sodium sulphate. After evaporation of the solvents the solid residue is purified by silica 

chromatography in hexanes:ethyl acetate (98:2). (Yield: 22 mg, 20%) 
1
H-NMR 

(500MHz, CDCl3): = 8.31 (dd, 2H J7-8 = 6.3 Hz, J7-8’ = 3.3 Hz, H7), 7.97 (dd, 2H, J8-7 

= 6.3 Hz, J8-7’ = 3.3 Hz, H8), 0.38 (s, 18H, H1). 
13

C{
1
H} NMR (500MHz, CDCl3): = 

145.30 (C4), 133.55  (C7), 126.98 (C6), 126.26 (C8), 106.12 (C2), 98.97 (C3), 0.00 

(C1). ESI-MS (MeOH): m/z = 323.14 ([M]
+
) 

3a: MeN3 was in situ generated stirring a mixture of Methyl iodide (76.7 l, 1.2 

mmols), sodium azide (240 mg, 3.69 mmols) and 7 ml of THF:H2O (50:50) in a 

microwave flask overnight at room temperature.  After that time, 5 (75 mg, 0.233 

mmols), CuSO4·5H2O (23.22 mg, 0.093 mmols), sodium ascorbate (36.85 mg, 0.186 

mmols) and K2CO3 (63.25 mg, 0.465 mmols) are added and the mixture is irradiated 

with a microwave reactor (100 W, 5 + 30 min, 100ºC). The reaction is poured in DCM 

(50 ml) and the organic fraction is washed with H2O:NH3 2:1 (50 ml x 3, until no blue 
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copper color is observed), H2O (50 ml x 2) and brine (50 ml x 2). Then is dried with 

anhydrous sodium sulphate and activated charcoal. After evaporation of the solvents a 

yellow powder is obtained. (Yield: 50 mg, 80 %). 
1
H-NMR (500MHz, CDCl3): = 9.73 

(dd, 2H, J7-8 = 6.3 Hz, J7-8’ = 3.3 Hz, H7), 8.70 (s, 2H, H2), 7.97 (dd, 2H, J8-7 = 6.3 Hz, 

J8-7’ = 3.3 Hz, H8), 4.28 (s, 6H, H1). 
13

C{
1
H} NMR (500MHz, CDCl3): = 135.21 

(C8), 129.11  (C7), 128.59 (C2), 126.23 (C6), 37.36 (C1). 

3b: 5 (100 mg, 0.31 mmols), CuSO4·5H2O (31 mg, 0.124 mmols), sodium ascorbate (50 

mg, 0.248 mmols) and K2CO3 (284.32 mg, 0.62 mmols) and phenylazide (74 mg, 0.62 

mmols) are added to a microwave sealed flask containing 7 ml of THF:H2O (50:50). 

The mixture is irradiated with a microwave reactor (100 W, 5 + 30 min, 100ºC) and 

then poured in DCM (50 ml). The organic fraction is washed with H2O:NH3 2:1 (50 ml 

x 3, until no blue copper color is observed), H2O (50 ml x 2) and brine (50 ml x 2). It is 

dried with anhydrous sodium sulphate and activated charcoal. After evaporation of the 

solvents the solid residue is purified by silica chromatography in DCM:ethyl acetate 

(90:10). (30 mg, 20%). (Yield: 50 mg, 40 %).
1
H-NMR (500MHz, CDCl3): = 9.74 (dd, 

2H, J7-8 = 6.3 Hz, J7-8’ = 3.3 Hz, H7), 9.00 (s, 2H, H2), 8.09 (dd, 2H, J8-7 = 6.3 Hz, J8-7’ = 

3.3 Hz, H8), 7.91 (d, 4H, J9-10=8.30 Hz, H9), 7.62 (t, 4H, J9-10=8.30 Hz, J10-11=7.80 Hz, 

H10), 7.53 (t, 2H, J10-11=7.80 Hz, H11). 
13

C{
1
H} NMR (500MHz, CDCl3): = 149.51 

(C4), 147.61 (C3), 136.83 (C1), 133.10 (C8), 129.96 (C10), 129.22 (C11), 127.20 (C7), 

125.32 (C6), 123.32 (C2), 120.72 (C9). 

7
+
: 3a (10 mg, 0.034 mmols) and methyl iodide (13 l, 0.200 mmols) were heated (80 

ºC) in acetonitrile (7 ml) in a sealed tube for 24 h. Evaporation of the solvents and 

subsequent recrystallization with chloroform yielded yellow crystals. 
1
H-NMR 

(500MHz, CD3CN): = 10.0 (d, 1H, J7-8=8.57 Hz, H7), 9.74 (s, 1H, H2), 8.64 (s, 1H, 

H14), 8.40 (t, 1H, J7-8=8.57 Hz, J8-9=7.52 Hz, H8), 8.32 (d, 1H, J9-10=8.30 Hz, H10), 

8.23 (t, 1H, J9-10=8.30 Hz, J8-9=7.52 Hz, H9), 4.72 (s, 3H, H5), 4.40 (s, 3H, H15), 4.31 

(s, 3H, H1). 

8
2+

: 3a (10 mg, 0.034 mmols) and methyl triflate (40 l, 0.34 mmols) were heated (45 

ºC) in DCM (2 ml) in a sealed tube for overnight. The solution was filtrated and the 

solid residue was washed with fresh DCM and diethyl ether. Recrystallization with 

diethyl ether yielded brown crystals. 
1
H-NMR (500MHz, CD3CN): = 9.11 (s, 1H, 

H14), 8.73 (s, 1H, H22), 8.64 (m, 2H, H7-8), 8.50 (m, 2H, H9-10), 4.69 (s, 3H, H5), 
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4.51 (s, 3H, H16), 4.49 (s, 3H, H15), 4.37 (s, 3H, H1). 
13

C{
1
H} NMR (500MHz, 

CD3CN): = 153.82 (C4), 147.96 (C12), 140.30 (C8), 137.99 (C9), 134.22 (C14), 

133.74 (C13), 133.50 (C3), 131.85 (C2), 131.55 (C7), 130.42 (C11), 127.77 (C6), 

126.83 (C10), 52.00 (C5), 41.03 (C16), 40.33 (C15), 37.44 (C1). 

9
3+

: [RuCl3(tpy)] (90 mg, 0.20 mmols) and LiCl (16 mg, 0.31 mmols) were dissolved in 

a solution of NEt3 (57 l, 0.41 mmols) and dry MeOH (30 mL). The mixture was stirred 

at room temperature for 20 min, and then 3a (30 mg, 0.10 mmols) is added. The 

resulting solution was heated for overnight. The reaction mixture was filtered and then 

saturated aqueous NH4PF6 solution (1 mL) added to obtain a brown precipitate. The 

solid was collected, washed with cold water (3x5 mL) and diethyl ether (3 x 5 mL) and 

finally dried under vacuum to afford a mixture of complexes. Purification by alumina 

chromatography (DCM:MeOH 99:1) yielded pure 9(PF6)3 (Yield: 30 mg, 20%). 
1
H 

NMR (400MHz, [D6]acetone): = 9.94 (s, 2H, H2), 9.15 (dd, 2H, J6-7 = 6.3 Hz, J6-7’ = 

3.3 Hz, H6), 8.67 (m, 8H, H14-8), 8.53 (d, 4H, J11-10=7.80Hz H11), 8.47 (dd, 2H, J7-6 = 

6.3 Hz, J7-6’ = 3.3 Hz, H7), 8.31 (t, 2H, J15-14=9 Hz, H15), 8.00 (t, 4H, J9-10=8.53 Hz, J11-

10=7.8 Hz, H10), 7.45 (t, 4H, J9-10=7.8 Hz, J9-8=6.3 Hz, H9), 4.14 (s, 6H, H1). 
13

C{
1
H} 

NMR (500MHz, [D6]acetone): = 158.98 (C4), 158.65 (C13), 155.46 (C8), 153.52 

(C5), 148.03 (C3), 139.43 (C10), 138.04 (C15), 136.44 (C7), 132.84 (C2), 128.51 (C9), 

126.21 (C12), 125.96 (C6), 125.08 (C11), 123.76 (C14), 39.5 (C1). ESI-MS (MeOH): 

m/z = 1287.0 ([M-PF6]
+
).  

10
+
: obtained as a subproduct of the purification by alumina chromatography of 9

3+
. 

1
H 

NMR (400MHz, [D6]acetone): = 10.04, 9.45, 8.74, 8.69, 8.53, 8.35, 8.16, 8.03, 7.95, 

7.80, 7.58, 7.53, 7.35, 4.76, 4.18. 
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Figure S1. 1D and 2D NMR spectra (500 MHz, 298 K, CDCl3) for 5: (a) 5 schematic 

representation (b) 
1
H-NMR, (c) COSY, (d) 

13
C-{

1
H}-NMR, (e) HSQC-NMR (aromatic 

region) (f) HMBC-NMR (aromatic region). 

a) 

 

b) 
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c) 

d) 
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e) 

f) 
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Figure S2. 1D and 2D NMR spectra (500 MHz, 298 K, CDCl3) for 3a: (a) 3a schematic 

representation (b) 
1
H-NMR, (c) COSY, (d) 

13
C-{

1
H}-NMR, (e) HSQC-NMR (aromatic 

region). 

(a) 

 

(b)  
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(c) 

(d) 
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(e) 

Figure S3. 1D and 2D NMR spectra (500 MHz, 298 K, CDCl3) for 3b: (a) 3b schematic 

representation (b) 1H-NMR, (c) COSY, (d) 13C-{1H}-NMR, (e) HSQC-NMR (aromatic 

region), (f) HMBC-NMR (aromatic region). 

(a) 
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(b) 

(c) 



Towards new Phthalazine-Triazole N/C-hybrid ligands: 
Synthesis, Coordination Chemistry and Future Prospects

 
 

193
 

(d) 

(e)  
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(f)

Figure S4. 1D and 2D NMR spectra (500 MHz, 298 K, CDCl3) for 7+
. (a) 7+ schematic 

representation (b) 1H-NMR, (c) COSY. 

(a) 
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(b) 

(c)  
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Figure S5. 1D and 2D NMR spectra (500 MHz, 298 K, CD3CN) for 8
2+

: (a) 8
2+

 

schematic representation (b) 
1
H-NMR, (c) COSY, (d) 

13
C-{

1
H}-NMR, (e) HSQC-NMR 

(aromatic region), (f) HMBC-NMR (aromatic region). 

(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 (500 MHz, 298 K, Acetone-d6) for 93+: (a) 1H-

NMR, (b) COSY, (c) 13C-{1H}-NMR, (d) HSQC-NMR (aromatic region), (e) HMBC-

NMR (aromatic region). 

(a) 

(b)  

(c) 
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(d) 
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(e) 

Figure S7 Mass Spectrum for 5.
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Figure S8  Mass Spectrum for complex 9
3+

  

 

Figure S9  Experimental (right side) and theoretical zoom (left side) Mass Spectra for 

complex 9
3+

. 
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Figure S10  Stereoscopic view of 7
+
 unit cell.  

 

Figure S11  Stereoscopic view of 7
+
 with the triazole torsion angle.  
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Figure S12  Stereoscopic view of 8
2+

 unit cell.  

 

 

Figure S13  Stereoscopic view of 8
2+

 with the triazole torsion angles. 
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Figure S14 Stereoscopic views of 9
3+

 unit cell.  

 

 

 

Table S1.  Crystallographic data for 7
+
. 

Formula                                   C15 H15 N8, C H Cl3, I   

Formula Weight                                            553.62   

Crystal System                                    Monoclinic   

Space group                                 P21/c        (No. 14)   

a, b, c [Angstrom]              16.5447(6)    6.8596(3)   19.1037(8)   

V [Ang**3]                                       2119.32(15) 

alpha, beta, gamma [deg]               90   102.175(4)           90   

Z                                                             4 

D(calc) [g/cm**3]                                          1.735 

Mu(MoKa) [ /mm ]                                           1.909 

F(000)                                          1088 

Crystal Size [mm]                    0.08 x  0.10 x  0.18   

Temperature (K)                                                 100 

Radiation [Angstrom]                           MoKa      0.71073   

Theta Min-Max [Deg]                         3.3,  24.1   
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Dataset                                -18: 18 ;  -7:  7 ; -21: 21   

Tot., Uniq. Data, R(int)                   15714,   3351,  0.054   

Observed data [I > 2.0 sigma(I)]                       2791 

Nref, Npar                                        3351,  256   

R, wR2, S                                     0.0288, 0.0638, 1.06   

w = 1/[\s^2^(Fo^2^)+(0.0197P)^2^+2.5839P] where P=(Fo^2^+2Fc^2^)/3   

Max. and Av. Shift/Error                            0.00, 0.00  

Min. and Max. Resd. Dens. [e/Ang^3]                  -0.39, 0.79 

 

Table S2.  Crystallographic data for 8
2+

.
 

Formula                                   C16 H18 N8, 2(C F3 O3 S)   

Formula Weight                                            620.54   

Crystal System                                     Orthorhombic   

Space group                                 Pbca         (No. 61)   

a, b, c [Angstrom]              23.156(1)    8.0465(3)    26.901(1)   

 V [Ang**3]                                       5012.3(3)   

Z                                                             8 

D(calc) [g/cm**3]                                          1.645 

Mu(MoKa) [ /mm ]                                           0.310   

F(000)                                          2528 

Crystal Size [mm]                    0.00 x  0.00 x  0.00   

Temperature (K)                                                 293 

Radiation [Angstrom]                           MoKa      0.71073   

Theta Min-Max [Deg]                         3.4,  22.0   

Dataset                                 -24: 24 ;  -8:  8 ; -28: 28   

Tot., Uniq. Data, R(int)                  20946,   3069,  0.056   

Observed data [I > 2.0 sigma(I)]                       2844 

Nref, Npar                                        3069,  365   

R, wR2, S                                      0.0869, 0.1660, 1.20   

w = 1/[\s^2^(Fo^2^)+(0.0000P)^2^+42.4684P] where P=(Fo^2^+2Fc^2^)/   

Max. and Av. Shift/Error                            0.01, 0.00   

Min. and Max. Resd. Dens. [e/Ang^3]                   -0.39, 0.43 

 

Table S3.  Crystallographic data for complex 9
3+

.
 

Formula                                   C44 H34 Cl N14 Ru2, 3 (F6 P), 2 (C3 H6 O) 

Formula Weight                                            1547.51 

Crystal System                                    Monoclinic  

Space group                                 P21/m        (No. 11)  

a, b, c [Angstrom]              11.8427(5)   21.0984(7)    12.933(1)   

alpha, beta, gamma [deg]               90   103.303(6)           90   

 V [Ang**3]                                       3144.8(3)   

Z                                                             2 

D(calc) [g/cm**3]                                          1.573 
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Mu(MoKa) [ /mm ]                                           1.573 

F(000)                                          1480 

Crystal Size [mm]                    0.03 x  0.13 x  0.26   

Temperature (K)                                                 100 

Radiation [Angstrom]                           MoKa      0.71073   

Theta Min-Max [Deg]                         3.4,  24.1   

Dataset                                -13: 13 ; -24: 24 ; -14: 13   

Tot., Uniq. Data, R(int)                  14563,   5106,  0.054   

Observed data [I > 2.0 sigma(I)]                       3837 

Nref, Npar                                        5106,  423   

R, wR2, S                                     0.0485, 0.1298, 1.04   

w = 1/[\s^2^(Fo^2^)+(0.0701P)^2^+1.1102P] where P=(Fo^2^+2Fc^2^)/3   

Max. and Av. Shift/Error                            0.00, 0.00  

Min. and Max. Resd. Dens. [e/Ang^3]                  -0.52, 1.03 
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Mononuclear Ru(II) Complexes Containing the PY4Im Ligand: 

Synthesis, Characterization and Oxidative Catalysis  

 

 

 

 

In this chapter we present the synthesis and the spectroscopical 

and electrochemical characterization of a new family of 

complexes with general formula [Ru
II
(PY4Im)(X)]

n+
 (X = Cl, n 

= 1 or X = H2O, n = 2), where PY4Im is the pentadentate 1,3-

bis(bis(2-pyridyl)methyl)imidazol-2-ylidene ligand. These 

results together with the performance of the new species towards 

the oxidation of water and alkenes will be thoroughly discussed 

in the present chapter.  

VI



 

 

 

  



 

 

CHAPTER VI. Mononuclear Ru(II) Complexes Containing the PY4Im Ligand: 

Synthesis, Characterization and Oxidative Catalysis 

 VI.1. Introduction 

 VI.2. Results & Discussion 

  VI.2.1. Synthesis of PY4Im ligand 

  VI.2.2. Synthesis and characterization of 3(Cl) and 4(BF4)2 

   VI.2.2.1. NMR spectroscopy 

   VI.2.2.2. X-ray Crystal Structures 

   VI.2.2.3. Electrochemistry and UV-vis features 

  VI.2.3. Water Oxidation Catalysis 

  VI.2.4. Epoxidation Catalysis 

 VI.3. Conclusions 

 VI.4. Experimental Section 

 VI.5. References 

 VI.6. Supporting Information 

 

  

VI



 

 

 

  



Mononuclear Ru(II) Complexes Containing the PY4Im Ligand:  

Synthesis, Characterization and Oxidative Catalysis 

 

 

213 

 

VI.1. Introduction 

Since 2008, when contributions from the groups of Thummel and Meyer
1
 pointed out 

that polypyridyl Ru complexes with only one active site were also capable (in addition 

to the well known activity of dinuclear species) to mediate the multiple proton electron 

transfer processes needed for water oxidation, an important number of publications 

within this field have appeared.
2
  

Pentadentate ligands that coordinate metals in a square pyramidal fashion are able to 

both enforce an octahedral geometry around the metal center as well as restrict the metal 

substitution chemistry to a single coordination site. An archetypical example of them is 

the PY5R2 family (Chart 1), which usually binds the metal ion through one axial and 

four equatorial pyridine donors.
3
 However, a wide range of variations of this PY5R2 

skeleton, including the exchange of the axial unit by a thiofuran
4
 scaffold or the 

substitution of the four equatorial pyridine units by imidazole,
5
 amine,

6
 hydroxide

7
 or 

phosphine
8
 units, have been reported. Recently, several works have emerged taking 

advantage of the interesting properties of this scaffold. Therefore, for instance, 

Berlinguette et al reported the first tetravalent Co complex stabilized by PCET by 

employing the Py5 ligand (Chart 1).
9
 This pentadentate ligand ensure: (a) one single 

free coordination site to accommodate the aqua ligand and thus allow the PCET 

processes, (b) a rugged environment non-susceptible to oxidation (c) the stabilization of 

the coordination site trans to the M-O bond, thus preventing common degradation 

processes. On the other hand, Fukuzumi et al reported several catalytic oxidation 

systems, including PCET processes to generate the active metal-oxo active species.
10

 

The latest includes the coordination of the pentadentate ligand N4Py shown in Chart 1, 

with interesting results in terms of its electrochemistry and a possible seven 

coordination in the Ru metal.
11

 Finally, in 2010, Long and co-workers reported the 

synthesis and characterization of a series of first row metal complexes containing the 

PY4Im ligand shown in Chart 1.
12

 The PY4Im scaffold is clearly related to the PY5R2 

ligand commented above, with the axial pyridine replaced by a NHC (N-heterocyclic 

carbene) moiety.   

Taking into account the above mentioned interesting properties of pentadentate ligands 

to coordinate metals centers and thus potentially achieve stable high oxidation states via 

PCET, in this chapter we present the synthesis and the spectroscopical and 
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electrochemical characterization of a new family of complexes with general formula 

[Ru
II
(PY4Im)(X)]

n+
 (X = Cl, n = 1 or X = H2O, n = 2), where PY4Im is the 1,3-

bis(bis(2-pyridyl)methyl)imidazol-2-ylidene ligand. These results together with the 

performance of the new species towards the oxidation of water and alkenes will be 

thoroughly discussed in the present work. 

 

Chart 1. Pentadentate coordinating fashion ligands discussed in this work. 
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VI.2. Results & Discussion  

VI.2.1. Synthesis of PY4Im Ligand 

The synthesis of the PY4Im ligand has been carried out by following the reported 

procedure depicted in Scheme 1.
12

 2-methylpyridine with 2-fluoropyridine via litiation 

in hexanes afforded 2-(2-pyridylmethyl)pyridine.
13

 The latest yielded the bis(2-

pyridyl)bromomethane when was fastly (5 minutes reaction) brominated as reported in 

the literature.
14

  

 

Scheme 1. Synthetic pathway followed to obtain the PY4Im-Ag (2) ligand. 

Despite 2 was reported to be obtained from the reaction of (PY4Im)Br with Ag2O in 

dichloromethane, only when the reaction was performed in acetonitrile the desired 

product could be isolated as a pure white powder.  

VI.2.2. Synthesis and Characterization of 3(Cl) and 4(BF4)2 

After several unfruitful attempts of coordinating the PY4Im-Ag ligand, 2, to Ruthenium 

by using different solvents and the usual metal precursors: Ru
III

Cl3·3H2O and 

Ru
II
Cl2(dmso)4, the reaction conditions depicted in Scheme 2 were established.  

 

Scheme 2. Synthetic strategy for the obtention of 3(Cl) and 4(BF4)2.  

Therefore, the chlorido complex 3(Cl) was obtained by reacting PY4Im-Ag with 

Ru
II
Cl2(p-cymene)2 in acetonitrile and the subsequent precipitation of the product in the 

reaction media as a pure yellowish powder . Comparison of its ESI-MS spectrum with 

the theoretically expected (Figure S6) confirmed its stoichiometry and discarded the 

potential coordination of MeCN (the reaction solvent) to the metal centre. The latter was 
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also corroborated by the absence of 
1
H-NMR signals corresponding to coordinated 

acetonitrile. The synthesis of the aqua complex 4(BF4)2 involved the presence of silver 

tetrafluorborate as scavenger for the chlorido anion, that allowing the coordination of 

the water molecule. After AgCl filtration, slow evaporation of the acetone solvent 

yielded nice yellow crystals suitable for X-ray diffraction analysis.   

The most relevant results of the structural, spectroscopic and electrochemical 

characterization of complexes 3(Cl) and 4(BF4)2 will be discussed in the following 

sections. Further information about ESI-MS spectra is depicted in the Supporting 

Information (Figures S6-S7).  

VI.2.2.1. NMR spectroscopy 

Nuclear Magnetic Resonance experiments have been carried out for the diamagnetic 

compounds 3(Cl) and 4(BF4)2 (Figures 1-2 and Figures S1-S2 in the Supporting 

Information). Both 1D (
1
H and 

13
C {

1
H}) and 2D (COSY, HSQC and HMBC) 

experiments have proven to be mandatory tools in order to structurally characterize 3
+
 

and 4
2+

 in solution. Both chlorido and aqua compounds display C2v symmetry in 

solution, with one symmetry plane passing through the chlorido/oxygen, the C(14) of 

the central imidazole and the Ru atom and bisecting the C(12)-C(13) bond thus 

interconverting the two sides of the complex. Moreover, one symmetry plane 

(perpendicularly bisecting the former) contains the imidazole ring and the Ru and 

chloro/aqua atoms, thus interconverting the other two pyridine rings.  



Mononuclear Ru(II) Complexes Containing the PY4Im Ligand:  

Synthesis, Characterization and Oxidative Catalysis 

 

 

217 

 

 

Figure 1. 1
H-NMR (400 MHz, DMSO-d6) and resonance assignment for 3

+
  

It is worth to mention at this point the characteristic chemical shift (down-field shifted) 

of the doublet corresponding to H1 probably due to H bonding interaction between 

these protons in alpha to the nitrogen atoms of each pyridyl ring and the 

chlorido/oxygen coordinated to the ruthenium ion. HMBC experiments have been 

mandatory to unambiguously assign H12 and H6 singlets as well as all quaternary 

carbon resonances.  

1

4-3

12

2-6
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Figure 2. 1
H-NMR (400 MHz, D2O) for 4

2+
. 

VI.2.2.2. X-ray Crystal Structures 

Suitable crystals for X-Ray diffraction analysis of 4(BF4)2  were obtained after the slow 

evaporation of an acetone:water saturated solution of the complex. Figure 3 displays an 

Ortep plot for the cationic moiety of this complex together with its corresponding atom 

labeling scheme. Acquisition and crystallographic data is reported as Supporting 

Information (Table S1). 

1

4-3

12

2

6
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Figure 3. Ortep plot (ellipsoid at 50% probability) of the cationic moiety of 4
2+

 with its 

corresponding labeling scheme. 

 

4
2+

 crystallizes in a cell containing four [Ru(PY4Im)(H2O)]
2+

 cationic units, sixteen 

water molecules and eight tetrafluorborate anions, which is in agreement with an 

oxidation state value of two for the  Ru metal ion. As shown in Figure S8, the four 

cations interact two by two via pyridyl -stacking interactions. The asymmetric unit 

contains one molecule of the cationic complex with a coordinated water molecule, two 

(BF4)
-
 anions and four non-coordinated water molecules. One of the (BF4)

-
 anions and 

three of the water molecules are disordered in two positions. The Ruthenium metal 

displays an octahedral coordination with the four equatorial positions occupied by the 

pyridylic nitrogen atoms and the axial by the NHC and the aqua group. Bond distances 

and angles are in the expected range. A comparison of their more relevant values for 4
2+

 

with the ones corresponding to the related Ru-OH2 complex [Ru(PY5Me2)(H2O)]
2+

, 

which contains the penta-pyridilic pentadentate ligand PY5Me2 (Chart 1, top left, R = 

Me), is displayed in Table 1.
*
 For the better understanding of this section, Figure 4 

shows a view of the [Ru(PY5Me2)(H2O)]
2+ 

cationic unit with its corresponding labeling 

scheme. 

                                                 

*
 X-ray data related to [Ru(PY5Me2)(H2O)]

2+
 is still not reported in the literature, thus it has been gently 

provided by Ms. Jordan C. Axelson from Prof. J.R. Long research group (University of California, 

Berkeley). 
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Table 1. Selected interatomic distances (Å) and angles (º) for complex 4
2+

 and the related 

[Ru(PY5Me2)(H2O)]
2+

complex. 

ENTRY BOND DISTANCES 4
2+

 

[Ru(PY5Me2)(H2O)]
2+ 

¡Error! Marcador no 

definido. 

1 Ru-N(1) 2.090(3) 2.0846(14) 

2 Ru-N(2) 2.085(3) 2.0624(14) 

3 Ru-Xax
a
 1.892(3) 2.0008(14) 

4 Ru-N(7) 2.090(3) 2.0688(14) 

5 Ru-N(6) 2.096(3) 2.0699(14) 

6 Ru-O(1) 2.195(3) 2.1228(13) 

7 O(1)-H(1) 2.837 2.836 

8 O(1)-H(11) 2.823 2.600 

9 O(1)-H(20) 2.853 2.563 

10 O(1)-H(25) 2.795 2.757 

 ANGLES   

11 N(1)-Ru-N(7) 174.37(10) 177.80(6) 

12 N(2)-Ru-N(6) 174.14(10) 177.94(6) 

13 O(1)-Ru-Xax 179.24(12) 178.13(5) 

14 O(1)-Ru-N(1) 93.40(11) 93.23(6) 

15 O(1)-Ru-N(2) 93.11(10) 89.97(5) 

16 O(1)-Ru-N(7) 92.07(10) 88.36(6) 

17 O(1)-Ru-N(6) 92.60(10) 91.20(5) 
a
 Xax represents either C14 for [Ru(PY4Im)(H2O)]

2+
 or N3 for [Ru(PY5Me2)(H2O)]

2+
. 

All Ru-N bond distances are similar for both complexes. The Ru-Xax distance  (entry 3, 

Table 1) is shorter for 4
2+

 (1.892 Å) than for the related [Ru(Py5Me2)(H2O)]
2+ 

(2.000 Å) 

due to the much stronger -donor character of the carbene moiety (C14) with regards to 

the pyridyl scaffold. This feature will have dramatic effects in the acidity of the aqua 

group, as will be discussed in next section. Despite of the different coordinating atom in 

trans to the aqua group, Ru-O(1) distances (entry 6) are similar for both species. Angles 

O(1)-Ru-N(x) (where X = 1, 2, 7 and 6) give an idea about the position of the metal 

with respect to the plane formed by the 4 pyridylic nitrogen atoms. Values close to 90º 

(Table 1 entries 14-17), indicate that the Ru metal lies on the same plane than those 

nitrogen atoms. Finally, it is worth to point out at this moment, that the distances O(1)-

H(x) (where X = 1, 11, 20 and 25, table 1 entries 7-10) are suitable for H bonding 

interaction between the protons in alpha to the nitrogen atoms of each pyridyl ring and 
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the oxygen of the aqua group coordinated to the ruthenium ion. These interactions will 

be key in order to understand some of the spectroscopic and electrochemical features of 

the complex that will be discussed later on. 

 

Figure 4. X-ray structure of the [Ru(PY5Me2)(H2O)]
2+ 

complex with its corresponding  

labeling scheme. 

VI.2.2.3. Electrochemistry and UV-vis features 

The redox properties of the complexes 3(Cl) and 4(BF4)2 have been investigated in 

terms of CV and DPV. The CV of 3
+
 in methanol (Figure S3) exhibits a unique 

reversible wave at E1/2 = 0.85 V, (E = 75 mV) corresponding to the following process:  

[Ru
III

(Cl)(PY4Im)]
2+

 + 1e
- 
 [Ru

II
(Cl)(PY4Im)]

+
 (0.84 V) (1) 

The electrochemical properties of the aqua complex 4
2+

 were also extensively 

investigated by means of CV and DPV in aqueous solutions (pH from 0 to 14) in order 

to better understand the redox behavior of the complex. At pH=2, the unique reversible 

wave observed in the CV shown in Figure 5 is assigned to the following process (see 

the corresponding DPV in Figure S4):  

[Ru
III

(PY4Im)(H2O)]
3+

 + 1e
-  
 [Ru

II
(PY4Im)(H2O)]

2+
 (0.66 V) (2) 

N1

H1

N3

N6
Ru

N7 N2

H11H25

H20

O1
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Figure 5. Cyclic Voltammetry for the aquo complex 4
2+

 in water pH=2 (phosphate buffer) 

at 100 mV/s scan rate. Glassy carbon electrode is used as working electrode and the potential is 

measured vs. SSCE. 

At pH=8, two redox processes are observed in the DPV shown in Figure 6 (see the 

corresponding CV in Figure S5) and assigned to the following electrochemical 

reactions: 

[Ru
III

(PY4Im)(OH)]
2+

 + 1e
-
 + 1H

+
   [Ru

II
(PY4Im)(H2O)]

2+
 (0.56 V) (3) 

[Ru
IV

(PY4Im)(O)]
2+

 + 1e
-
 + 1H

+
  [Ru

III
(PY4Im)(OH)]

2+
 (0.71 V) (4) 

For aqua complexes such as 4
2+

, the presence of aqua groups enables PCET (proton 

coupled electron transfer) processes as the ones shown in Equations 3 and 4, which 

occur at relatively low and narrow potentials.
15

 The easy access to higher oxidation 

states as Ru
IV 

 is due to the simultaneous removal of electrons and protons which does 

not allow the buildup of high Columbic charges in the complex and also due to the  

and -donor nature of the oxido group bound to the ruthenium metal centre. The redox 

assignment of the mentioned processes (Eq. 3 and 4) has been carried out by 

comparison with the parent and extensively studied analogue [Ru
II
(tpy)(bpy)(H2O)]

2+
.
16
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Figure 6. Differential Pulse Voltammetry for the aqua complex 4
2+

 in water pH=8.2 

(phosphate buffer) at 100 mV/s scan rate. Glassy carbon electrode is used as working electrode 

and the potential is measured vs. SSCE. 

The Pourbaix diagram (representation of E1/2 vs. the pH) of the complex 4
2+

 is depicted 

in Figure 7, indicating the different zones of thermodynamic stability of the 

corresponding species with a different degree of protonation and/or oxidation. The 

Pourbaix diagram allows us to tentatively assign the values of pKa1 and pKa2 for the 

aqua group coordinated to the Ru center, as follows (PY4Im ligand omitted for the sake 

of clarity):  

Ru
III

H2O  Ru
III

OH (pKa1 5.3) 

Ru
II
H2O  Ru

II
OH (pKa2 12.7) 

0 

0,0002 

0,0004 

0,0006 

0,0008 

0,001 

0,2 0,4 0,6 0,8 1 1,2 

I (
A

) 

E (V) 
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Figure 7. Pourbaix diagram for the [RuII(PY4Im)(H2O)]2+ complex, 42+. Continuous line: 

experimental data. Dashed line: hypothetical data. E1/2 vs. SSCE. 

Table 2 reports a comparison of the data extracted from the Pourbaix diagram of 42+ and 

from reported values for the paradigmatic Ru-N5 complex [Ru(tpy)(bpy)(H2O)]2+, for 

purposes of comparison.  

Table 2. Redox potentials (vs. SSCE) for [RuII(PY4Im)(H2O)]2+ and

[Ru(tpy)(bpy)(H2O)]2+. 

RuIII/RuII RuIV/RuIII Ref

pH 1b pH 7c pH 7
pKa1

(RuIII)
pKa2
(RuII)

42+ 0.67 0.58 0.8 5.3 12.7 a

[Ru(tpy)(bpy)(H2O)]2+ 0.80 0.49 0.62 1.7 9.7 16

a This work. b 0.1 M triflic acid aqueous solution. c Phosphate buffer in aqueous solution. 

As can be observed in Table 2 the redox potentials of the III/II couple measured in 

water at pH = 1 are shifted cathodically by 130 mV for 42+ with respect to 

[RuII(trpy)(bpy)]2+ . This shift is a clear consequence of the strong sigma donating 

character of the carbene unit present in 42+. The sigma donation of the carbene is still 

more evident when comparing the pKa values of these species. The acidity of both 

RuIII(H2O) and RuII(H2O) protons is decreased by 3 and 4 units, respectively, in the 

PY4Im complex with regard to the related [RuII(trpy)(bpy)]2+. On the other hand, the 

0
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RuIII/RuII and RuIV/RuIII redox processes are separated 220 mV at pH=7 in 4
2+

, 

meanwhile this separation is only of 130 mV in [Ru
II
(trpy)(bpy)]

2+
. This difference 

points out the higher stability of the Ru(III)-OH species in 4
2+ 

than in 

[Ru
III

(OH)(trpy)(bpy)]
2+

, potentially due to hydrogen bonding interactions between the 

hydroxo group and the hydrogen atoms in alpha to the pyridylic nitrogens of the 

pentadentate ligand (see Figure 4 above for a better understanding of this statement).  

The UV-vis spectrum of 4
2+

 has been recorded in H2O at pH=8 (phosphate buffer) and 

is displayed in Figure 8. Two regions can be observed: one between 220 nm and 300 nm 

with very intense bands due to intraligand  transitions and a second between 300 

nm and 500 nm, where unsymmetrical broad typical metal-to-ligand charge transfer 

(MLCT) bands appear.
17

  

 

Figure 8. UV-vis spectra for 4
2+

 in H2O at pH=8 (phosphate buffer). 

Once electrochemically generated, the RuIII and RuIV oxidation states of 4
2+

 have also 

been characterized in terms of its electronic spectra. Therefore, when applying a fixed 

potential of 0.65 V vs. SSCE to a pH 8 phosphate buffer solution of 4
2+ 

for 20 min, the 

initial RuII species was oxidized to RuIII as shown in Figure 9a. The four nice 

isosbestic points observed at 238, 257, 324 and 452 nm suggests the net generation of 

the latter. A plot of the absorbance at  = 292 nm vs. the electrolysis time is depicted in 

Figure S9 (Supporting Information). The charge passed after UV-vis stabilization 
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corresponds to a 1e- oxidation process. Subsequent electrolysis at Eapp = 0.9 V vs. SSCE 

during c.a. 20 min. to the same solution generates the corresponding Ru(IV)=O species,

typically featureless in the visible region, as shown in Figure 9b. Despite nice isosbestic 

points were here again observed (240, 257, 320 and 437 nm), much higher charge 

values than the expected for a RuIII-RuIV 1e- oxidation process were observed, thus 

suggesting the presence of a chemical reaction coupled to the RuIV generation. The 

oxidation of water to dioxygen by means of the Ru(IV)=O species could be this coupled 

process; accordingly, it will be thoroughly discussed in the next section.  
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Figure 9. Spectrochemical generation of higher oxidation state species derived from 4
2+

 in 

aqueous solution pH = 8.2 (phosphate buffer): (a) from Ru
II
 to Ru

III
 at Eapp = 0.65 V; (b) from 

Ru
III

 to Ru
IV

 at Eapp = 0.90 V. All redox potentials applied vs. SSCE. 

 

VI.2.3. Water Oxidation Catalysis 

[Ru
II
(PY4Im)(H2O)]

2+
, 4

2+
, has been tested as a potential water oxidation catalyst by 

using both chemical and electrochemical oxidants: 

a) Using Ce(IV) as chemical sacrificial oxidant.  

The catalytic properties of complex 4
2+

 together with those for [Ru
II
(Py5Me2)(H2O)]

2+
 
†
 

were tested with regard to its capacity to oxidize water using Ce(IV) as oxidant, and the 

gases evolved were monitored by online manometry and MS. In all cases the following 

conditions were used: catalyst (4
2+

 or  [Ru
II
(Py5Me2)(H2O)]

2+
) 1 mM / Ce((IV) 100 mM 

/ 0.1M triflic acid in 2 ml total volume at 25 ºC). The most relevant results regarding 

these experiments are reported in Figures 10 and 11. 

 

Figure 10. Manometric monitoring of gas evolution vs. time for complexes 4
2+

 (blue line) 

and [Ru
II
(Py5Me2)(H2O)]

2+
 (red line), (1 mM) at pH =1.0 in 0.1M triflic acid solution in the 

presence of (NH4)2Ce
IV

(NO3)6 (100 mM).  

                                                 

†
 [Ru

II
(PY5)(H2O)]

2+
 was gently provided by Ms. Jordan C. Axelson from Prof. J.R. Long research group 

(University of California, Berkeley).  
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Both complexes resulted to be poor towards the generation of oxygen as the low 

manometry values demonstrate in Figure10. However, it is interesting to point out the 

different composition of the gas evolved for the two catalysts tested; while the MS 

experiment for [Ru
II
(Py5Me2)(H2O)]

2+
 (Figure 11b) shows just trace amounts of CO2, 

4
2+

 (Figure 11a) generate a 5,5:1 mixture of  CO2:O2. These results clearly manifest the 

different behavior and robustness of both species under the catalytic conditions. In fact, 

the presence of the carbene moiety and the CH linkage between the carbene and the 

pyridines rings in 4
2+

 seems to be the Achilles heel of the system, due to it is the unique 

difference regarding the related five pyridines complex, [Ru
II
(Py5Me2)(H2O)]

2+
.   
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Figure 11. On-line MS monitoring of oxygen (red line) and carbon dioxide (blue line) 

evolution vs. time for complexes 4
2+

 (a) and [Ru
II
(Py5Me2)(H2O)]

2+
 (b) (1 mM) at pH =1.0 in 

0.1M triflic acid solution in the presence of (NH4)2Ce
IV

(NO3)6 (100 mM).  

b) Electrochemically-triggered O2 generation. 

While registering CVs and DPVs for the construction of the above displayed Pourbaix 

diagram of 4
2+

 (Figure 7), nice electrocatalytic waves such as the one shown in Figure 

12 were observed. The important increase observed on the anodic current suggested the 

potential electrocatalytic activity of 4
2+ 

towards the oxidation of water, result in 

agreement with the large charge value obtained when studying the RuIII/IV process by 

means of CPE (see above). 
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Figure 12. Cyclic Voltammetry for the aqua complex 4
2+

 in water pH=8 (phosphate buffer) 

at 100 mV/s scan rate (red line) and the corresponding blank (blue line). FTO used as working 

electrode and potential measured vs. Ag/AgCl. 

In order to confirm this potential catalytic activity of 4
2+

 with regards to the oxidation of 

water, a CPE  electrolysis connected with a Clark electode in the gas phase was set up. 

Therefore a potential of 1.35 V vs. SSCE was applied for 8h to pH 8 aqueous solution of 

4
2+

 (0.53 mM). Figure 13 displays the measured charge during the CPE and that of the  

corresponding blank experiment.  

 

Figure 13. Charge vs. time representation for the CPE (Eapp = 1.35V vs. SSCE)   of a blank 

(blue line) and an aqueous solution of 4
2+

 ((53 mM, pH 8) red line) . 
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From the measured charge (around 10 C) and supposing a 100 % Faradaic efficiency a 

value of 10.6 TON was obtained. The real activity of the catalyst was calculated from 

the measurement of the generated oxygen with a Clark electrode in the gas phase as 

shown in Figure 14. The evolution of oxygen confirmed the water oxidation activity of 

our system under these conditions. However, the measured Faradaic efficiency was low 

(about 25%), thus evidencing the use of most part of the charge consumed on side 

reaction such as, for instance, the oxidative degradation of the catalytically active 

species.  

Figure 14. Clark probe profile during CPE (1.35 V vs. SSCE) of a pH 8 0.53 mM aqueous 

solution of 42+.

In order to analyze the stability of the catalytic system under CPE conditions and 

confirm the degradation observed in terms of CO2 formation, cyclic voltammetries 

before and after CPE were recorded (Figure 15 and Figure S10). The final waves appear 

shifted and non-reversible, clearly indicating the presence of new species with different 

coordination environment with regards to 42+. It is also worth to mention the clear 

reduction in the electrocatalytic activity of the catalyst observed in the important 

decrease of the anodic current (Figure 15).  
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Figure 15. Cyclic voltammetry of 4
2+

 before (blue line) and after (red line) CPE at pH = 8 

(phosphate buffer in water). FTO used as working electrode and potential measured vs. 

Ag/AgCl. 

 

VI.2.4. Epoxidation Catalysis 

4
2+

 has also been tentatively tested with regards to its ability to oxidize alkenes to 

epoxides as shown in Scheme 3. The catalytic reactions have been carried out following 

the conditions exposed in Table 3, which have been already mentioned in Chapter 2.  

 

Scheme 3. Catalytic epoxidation of alkenes by Ruthenium complexes. 

 

Table 3. Reaction conditions for the epoxidation of alkenes. Final volume ≈ 1.47 ml. 

Specie mmols Concentration (M) Ratio cat:X 

4
2+

 2,5E-03 1,70E-03 - 

Alkene 2,5 1,7 1000 

Dodecane 1 0,7 800 

(diacetoxyiodo)benzene 5 3,4 2000 

Water 5 3,4 2000 
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A vial containing 1 ml of 1,2-dichloroethane as solvent, (diacetoxyiodo)benzene as 

oxidant, dodecane as internal standard, catalyst 4
2+

, and water, was initially stirred for 

120 min. This “incubation” period before substrate addition was observed to be key in 

order to improve the rate of the catalytic reaction. Finally, the substrate was added to the 

previous mixture. The excess of water is mandatory to ensure the generation of PhIO 

from PhI(OAc)2.
18

 Figure 16 summarizes the set of reactions that take place during the 

catalytic epoxidation of alkenes for the proposed system. 

 

Figure 16. Summary of the reactions taking place in the catalytic epoxidation of alkenes 

with 4
2+ 

as catalyst and the reaction conditions shown in Table 3. 

The catalytic activity of 4
2+

 towards the epoxidation of alkenes has been tested for the 

oxidation of cis--methylstyrene and the reaction evolution monitored by GC and GC-

MS. As it can be observed the system: 4
2+

 1.70 mM/cis--methylstyrene 1.7 

M/PhI(OAc)2 3.4 M/H2O 3.4 M in DCE gives 0.63 M cis--methylstyrene epoxide that 

represents 350 turnover numbers (TONs) with regard to the initial catalyst in 20h. After 

this time the conversion of the initial substrate is 62% and thus represents an epoxide 

selectivity of 66%. 
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Table 4. Catalytic performance of 4
2+

 for the epoxidation of alkenes using PhI(OAc)2 as 

oxidant in DCE (Cat:Sub:Ox. 1:2000:4000).
a
 

Entry Substrate 
Substrate 

conversion (%)
b
 

[Epoxide], M; 

(Selectivity, %)
c
 

TON/TOFi
d
 

1 cis--methylstyrene 
 

100 
0.63; 

(66)
e
 

350/73 

a 
Reaction conditions: 4(PF6)2 (1.8 mg, 2.5 E

-3
 mmols, final concentration 1.7 mM) in DCE (1 

ml), substrate (2.5 mmols, 1.7 M), PhI(OAc)2 (5 mmols, 3.4 M), H2O (5 mmols, 3.4 M), 

dodecane (1 mmol, 0.68 M); final volume ≈ 1.47 ml. 
b
 Substrate conversion = {([substrate]i – 

[substrate]f)/[substrate]i}·100. 
c
 Epoxide selectivity = {[epoxide]f/([substrate]i – 

[substrate]f)}·100. 
d
 TON with regard to epoxide; TOFi = TON/min. 

e
 100% cis epoxide. 

 

VI.3. Conclusions 

In this chapter we have prepared and thoroughly characterized a novel family of 

complexes with general formula [Ru
II
(PY4Im)(X)]

n+
 (X = Cl, n = 1 or X = H2O, n = 2), 

which represent the first class of ruthenium complexes containing a pentadentate ligand 

bearing an NHC scaffold on its axial position. Moreover, both Ru
III

(OH) and Ru
IV

(O) 

high oxidation state species have been electrochemically generated and 

spectroscopically characterized. The strong -donor character of the carbene ligand is 

clearly manifested in 4
2+ 

by both, the important reduction of the redox potentials and the 

clear increase of the pKa values when comparing this data with that of the paradigmatic 

Ru-N5 complex [Ru(trpy)(bpy)(H2O)]
2+

. In addition, the use of a pentadentate moiety 

likewise PY4Im provides interesting hydrogen bonding interactions between the H in 

alpha to the nitrogen atoms in the equatorial pyridines and the hydroxo group of the 

Ru
III

(OH) species, thus stabilizing them towards its oxidation to Ru
IV

(O). In addition, 

the catalytic activity of [Ru
II
(PY4Im)(H2O)]

2+
 as water oxidation catalyst has been 

tested by using both chemical (Ce(IV)) and electrochemical (CPE) sacrificial oxidants. 

Degradation of the initial catalyst, potentially due to intermolecular catalyst-catalyst 

oxidative degradation processes, has been observed with both methodologies. However, 

much more promising preliminary results has been achieved when employing 4
2+

 as 

catalyst for the epoxidation of alkenes. 0.66 mM of cis--methylstyrene oxide were 

generated and full conversion of the substrate after 20h. This results and the 
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performance of this catalyst towards other substrates will be further investigated in our 

laboratory. 

VI.4. Experimental Section 

Materials: All reagents used in the present work were obtained from 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. All synthetic manipulations were routinely performed under nitrogen 

atmosphere using Schlenk tubes and vacuum-line techniques. 

Instrumentation and Measurements: UV-Vis spectroscopy was performed by a 

HP8453 spectrometer using 1 cm quartz cells. NMR spectroscopy was performed on a 

Bruker DPX 250 MHz, DPX 360 MHz or a DPX 400 MHz spectrometer or in a Varian 

NMR System 500MHz or 300MHz. Samples were run in acetone-d6 with internal 

references. Electrospray ionization mass spectrometry (ESI-MS) experiments were 

carried out on an HP298s gas chromatography (GC-MS) system from the CAS-UAB. 

Cyclic voltammetry and Differential pulse voltammetrys experiments were performed 

on an Ij-Cambria HI-660 potentiostat using a three-electrode cell. A glassy carbon 

electrode (2 mm diameter) was used as working electrode, platinum wire as auxiliary 

electrode and a SSCE as a reference electrode. Working electrodes were polished with 

0.05 micron Alumina paste washed with distillated water and acetone before each 

measurement. The chlorido complex was dissolved in methanol containing the 

necessary amount of n-Bu4NPF6 (TABH) as supporting electrolyte to yield 0.1 M ionic 

strength solution. The E1/2 values reported in this work were estimated from CV 

experiments as the average of the oxidative and reductive peak potentials (Ep,a + Ep,c)/2. 

All the controlled potential electrocatalysis (CPE), electrocatalysis and CV’s before and 

after the catalytic process were performed in a two compartment/three electrodes cell 

using a Bio-logic potentiostat/galvanostat and EC-Lab software. In these cases a FTO 

slide (1 cm2) connected to a tin wire was used as working electrode, platinum grid as 

the auxiliary electrode and an aqueous Ag/Ag+ (KCl 3 M) as the reference electrode. 

Online manometry measurements were carried out on a Testo 521 differential pressure 

manometer with an operating range of 1 – 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. The secondary ports of the manometers were 
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connected to thermostatically controlled reaction vessels that contained the same 

solvents and headspace volumes as the sample vials. Online monitoring of the gas 

evolution was performed on a Pfeiffer Omnistar GSD 301C mass spectrometer. 

Typically, 16.04 mL degassed vials containing a suspension of the catalysts in a0.1 M 

triflic acid (1.5 mL) were connected to the apparatus capillary tubing. Subsequently, the 

`previous degassed solution of cerium(IV) (0.5 mL) at pH=1 (triflic acid, 200 equiv.) 

was introduced using 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, respectively, were injected and thus was used for calculation of 

their relative concentrations. For the CPE, the oxygen concentration of the headspace of 

the compartment containing the working electrode was monitored with a Clark’s fast-

response oxygen micro-electrode needle sensor (OX-N, 40 mm needle length, 1.1 mm 

diameter, 90% response time <10 s) commercialized by Unisense A/S. 

X-ray Crystal Structure Determination. Data collection was made on a Bruker-

Nonius diffractometer equipped with an APPEX II 4K CCD area detector, a FR591 

rotating anode with Mo K radiation, Montel mirrors as a monochromatic and a 

Kryoflex low-temperature device (T = -173ºC). Full-sphere data collection was used 

with w and f scans. Programs used: data collection APPEX II,
19

 data reduction, Bruker 

Saint V/.60A;
20

 absorption corrections, SADABS.
21

 

Structure and Refinement. For this, SHELXTL
22

 was used. 

Synthetic preparations 

 [Ru
II
(Cl)(PY4Im)]

+ 
(3(Cl)). [PY4ImAg]Br (0.062 g, 0.202 mmol) and [Ru(Cl)2(p-

cymene)]2 (0.062 g, 0.101 mmols) were dissolved in a flask containing acetonitrile (25 

ml) and the resulting solution heated for overnight. After that time a yellow precipitate 

appeared which was filtered and dried with diethyl ether. Yield: 94 mg (86%).
1
H-NMR 

(400MHz, DMSO): = 9.42 (d, 4H, J1-2=5.67 Hz, H1), 7.93 (d, 4H, H4), 7.92 (t, 4H, 

H3), 7.77 (s, 2H, H12), 7.46 (t, 4H, H2), 7.45 (s, 2H, H6). 
13

C{
1
H} NMR (400MHz, 

DMSO): = 194.78 (C14), 155.63 (C1), 154.91 (C5), 137.20 (C4), 125.67 (C3), 124.40 

(C2), 120.51 (C12), 65.19 (C6). ESI-MS (MeOH): m/z= 541.04 ([M-Cl]
+
)  

[Ru
II
(PY4Im)(H2O]

2+
 (4(BF4)2). 3(Cl) (0.060 g, 0.103 mmols) and AgBF4 (0.061 g, 

0.309 mmols) were dissolved in the darkness in a flask containing acetone:water (10 ml, 
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1:4). The resulting solution was stirred and heated for overnight. After cool down to 

room temperature the solution was filtered removing the formed AgCl. Slow 

evaporation of the acetone yielded nice yellow crystals, which were filtered and dried 

over air. Yield: 60 mg (84%). 
1
H-NMR (400MHz, D2O): = 9.20 (d, 4H, J1-2=5.60 Hz, 

H1), 7.89 (d, 4H, H4), 7.87 (ddd, 4H, H3), 7.62 (s, 2H, H12), 7.44 (ddd, 4H, J2-3=7.73 

Hz, J2-1=5.60 Hz, J2-4=2.12 Hz, H2), 7.13 (s, 2H, H6). 
13

C{
1
H} NMR (400MHz, D2O): 

= 195.18 (C14), 154.24 (C1), 153.26 (C5), 137.15 (C4), 125.46 (C3), 124.00 (C2), 

119.64 (C12), 66.07(C6). UV/vis (aqueous solution at pH = 8, phosphate buffer): max 

()= 245 (1027), 360 (6549), 394 (7140). ESI-MS (MeOH): m/z= 239.0 ([M-2PF6]
2+

). 
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Figure S1. 1D and 2D NMR spectra (400 MHz, 298 K, DMSO) for 3+: (a) 1H-NMR, 

(b) COSY, (c) 13C-{1H}-NMR, (d) HSQC NMR (aromatic region) (e) HMBC NMR 

(aromatic region). 

a)

b) 
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c) 

d) 
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e) 

Figure S2. 1D and 2D NMR spectra (400 MHz, 298 K, D2O) for complex 42+: (a) 1H-

NMR, (b) COSY, (c) 13C-{1H}-NMR, (d) 13C-{1H}- DEPTQ135 (e) HSQC NMR 

(aromatic region) (f) HMBC NMR (aromatic region). 

a)
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d) 

e)
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f)

Figure S3. Cyclic voltammogram for 3+ in 0.1 M n-Bu4NPF6 in methanol at 100 mV/s 

scan rate. Glassy carbon electrode is used as working electrode and the potential is 

measured vs. SSCE. 
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Figure S4.  Differential Pulse Voltammetry for the aqua complex 4
2+

 in water pH=2 

(phosphate buffer) at 100 mV/s scan rate. Glassy carbon electrode is used as working 

electrode and the potential is measured vs. SSCE.  

 

Figure S5.  Cyclic voltammetry for the aqua complex 4
2+

 in water pH=8 (phosphate 

buffer) at 100 mV/s scan rate. Glassy carbon electrode is used as working electrode and 

the potential is measured vs. SSCE.  
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Figure S6.  Experimental (right side) and theoretical zoom (left side) Mass Spectra for 

complex 3
+
. 

  

Figure S7.  Experimental (right side) and theoretical zoom (left side)  Mass Spectra for 

complex 4
2+

. 
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Figure S8.  Plot of the unit cell of 4
2+

 and the corresponding distances of the -stacking 

interaction. 

 

Table S1.  Crystallographic data for complex 4
2+

. 

Empirical formula  C25 H30 B2 F8 N6 O5 Ru  

Formula weight  769.24  

Temperature  100(2)K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/n   

Unit cell dimensions a =  12.7198(12) Å a=  90.00 °. 

 b =  13.6489(16) Å b = 108.488(5) °. 

 c =  18.6702(19) Å g =  90.00 °. 

Volume 3074.1(6)  Å3 

Z 4  

Density (calculated) 1.662  Mg/m3 

Absorption coefficient 0.605  mm-1 

F(000)  1552  

Crystal size  0.40 x 0.05 x 0.01 mm3 

Theta range for data collection 1.88  to 32.93 °. 

Index ranges -19 <=h<=17 ,-20 <=k<=20 ,-28 <=l<=28  

Reflections collected  38867  

Independent reflections 11294 [R(int) = 0.0542 ] 

Completeness to theta =32.93 °  0.979 %  

Absorption correction  Empirical 

Max. and min. transmission  0.9940  and  0.7938  

Refinement method  Full-matrix least-squares on F2 
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Data / restraints / parameters  11294 / 34 / 487  

Goodness-of-fit on F2  1.039  

Final R indices [I>2sigma(I)]  R1 = 0.0614 , wR2 = 0.1634  

R indices (all data)  R1 = 0.0920 , wR2 = 0.1900  

Largest diff. peak and hole  2.991  and -2.684  e.Å-3 

 

Figure S9 Plot of absorbance  ( = 292 nm) vs. time during during CPE of 4
2+

 in an 

aqueous solution at pH = 8 (phosphate buffer). Eapp = 0.65 V vs. SSCE. 
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Figure S10. Cyclic voltammetry of 4
2+

 after CPE at pH = 8 (phosphate buffer in water). 

FTO used as working electrode and potential measured vs. Ag/AgCl. 
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Taking into account the initial objectives proposed for this thesis 

and the final experimental data obtained some conclusions, 

remarks and future work are reported in this chapter. 
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I 

 A new family of Ru dinuclear complexes (5
4+

 and 7
4+

) containing the positively 

charged trpyPyr ligand 4’-(-p-(Pyridin-1-ylmethyl)phenyl)-2,2’:6’,2’’-

terpyridine (L3(PF6)) have been synthesized and fully characterized, both in the 

solid state and in solution.  

 

 The anchoring of the new catalysts onto TiO2, SiO2 and Nafion® has been 

achieved and the new hybrid materials prepared have been characterized by 

means of electrochemical and spectroscopic techniques.  

 

 The catalytic performance of the homogeneous bis-aqua derivate resulted in 

similar results than those reported for the related Hbpp catalyst. No CO2 

evolution was observed together with oxygen formation. However, Silica-8
5+

 

has shown a high CO2:O2 ratio when chemically activated with Ce/IV), thus 

revealing the oxidative degradation of the catalyst. This degradation is probably 

due to the activation of the methylene in alpha to the pyridylic residue when the 

positive charge is dislocated interacting with the SiO
-
 residues.  

 

 Catalyst leaching from FTO-TiO2-5
4+

 was observed when the electrochemical 

activation of the hybrid material was performed to trigger the system for water 

oxidation. This fact reveals the weak character of the interaction between the 

positively charged pyridines and the TiO2 electrode. 

 

 Despite the electrocatalytic activation of Nafion-5
4+

 has been observed by DPV, 

its performance as chemically-driven WOC using Ce(IV) is poor, only yielding 

stoichiometric amounts of O2. On the other hand, the lack of catalytic activity of  

Nafion-7
4+

 has been attributed to the blocking of its active sites by coordination 

of  sulfonate groups of the polymeric support to the Ru metal ions.  

 

 Silica and Nafion® have demonstrated to be the best solid surfaces in terms of 

the stability of the catalyst-support interaction, meanwhile TiO2 has shown a 

much weaker anchoring. The work herein presented is a clear example of how 

new efforts have to be spent looking for new hybrids systems which have to be 
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highly stable under strong oxidative conditions meanwhile maintaining or 

increasing the catalytic activity of the WOCs attached on them.  

 

II 

 A new Ruthenium bis-facial dinuclear complex, 2
2+

, containing the hexadentate 

pyrazolate-bridging ligand Hbimp and bpy as auxiliary ligands has been 

synthesized. 

 

 DFT calculations have been mandatory in order to elucidate the trans character 

of the new complex. 

 

 2
2+

 has been fully characterized in solution by means of spectrometric, 

spectroscopic and electrochemical techniques.  

 

 The new compound has been tested with regard to its capacity to oxidize water. 

The in situ generated bis-aqua complex 3
3+

 resulted in low efficiencies and 

selectivities when performing as WOC, which was attributed to the 

intramolecular catalyst-catalyst oxidative degradation of the surrounding ligands 

in the harsh and highly oxidative reaction conditions.  

 

 3
3+

 has shown to be an excellent catalyst for the epoxidation of a wide range of 

alkenes. From the scope of substrates analyzed, the following conclusions can be 

pointed out: 

 

o cis alkenes were epoxided faster and in higher yields than their 

corresponding trans counterparts, thus reveling the important effect of 

the steric hindrance around the catalytically active sites in the final 

catalytic output.  

o Substrates containing electron-donor groups yielded better results than 

those bearing electron-withdrawers, which points out the high 

electrophilic character of the Ru
IV

=O active site. 

o The catalytic systems described here are stereospecific in nature, in the 

sense that no cis/trans isomerization takes place for the cis-alkenes.  
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o Either a concerted oxygen atom transfer from the Ru
IV

=O active site to 

the alkene double bond or a radical path were the C-C rotation of the 

generated radical is much slower than the ring closing that generates the 

final epoxide can be plausible mechanisms for this transformation.  

 

 Future prospects will be focused on the better understanding of the mechanism 

that is directing the stereoselectivity observed in the epoxidation reaction, as 

well as in the expansion of the substrate scope.  

 

III 

 The intermediate 5 has been prepared by means of cross-coupling reactions 

between a di-halo phthalazine and acetylene derivatives. However, neither good 

yields nor acceptable reproducibility have been obtained. The two new ligands, 

3a and 3b, have been obtained in low yields and fully characterized in solution 

and in the solid state. 

 

 3a has been employed for the preparation of the dinuclear Cl-bridged Ru 

complex 9
3+

 that has been structurally (X-ray), spectroscopically and 

electrochemically characterized. Comparison of 9
3+ 

solid state structure with the 

one of the related and previously reported [Ru
II

2(-Cl)(bpp)(trpy)2]
2+

 complex 

pointed out relevant differences about the disposition and constrains of the metal 

centers.  

 

 All the attempts of preparing the bridging tetradentate N/C-donor ligands 2a and 

2b failed, However, two new bidentate N/C-donor ligands, 7
+
 and 8

+
, were 

prepared and structurally characterized. These new ligands were the result of the 

always favored alkylation of a N atom of the the central phthalazine scaffold 

with regards to the peripheral nitrogen atoms of the triazole rings. 

 

 Future prospects should be focused on the optimization of the cross-coupling 

process to obtain 5 in higher yields and reproducibility. On the other hand, the 

selective alkylation of 3a and 3b should be attempted under acidic media, 

VII



CHAPTER VII 

 

258 

 

preventing in this manner the non-desired nucleophilic attack of the phthalazine 

nitrogen atoms. 

 

IV 

 We have prepared and thoroughly characterized a novel family of complexes of 

formula [Ru
II
(PY4Im)(X)]

n+
 (X = Cl, n = 1or X = H2O, n = 2), which represent 

the first class of ruthenium complexes containing  a pentadentate ligand bearing 

an NHC scaffold on its axial position 

 

 Both Ru
III

(OH) and Ru
IV

(O) high oxidation state species have been 

electrochemically generated and spectroscopically characterized.  

 

 The strong -donor character of the carbene ligand is clearly manifested in 4
2+ 

by both, the important reduction of its redox potentials and the clear increase of 

its pKa values when comparing this data with that of the paradigmatic Ru-N5 

complex [Ru(trpy)(bpy)(H2O)]
2+

.  

 

 The use of a pentadentate moiety likewise PY4Im provides interesting hydrogen 

bonding interactions between the H in alpha to the nitrogen atoms in the 

equatorial pyridines and the hydroxo group of the Ru
III

-OH species, thus 

stabilizing them towards its oxidation to Ru
IV

(O).  

 

 The catalytic activity of [Ru
II
(PY4Im)(H2O)]

2+
 as water oxidation catalyst has 

been tested by using both chemical (CeIV) and electrochemical (CPE) sacrificial 

oxidants. Degradation of the initial catalyst, potentially due to intermolecular 

catalyst-catalyst oxidative degradation processes, has been observed with both 

methodologies. 

 

 Promising preliminary results has been achieved when employing 4
2+

 as catalyst 

for the epoxidation of alkenes.  



 

 

 

 




