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GRAPHICAL ABSTRACTS

Chapter 1. General Introduction

Introduction to the Ruthenium chemistry, especially
focused in the Ru-H,O/Ru=O systems and its
properties. Special interest is also paid in the water
oxidation catalysis as well as the epoxidation of

alkenes.

Chapter II. Objectives

Chapter I11. "Ru-Hbpp'" Complexes Containing the TrpyPyr Scaffold:
Heterogenization and Water Oxidation Catalysis

In this chapter we present the immobilization
of two new “Ru-Hbpp” complexes on the
surface of Silica, FTO-TiO, films and Nafion
polymer. The catalytic performance of these

new hybrid materials towards the oxidation

of water will be discussed and compared with
their homogeneous counterparts and other

related systems previously reported.

Chapter 1V. Bis-facially Bridged Ru Dinuclear Complexes: Powerful Catalyst for
the Epoxidation of Alkenes

In this chapter we report the synthesis and
characterization of a novel diruthenium complex
containing the bis-facial hexadentate bridging ligandg
Hbimp. Its reactivity towards the oxidation of water
and olefins and the comparative discussion with the

already reported family of related dinuclear complexes

is reported herein.




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.

Chapter VI. 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"(PY4Im)(X)]"" (X =
Cl,n=1 or X = H,O, 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.

Chapter VII. Conclusions and Future Prospects
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General Introduction

1.1. Ruthenium Chemistry

1.1.1. Ruthenium properties

Ruthenium, initially called Ruthenia, from the Latin word for Rus' (ancient Russia) was
discovered more than 150 years ago in Siberia by Karl Klaus. It is one of the rarest
elements on the Earth’s crust with an abundance of 107'%. Nevertheless, this element
generates high interest in between the scientist thanks to the widest, together with
Osmium, range of accessible oxidation states (from -2 in [Ru(CO),]* to +8 in RuO,)
covering the total of 11 oxidation states theoretically possible for a transition metal, all
of them with different coordination geometries.® Consequently, Ruthenium complexes
are redox-active and their application as redox reagents in many different chemical
reactions is a topic of much current interest. The Kkinetic stability of Ruthenium
complexes in those different oxidation states and the often reversible nature of the redox
pairs make these complexes particularly interesting for scientist. The application of
Ruthenium complexes is outstanding wide, being clearly correlated to the nature of the

coordinated ligands.

It is interesting to see how one single metal such as Ruthenium can give a wide variety
of products from a single substrate, simply by changing its coordination environment.
For instance, styrene yields all the substrates shown in Figure 1 when reacted catalyzed

by differently tunned Ruthenium complexes.?


http://en.wikipedia.org/wiki/Ruthenia
http://en.wikipedia.org/wiki/Etymology_of_Rus_and_derivatives
http://en.wikipedia.org/wiki/Russia
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Figure 1 Styrene modification reactions catalyzed by different Ru species.
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Ruthenium complexes with m-conjugate ligands or systems that enable electronic
delocalization have shown specific properties in nonlinear optics,” magnetism,”
molecular sensors’ or liquid crystals.® Ruthenium sulfoxide complexes have been
extensively studied due to their relevant usefulness in chemotherapy.” Ruthenium
complexes with heterocyclic N-donor ligands have received much attention owing to
their interesting spectroscopic, photophysical and electrochemical properties, which
lead to potential uses in diverse areas such as photo sensitizers for photochemical
conversion of solar energy,® molecular electronic devices’ and photoactive DNA
cleavage agents for therapeutic purposes.'’ Complexes with phosphine and diphosphine
ligands are employed in CO, reduction'' and enantioselective hydrogenations,'* as well
as in addition reactions'® and metathesis.'"* The incorporation of oxazoline ligands has
led to the preparation of several Ruthenium catalysts active for the epoxidation of
alkenes.'” Other ligands like carbonyl, tertiary phosphines, cyclopentadienyl, arenes and
dienes have proven to serve effectively as the activating factors such as in hydrogen
abstraction'® or generation.'” Above all, polypyridyl Ruthenium complexes with aqua
ligands have been extensively employed in oxidation reactions of organic'® and

inorganic'® substrates, C-H insertion®” and proton-coupled electron transfer.?!
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1.1.2. Polypyridyl based Ruthenium aqua complexes

The story of polypyridyl Ruthenium complexes began between 1940 and 1960, when an
extraordinary set of scientific papers was published by the Australian coordination
chemist Frances P. Dwyer.”” These contributions represented the beginning of the
synthetic chemistry of polypyridyl Ruthenium complexes. In the late 1960s, Thomas J.
Meyer and collaborators started a systematic study of these complexes and drew
attention to their relevant reactive properties based in their accessibility to long-lived

excited states and oxidation states varying form Ru(ll) to Ru(V1).?

A particularly interesting situation within the redox chemistry of these complexes
emerges when a water molecule is directly bounded to the metal centre, because redox
properties of these Ru-aqua complexes are affected by proton exchange. As shown in
Scheme 1, the successive oxidations from Ru(ll) to Ru(lV) are accompanied by a

sequential proton losing favoured by the enhanced acidity of the bonded aqua ligand.

-1HY -1e -1H' -1e
Ru"H, 0O T———* Ru'OH —* Ru'"V=0
+1H" +1e +1H" +le

Scheme 1. Proton Coupled Electron Transfer of Ruthenium polypyridyl aqua complexes.

A typical characteristic of these aqua complexes is the pH dependence of its redox
potentials. Thus, Ru(lll/Il) and Ru(IV/Il) redox processes are shifted to lower
potentials when a drop in the medium acidity takes place, attributable to the fact that
higher oxidation states tend to be more acidic. The Nernst equation correlates pH with
redox potential in such a way that, for a monoprotic and monoelectronic transfer, the
redox coupling diminishes in 59 mV by every pH unit increased, as shown in Scheme 2.
The redox equilibria combine with the acid-base equilibria of all species involved and
the dependence of the half wave redox potential, E;/,, with respect to the complete pH

range is represented in the so-called Pourbaix diagrams.
Eip= E01/2 - 0059(m/n)pH

Scheme 2. Nerst Equation where: Ey;, = half wave redox potential at a specific pH; E%), =
half wave redox potential at standard conditions; m = transferred protons; n = transferred

electrons
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The most significant trends of these Ruthenium aqua complexes can be observed in
Scheme 3, which shows the Latimer diagrams for two different polypyridylic
Ruthenium complexes one with two chlorido anions coordinated (a) and the other
containing a water molecule (b). In this scheme, the electronic configurations were point
out due to their importance in redox processes where electrons are gained and lost from
dn levels. Changes in the electron content do not occur in the s-bonding framework,
which is the reason for the observed coordinative stability in the three consecutive
oxidation states and explains the relevance of these complexes in the study of electron
transfer and redox reactions in general. The example shown in eq (a) is typical for Ru
polypyridyl couples with oxidation of Ru(ll) to Ru(lll) occurring at easily accessible
potentials. The 1.7 V increase in potential for the Ru(IV/Ill) couple is due to the
increase in charge and oxidation state compared to the Ru(l11/11) couple.? In the couples
shown in eq (b), the anionic CI" ligands are replaced by the neutral pyridine (py) and
HO ligands. The increase in charge and changes in bonding increase the potential for
oxidation of cis-[Ru"(bpy)2(py)(H20)]** (Ru"-OH,) to cis-[Ru"'(bpy)a(py)(OH)]**
(Ru"'-OH) by over 0.6 V compared to the analogous couple in cis-[Ru"(Cl),(bpy).].?
The surprising point in eq (b) is the much smaller difference between the Ru(IV/111) and
Ru(H1/11) couples, 0.11 V compared to 1.7 V in (a). These data point to a dramatic
stabilization of Ru(IV) in the aqua-containing coordination environment, causing the
near overlap of Ru(IV/I1l) and Ru(lll/11) potentials. There is an important implication
for reactivity in this closeness of the redox potentials: thermodynamically, Ru(lV) is
nearly as good a two-electron oxidant as a one-electron oxidant at pH 7.

4 N\

. v 2+ 1.7v . il + 00V . 1 0
a) cis-[Ru™(C,(bpy), ¥ ————  cis-[Ru"™(Cl)y(bpy),] —  cis-[Ru"(Cl),(bpy),]
dr? dr’ dr®
0.78 V 0.67V
b) cis-[Ru" (bpy),(py)(0)** ————— cis-[Ru™(bpy),(py)(OH)I** ———— cis-[Ru"(bpy),(py)(H,0)I**
dr? dr’ dn®

& J

Scheme 3. Latimer diagram of Ruthenium polypyridyl complexes (a) without and (b) with

a coordinated water molecule. E;;, measured vs. NHE in aqueus solution (pH = 7). n=0.1.

The drRu-2pm,0 multiple-bond interaction shown in purple in Figure 2 is the key for
the Ru(lV) stabilization.?®
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Figure2.  Molecular Orbital energy diagram for a Ru'V=0 moiety.
1.1.3. RulV=0: a catalytically active group

As mentioned above, the oxo groups stabilize high oxidation states and make them
accessible at fairly low redox potentials. Furthermore, from a mechanistic point of view,
its ability to accept two electrons can avoid radicalary reaction pathways of high energy
and reactivity,?’ usually generated in monoelectronic transfers. Finally, the robust
character of its first coordination sphere makes possible the easy exchange between
Ru(Il) and Ru(lV) without any dramatic change in the catalyst basic structure, being
only the oxo group the one that modifies its composition. The chemical versatility of
these oxo complexes allows them to act following a wide variety of mechanistic
pathways. Thus, Table 1 shows a compilation of oxidative pathways identified for cis-
[Ru" (bpy)2(py)(0)]**, probably the most paradigmatic and studied complex inside this
family.?® The mechanisms cited in this table are the result of a lengthy and exhaustive
series of mechanistic studies through UV-visible and Infrared data, isotopic labeling,
observation of intermediates, and kinetic isotope effects. The table lists the reductant
and oxidized product, the mechanistic pathway, rate constant information, and

comments about the mechanism.
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Table 1. Mechanistic summary of reactions catalyzed by cis-Ru' (bpy).(py)(0)]**
Reduced Oxidized k (25°C)?
Form Form Pathway ML st Comment Ref.
Outer-sphere Slowed by intitial
[0s"(bpy)sl”  [0s"(bpy)sl”™ tran'zfer <1x10%° formation of cis- 29b
Ru"(bpy).(py)(0)**
HOOOH o:©:o PCET 9.6x10° ° “H,0/*D,0 = 30 29a
H,0, 0, PCET 1.7° *H,0/*D,0 = 22 29¢c-d
Electrophilic 2 "H*D =5.5
HO@ HO@OH ring attak 1.9x10 (CsDsOH) 2%
Bound Sulfoxide
(CH,),SO (CH3)S,0 O transfer 17 observed 29f
(CH3),SO (CH3)SO, O transfer 0.14 - 29f
_ ) 5 Bound Ru(ll) and
PPh; O=PPh; O transfer 1.8x10 0=PPhs observed 299
0.28 trans Bound Ru(ll) epoxide
O / O O transfer 2.5x 1073, cis. observed 29h
HO Key/km —
\—Q \—Q H" transfer 2.4 H/'D =50 29i
H/“D =19 .
HCO, CO, H" transfer 4.2 29j
H/*D = 18
<;> <;>: 0.6 Bound Ru(ll) ketone 29k
msertlon
observed
6.6 x 107 Bound Ru(lll) ketone 29
msertlon observed

% In CHLCN except where indicated. ® H,O (u = 0.1). © Followed by rapid oxidation to the

quinone. ¢ Through an intermediate, bound alcohol complex that undergoes further oxidation.

A really interesting point of these high oxidation state oxo complexes is the feasible

modulation of its reactivity by tuning the redox potentials, modifying the accompanying

ligands. This characteristic, jointly with the growing interest of the fine chemical

industry to acquire selective catalysts for oxidation reactions, have promoted a huge

number of systematic studies focused on the redox properties of these catalysts
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containing ligands of different natures.” The most relevant electrochemical information
extracted from this extensive work is shown in Table 2 where the strong ligand effect
over the Ru(1V/I11) and Ru(l11/11) redox couples can be clearly appreciated.

Table 2. Electrochemical parameters for aqua complexes of Ru®.
Entry Complex Ere(V)°
Rulll/11 RulV/IlI RulVv/l AE1/2°
1 [Ru(NH3)(OH)* -0.33 0.35 0.01 0.68
2 [Ru(tpy)(acac)(OH,)]* 0.19 0.56 0.38 0.37
3 [Ru(tpy)(C,0.)(OH,)] 0.16 0.45 0.31 0.29
4 [Ru(tpy)(OH,)s]* 0.35 0.64 0.50 0.29
5  Trans-[Ru(tpy)(pic)(OH)]" 0.21 0.45 0.33 0.24
6  Cis-[Ru(tpy)(pic)(OH)]* 0.38 0.56 0.47 0.22
7 Cis-[Ru(6,6’-Me2-bpy),(OH,),]** ¢ 0.57 0.73 0.65 0.16
8  [Ru(tpy)(tmen)(OH,)]* 0.36 0.59 0.48 0.13
9  [Ru(tpy)(phen)(OH,)]** 0.50 0.60 0.55 0.10
10  Cis-[Ru(bpy).(py)(OH,)]** 0.43 0.53 0.48 0.11
11 [Ru(tpy)(bpy)(OH,)]** 0.49 0.62 0.56 0.13
12 Cis-[Ru(tpy)(4,4’-((CO,Et),bpy)(OH,)]*" 0.66 0.80 0.73 0.13
13 Cis-[Ru(tpy)(4,4’-Me,-bpy),(OH,)]** 0.47 0.61 0.54 0.14
14  Cis-[Ru(bpy).(AsPh3)(OH,)]** 0.50 0.67 0.59 0.17
15  Cis-[Ru(bpy)(biq)(PEts)(OH)** 0.45 0.63 0.54 0.18
16 [Ru(tpm)(4,4’-(NO,),-bpy)(OH,)]** 0.56 0.75 0.66 0.19
17  Cis-[Ru(bpy).(PEts)(OH2)]?* 0.46 0.67 0.57 0.21
18  Cis-[Ru(bpy)(biq)(PPhs)(OH,)]** 0.48 0.70 0.59 0.22
19  Cis-[Ru(bpy)-(PPhs)(OH,)]** 0.50 0.76 0.63 0.36
20  Cis-[Ru(bpy)(P(i-Pr)s(OH,)]* 0.45 0.68 0.57 0.23
21 Cis-[Ru(bpy)2(SbPhs)(OH,)1* 0.52 0.80 0.66 0.28
22 [Ru(tpy)(dppene)(OH,)]*" ¢ 1.17 1.53 1.35 0.36

*InH,O at pH 7.0, T=22+2°C, | = 0,1 M vs SSCE. ° E,, values for the Ru"-OH/Ru"-OH,,
Ru"V=0/Ru"-OH, and Ru'"V=0/Ru"-OH, couples. © AE;, = Ey(Ru(IV/II) — Eqp(Ru(1i/IN. ¢ pH
4.0. ° In CH,Cl/H,O (3:1). Abbreviations: big = 1,1’-biquinoline; tmen = N,N,N,N-
tetramethylethylenediamine; dppene = cis-1,2-bis(diphenylphosphino)ethylene; pic: picolinate

anion. Acac = acethyl acetonate anion.

The Ru(ll) oxidation state is stabilized by d=-n* back-bonding in the presence of
ligands with low-lying acceptor levels, such as PPhs. On the contrary, Ru(l1l) oxidation
state is stabilized in the presence of electron donating ligands, such as the anionic acac
or C,0.. In consequence, if we compare the redox potentials of [Ru(tpy)(bpy)(OH.,)]**
(entry 11 of Table 2) with [Ru(tpy)(acac)(OH,)]" (entry 2 of Table 2) we observe a

decrease in Ey (I1I/11); and if we compare the values for cis-[Ru(bpy)2(py)(OH)]**

11
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(entry 10) with cis-[Ru(bpy)2(PPhs)(OH2)]** (entry 19 of Table 2) an increase in Ey
(I11/11) is observed.

The Ru(IV/I11) couples are in general far less sensitive to ligand variations than are the
Ru(I11/11) couples. This is illustrated for instance by comparing the complexes in entries
2 and 11 or in entries 3 and 9, where changes in the ligands produce only a slight
modification in the potential of the Ru(I\V//Ill) couple whereas the Ru(ll1I/I1) couple is
strongly influenced. This fact can be understood taking into account the important effect
of the oxo group in the Ru'V=0 species, where the stabilization promoted by this group
is predominant over any other ligand effect. This behaviour is due to the control of the
n-bonding exerted by the oxo ligand through a dnr,-po interaction in the Ru(lIV) species

(as mentioned above in Figure 2).

Because of the different responses of the Ru(IV/IIl) and Ru(lll/11) couples to ligand
variations, the difference between both redox potentials (AE/,) have a significant ligand
dependence which mainly follows the ligand dependencies of the Ru(lll/1l) couple. A
number of factors determine the magnitude of AE;,. However, in general, variations in
AEj/, can be understood by taking into account that (1) the Ru(lll/Il) couple is most
strongly affected and (2) the net effect represents a balance between stabilization of

Ru(ll) by back-bonding and of Ru(l1l) by electron donation.

AEys, is a quantitative value for the stability of Ru(lll) against disproportionation and
has an important influence in the reactivity of the corresponding aguo complexes. In
general, AEy; is a positive value; i.e. a sequential oxidation of Ru(ll) to Ru(lll) and
from Ru(lll) to Ru(lV) takes place. The value of AE;/, can be reduced by modification
of the ligands reaching, in special cases, an overlap between E1,(111/11) and Eq(1V/111).
In this situation the oxidation state Il is unstable and a direct 2-electron transfer is
favored, avoiding the radicalary reaction pathways of high energy and reactivity usually

generated by mono-electronic transfers.*

An example of this kind of Ru complexes is shown in Figure 4, where the Porubaix
diagram of the pyridyl carbenic Ru-OH, complex [Ru(CNC)(CN)(OH,)]** is displayed.
The appropriate combination of ligands promotes here the unstability of the Ru(lll)

species, with direct oxidation/reduction processes between Ru(IV) and Ru(l1).3*?

12
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Figure 3 Pyridyl carbenic ligands of [Ru(CNC)(CN)(OH,)]*".
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Figure4.  Pourbaix diagram of [Ru(CNC)(CN)(OH,)]*

There are a few more examples of complexes that undergo a direct 2-electron
oxidation/reduction. To the best of our knowledge, these complexes are the following
ones: [Ru(trpy)(azpy)(OH2)]*",** [Ru(trpy)(bpm)(OH;)1**** [Ru(trpy)(bpz)(OH,)]*",*
[Ru(trpy)(Me-CN)(OH2)]?*,**  [Ru(S,S-Prpybox)(py)2(OH2)]**  and  [Ru(S,S-
Pr'pybox)(bpy)2(OH2)]?*.* The two electron nature of these complexes has been
established by spectrophotometric redox titration with Ce(IV) or peak current
comparisons with [Fe(CN)e]*"* or [Ru(bpy)s]*"%".

On the whole, the set of properties stated in this section convert the complexes
containing the Ru(IV)=0 moiety in excellent oxidants, in a catalytic or stechiometric

way, for organic® and inorganic®” substrates.

1.2. Water Oxidation Catalysis

1.2.1. World Energy Outlook

The enormous and day by day increasing consumption of fossil fuels by humanity
together with the progressive decrease of their global reserves® have made clearly

patent that a new, cheap and sustainable energy source is urgently needed for the
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welfare of our society in the near future. Today ca. the 80% of the energy demand is
satisfied by fossil based energy (Figure 5a). The employment of fossil fuels produces
every year ca. 31.6 billion tones of CO,*°, which is clearly related to the global climate

change.

Despite the Earth receives a never-failing power flow from the Sun (one hour of
sunlight is capable to cover the world energy demand per year), the use of solar energy

is only 2 % of all renewable energies used nowadays, as shown in Figure 5b.

a)

E Coal

H Natural Gas
i Crude ol

E NGPL

B Nuclear

& Renewable

b)

B Hydro-electric
Bl Biomass

il Geothermal
i Solar/PV

o Wind

Figure 5 Percentage of (a) energy consumption by fuel source and (b) renewable
consumption by type (2011). Source: Annual Energy Review, Energy Information

Administration. Department of Energy, US. September, 2012.
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1.2.2. Natural and Artificial Photosynthesis

During the last 2400-3000 million years of evolution, Nature has been harvesting
sunlight as an energy source through the photosynthetic processes carried out by green
plants, algae and cyanobacteria. Throughout the last decade an enormous advance in the
knowledge of the molecular machinery involved in photosynthesis has taken place. Two
families of electronically coupled protein complexes, named Photosystem I (PSI) and
Photosystem Il (PSII), are involved in photosynthesis. Basically during this process 4
protons and 4 electrons are removed in PSIl from 2 water molecules in a
thermodynamically unfavorable reaction (E” = 0.82 V vs. SHE or 0.58 V vs. SSCE at
pH 7) thanks to the sunlight energy absorbed by chlorophyll Pggo (egn 1). This process
generates dioxygen and a gradient of electrons and protons that ends up with 2
equivalents of NADPH and 3 of ATP, which constitute the required reducing
equivalents and energy needed for PSI to generate carbohydrates from CO; (eqn 2).%°

2 H,O + 2 NADP" + 3ADP + 3P; + 8 hu — O, + 2 NADPH + 2 H" + 3ATP (eqn 1)

CO; + 2 NADPH + 3 ATP + 2 H" — 1/n (CH,0), + 2 NADP" + 3 ADP + 3 Pi + H,0
(eqn 2)

The most interesting process occurring during photosynthesis from a chemical
viewpoint occurs at the Oxygen Evolving Centre (OEC) of PSII, where the
thermodynamically uphill oxidation of water takes place in the dark in a Mn,CaOs

cluster.

In order to mimic plants and store solar energy into the bonds of a chemical fuel, the
splitting of water into oxygen and hydrogen (eqn 3) is one of the most feasible
proposals. However, water does not interact directly with the electromagnetic radiation
emitted by the sun. Therefore, a set of redox processes (eqn 4-5) has to be coupled in
order to extract protons and electrons from water and end up combining them to form
hydrogen. These processes can be assembled, for instance, in a three-component photo-
electrochemical cell (PEC) such as the one drawn in Figure 6 that contains: 1) a light
harvesting device, 2) a water oxidation catalyst (WOC) and 3) a proton reduction
catalyst.*] These three components should be assembled into a robust single cell
containing a proton-exchange membrane (PEM) that allows diffusion of protons to the

cathode and, at the same time, physically separates the anodic and the cathodic
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compartments. Moreover, the complete cell should work harmonically, which has been
proven to be extremely difficult, and should also be economically viable.

2H,0 —» O, + 2H; (eqn 3)
2H,0 5> 0, +4H +4¢ (eqn 4)
AH"+4¢ — 2H,(eqgnb)

Excellent works have shown the feasibility of hydrogen production via proton reduction
(egn 5) using well defined molecular catalysts, particularly those employing first raw
transition metals.*> However, the development of efficient WOCs has been, up till the
last six to seven years, continuously hampered by the complex mechanistic and
thermodynamic uphill nature of this half-reaction (eqn 4) that involves the removal of 4
H" and 4 e from two water molecules together with the formation of an O=0 bond.
Despite these inherent difficulties, the field is nowadays effervescent, with numerous
research groups involved and an overwhelming number of papers reporting new and

improved WOCs appearing every year.

ol "l
€ w— 1 i
| | | |
o B °‘1>9< —— % aHsae I8
3 .
< ey | o 2H0  pem >
Figure 6 Schematic representation of a light-driven water splitting cell. D: light-

harvesting device formed by a dye molecule attached to a semiconductor photoanode, CB:
conduction band, WOC: water oxidation catalyst that is oxidized to its active oxidation state by
D" and from which O, is evolved, PEM: proton-exchange membrane, Pt: cathode where H, is

formed.

Among the different oxidizing equivalents potentially useful to activate a transition-
metal catalyst, sacrificial oxidants such as Ce(IV) have been by far the most employed
in WO. Despite light-driven systems are the final goal of this research, the use of these
chemical oxidants allows a simple and fast way of assessing the catalyst performance.
However, their application for constructing real and sustainable cells for the
photoproduction of H, (PEC, Figure 6) is impractical. Their sacrificial nature (they are

irreversibly consumed), non-innocent character (being indiscriminate oxidants) and
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energetic inefficiency (usually having huge overpotentials) are main drawbacks that
must be considered. The following subsections will point out the most relevant
examples reported employing Ru, Ir, Mn, Fe and Co systems, which have been

triggered either chemically or electrochemically.
1.2.3. Dinuclear and Polynuclear Ruthenium WOCs

As mentioned in previous sections the Ru-OH,/Ru=0 system is an excellent candidate
for playing a prominent role in redox catalysis. Accordingly, Meyer reported in 1982
the first molecular dinuclear Ru complex cis,cis-[(bpy)-(H-0)Ru(u-O)Ru(H,0)(bpy)2]**
(1, Figure 7) able to oxidize water to dioxygen.*® The so called “blue dimer” showed
low TOF (0.24 min™) and TON (13.2) when using Ce(lV) as a sacrificial oxidizing
equivalent at pH 1.0."" Among the different deactivation pathways proposed for this
catalyst, the reductive cleavage of its flexible oxo bridge is one of the most accepted and
experimentally proved.* In 2004 Llobet and co-workers reported the in,in-
{[Ru"(trpy)(H20)]2(«-bpp)}** (in,in-Ru-bpp) complex 2 (Figure 7). The flexible p-
0x0 bridge of the “blue dimer” was replaced by the anionic and more rigid 3,5-bis-(2-
pyridyl)pyrazolate (bpp’) bridge, which enhanced the stability of the system. Moreover,
two 2,2°:6°,2”’-terpyridine (trpy) ligands were placed occupying each one three
meridional positions, thus forcing a close disposition of the O atoms of the two aqua
groups occupying the sixth coordination position, and subsequently producing a through
space supramolecular interaction.*” Addition of excess of Ce(IV) to this complex
generates dioxygen efficiently, showing TON and TOF values of 512 and 0.78 min™,
respectively, under optimized conditions.*® Our research group undertook a project to
anchor catalyst 2 onto solid supports in order to get a deeper insight into the potential
deactivation pathways that lead to its decomposition and also to demonstrate the
viability of the reaction in the solid state. From an engineering point of view, this could
also facilitate the introduction of the catalyst into more complex devices for solar
energy harvesting based on the splitting of water. Further information about this section

will be found in Chapter I1I.

Other dinuclear Ru complexes bridged by a rigid ligand and capable to catalize WO
have been reported by other groups. A series of 12 different symmetrical complexes
were reported by Thummel and co-workers, with those possessing the -OCH3 pyridine
substituent exhibiting the best catalytic performance with TON values above 600 (e.g.
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catalyst 3, Figure 7, showed a TON of 689).* Higher TON values, up to 1690, were
later on obtained by Sun and co-workers by replacing the terminal pyridylic moieties by
negatively charged carboxylate groups at position 6 of the pyridyl scaffold (trans-
catalyst 4, Figure 7).%° Further modification of the system by forcing a cis configuration
through replacing the central pyridazine by a phtalazine moiety (catalyst 5, Figure 7),
allowed obtaining one of the best WOCs working under chemically-driven conditions
(TON and TOF values of 10400 and 72 min™® under optimized conditions,

respectively).™

Finally all-inorganic POMs (polyoxometalates) were developed in order to avoid
degradation pathways caused by the combination of the surrounding organic ligands and
the highly oxidizing reaction conditions used. Catalyst 6 (Figure 7), independently
reported by Bonchio and Hill in 2008, is so stable against degradation when chemically
triggered with Ce(IV) that its TON is limited by the amount of oxidant employed. It also

shows an acceptable TOF value of 7.5 min™.

N | |
N Q| el
© RN ﬁ —< > Q
¢} R Ru” o
| |

Figure 7 Structures  of  cis,cis-[(bpy).(H.0)Ru(u-O)Ru(H,0)(bpy).]* (1), in,in-
{[Ru"(trpy)(H,0)]2(u-bpp)}** (2), trans,trans-[Ru,(p-Cl)(u-binapypyr)(4-R-py).]** (complex 3
when R = OCHs;, binapypyr = bispyridylpyridazine), trans,trans-[Ru,(u-1,4-bis(6’-COOH-
pyrid-2’-yl)pyridazine)(4-Me-py)s]** (4) and cis,cis-[Ru,(p-Cl)(u-1,4-bis(6’-COOH-pyrid-2’-
yl)phtalazine)(4-Me-py),]* (5) and POV-Ray drawing of the X-Ray structure of catalyst
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[Ru404(0OH),(H,0)4(y-SiW100s35)-]'> (6). Color code: Ru, violet; O, red; Si, green; W, yellow.
All H atoms have been removed for clarity.

1.2.4. Ru-based mononuclear WOCs

Due to the straightforward and versatile synthesis of mononuclear species, which
contrasts with the much more demanding preparation of their dinuclear counterparts,
dozens of these complexes have been recently tested in WO. Since 2005 Thummel and
co-workers have reported several examples of active Ru-Ng complexes (TON ranging
from 20 to 1170) such as [Ru(dpp)(4-Me-py)-]** (10) and [Ru(trpy)(4-Me-py)s]** (11).%
Meyer and collaborators have conclusively proved the capacity of mononuclear RuNs-
OH, species, such as [Ru(trpy)(bpm)(OH.)]** (7) and [Ru(trpy)(bpz)(OH.)]** (8), to
oxidize water (Figure 8).>** Especially interesting are complexes [Ru(bda)(4-Me-py)]
(12) and [Ru(pdc)(4-Me-py)s] (13) reported by Sun and co-workers as dicarboxylate
derivatives of Thummel’s 10 and 11 (Figure 8).>> These Ru(ll)NsO, WOCs achieve
spectacular TON and TOF values (2000 and above 2500 min™ for 13, and 550 and 13.8
min™ in the case of 12, respectively). The stabilization of high oxidation states achieved
due to the negatively charged ligands is believed to be responsible of this impressive
performance.®® Interestingly, mechanistic, structural and theoretical studies of complex
12 have demonstrated the feasibility of expansion to CN 7 of a coordinatively saturated
Ru complex by the binding of an extra water molecule and the subsequent O-O bond
formation through a WNA (Water Nucleophilic Attack) pathway.”” Other active
mononuclear Ru-based WOCs have been recently reported by Sakai and Berlinguette
(based on the [Ru(trpy)(bpy)(OH2)]** (9) scaffold)® and also by our group, combining
the Hbpp or H3p ligands with trpy (in-14 and out-15, Figure 8).*
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Figure 8 Structure of catalysts [Ru(trpy)(bpm)(OH,)]* (7), [Ru(trpy)(bpz)(OH,)]** (8),

[Ru(trpy)(bpy)(OH)T*"  (9),  [Ru(dpp)(4-Me-py).]*"  (10), [Ru(trpy)(4-Me-py)s]*"  (11),
[Ru(bda)(4-Me-py),] (12), [Ru(pdc)(4-Me-py);] (13), in-[Ru(trpy)L]** (14) and out-
[Ru(trpy)L]** (15) (X = N, L = Hbpp; X = CH, L = H3p), cis-[Ru(bpy).(OH,).]** (16) and
[Ru(bda)(isoq),] (17).

Last but not least, Sun and Llobet described the catalytic activity of the Ru mononuclear

complex [Ru(bda)(isoq),] (H:bda= 2,2’-bipyridine-6,6 -dicarboxylic acid; isoq=
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isoquinoline; 17, Figure 8) toward water oxidation in presence of an excess of Ce(IV).*
High catalytic activity (TON = 8360) in a very short reaction time (TOF = 303 s™) was
achieved for 17. Therefore, this represents the best results ever achieved by a
chemically triggered molecular catalyst, with a reaction rate close to the Mn,CaOs
cluster of photosystem 11 (TOF 100-400 s%).

1.2.5. Mechanistic studies on Ru-based WOCs

In order to better understand the mechanistic pathways of either the mononuclear and
polynuclear systems shown above, several works have been reported. Herein, only the
more relevant results reported for the paradigmatic diuclear in,in-{[Ru" (trpy)(H20)]2(x-
bpp)}** complex (2) and the mononuclear [Ru(bda)(isoq),] (17), as said the best

reported molecular catalyst for WO till now, will be commented.

Kinetic analysis and 20O labelling studies were employed in order to study the water
oxidation mechanism taking place for the complex (2).***®* The {Il,1I} species is
sequentially oxidized by a 1le" process with Ce(1V) up to the {IV,IV} oxidation state (a
in Figure 9) . At this stage, the complex advances to an intermediate that later on
progress through an intramolecular (I2M) pathway. The formation of a u-1,2-peroxo
intermediate (d in Figure 9) is followed by the formation of a hydroperoxidic
intermediate (f in Figure 9) that finally evolves oxygen.? This intramolecular
mechanistic proposal is further supported by a thorough theoretical analysis of
intermediates and transition states based on Density Functional Theory (DFT) and
CASPT2 calculations.”® Moreover, 0 labeling data together with the first order
kinetics observed for the formation of the intermediate discards the bimolecular nature

of the process.
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Figure 9 Reaction pathways for the generation of O, from O=Ru'V-Ru'V=0 in 2. Trpy

ligands omitted for the sake of clarity.

The study of the WO reaction mechanism for the mononuclear and highly efficient 17
has been developed. The catalytic cycle displayed on Figure 10 resulted from several

experimental techniques and theoretical calculations.
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Figure 10 Catalytic reaction mechanism for the WO activity of 17 under stochiometric and

excess amounts of Ce(1V).

It is believed that are: 1) the stacking of the isoquinolines, that facilitate the formation of
the O-O bonds in the radical dimerization of RuV=0 active species, and 2) the

generation of a superoxo species [Ru(IV)-O O-Ru(IV)]** via dimerization, that easily
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liberates oxygen via a reduction-coupled process, the most remarkable features that
converts 17 in a extremely fast and efficient catalyst for water oxidation.

1.2.6. Other Metals as WOCs

Despite Ru WOCs have been largely the most studied up till now, other WOCs based
on Iridium, Cobalt and Iron are also extremely interesting. The most relevant examples

will be discussed in the present section.

.2.6.1. Iridium

Water oxidation catalyzed by Iridium complexes can be summarized in three important
examples reported by Bernhard, Crabtree-Brudvig and Albrecht. Bernhard and co-
workers described in 2008 a family of cyclometalated Ir(111) complexes (18a-e, Figure
11) that were capable to catalytically oxidize water to O, in presence of Ce(lV) at pH
0.7.%2 TON up to 2760 and high robustness was achieved for this catalysts. However,
traces of CO, were also observed, suggesting possible oxidation of the surrounding
organic ligands. Crabtree, Brudvig and co-workers reported a wide range of active
Ir(111) pentamethylcyclopentadienyl (Cp*) WOCs containing diverse cyclometalated or
N,N-bidentate ligands.®® Using Ce(1V) at pH 0.87 the best results were obtained with
complex [IrCI(Cp*)(bipy)]CI (19, Figure 11), which showed a high initial TOF (14.4
min™) and continued activity for several hours (after 8 hours, TON was 320 and TOF
0.7 min™). In the same work, complexes [Ir(Cp*)(H20)3]SO4 (20) and [(Ir(Cp*))2(ui-
OH)3]OH (21) were also tested, showing the highest TOF (20 min™ for 19 and 25 min™
for 20) among all Ir catalysts tested. The stability and final active nature of 20 and 22
have been also investigated when these species were electrochemically triggered. These
studies establish that, upon electrochemical activation of 20, anodic deposition and
amorphous iridium oxide formation takes place. These new material is remarkably
active for water oxidation at low overpotentials (ca. 200 mV at 0.5 mA cm) and shows
continuous operation for periods of days without loss of activity. The case of 22 is
radically different and, upon electrochemical activation, no sign of deposition is found
either by CV or EQCN (electrochemical quarz crystal nanobalance). Therefore, despite
the data provided does not exclude the potential formation of soluble or suspended
products such as iridium oxide nanoparticles, all indications point to the homogeneous

nature of this species. Finally in 2010 Albrecht and co workers reported the Ir
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complexes containing abnormally bounded N-heterocyclic carbenes 23 and 24 with the
best performance in WOC (TON ca 10000) of all reported Ir systems.[®* The use of
molecular catalysts based on Iridium is still a hot topic due to the recent publications
which indicate the fast formation of iridium oxide nanoparticles (IrOx) upon the
dissolution of the molecular systems in CelV solutions® and those which demonstrate
decomposition pathways involving the C-H activation of the Me bonded to the Cp*

ligand.®®

18aR, =R, =H
18bR, =CH; R, = H

_|2+

18c R, = CH;, R, = Ph H20/ "on,

18d R = CH;, R, = F })H

18e R, = CH;, R, = Cl 2
19 20

+

e
NCCH

2
_|
v
o | \N"'\ X (D\ 3 C\/\ 3
\'a/ = /N

N =N

21 22 23 24

Figure 11 Structure of the most relevant Ir systems reported as WOCs: [Ir(5-Ry,4’-R;,2-

phenylpyridine),(OH,),]* (18a-¢), [IrCI(Cp*)(bpy)]* (19), [Ir(Cp*)(H.0)s]*" (20), [(Ir(Cp*))a(p-
OH))l*  (21), [In(Cp*)(pyr-CMe,0)OH,]  (22), [Ir(Cp*)(ACcn)(MeCN)**  (23) and
[Ir(Cp*)(ACcc)(MeCN)** (24).

.2.6.2. Cobalt

The “all-inorganic” [Coa(H20)2(PWg034)-]'* polyoxomethalate anion 25 (Figure 12)
reported by Hill and co-workers®”! was the first Co molecular WOC reported. A TON
of 1000 in less than 3 minutes (TOF of 333 min™) coud be achieved by employing large
exces of [Ru(bpy)s]®* (sacrificial oxidant). However, Finke and Stracke gave evidence
that, at least when electrochemically triggered at pH 8, the real active species in this
case is actually CoOx.[°®! Later, Berlinguette and co workers reported the WO activity
of 26 (Figure 12) when electrochemically triggered at a pH range of 7.6-10.3. The initial
Co'"-OH, specie undergoes through PCET to Co""' and subsequently to Co'V-OH*".%°
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12.6.3. Iron

Bernhard and co-workers reported in 2010 a set of Fe(Ill) complexes containing a
family of oxidatively rugged tetraamido macrocyclic ligands. The best results were
obtained with complex 27 (Figure 12) chemically oxidized with Ce(IV), which produces
fast release of O, for 20 seconds (TOF above 78 min™) and then continues evolving at a
much slower rate, with overall TON values above 16.”° More recently, Costas, Lloret
and co-workers widened the number of octahedral Fe(II) complexes containing easily
oxidizable tetradentate ligands. Best results are reported with complex 28 (Figure 12),
both employing Ce(IV) (TON of 360 and TOF of 14 min™) or NalO4 (TON > 1050 and

TOF 3.7 min™") as sacrificial oxidants.[”"!

e

26

“,

N/ OTf

Figure 12 Structures of the most relevant Cobalt and Iron WOCs: [Co4(H,0)2(PW4034),]'"
anion (25), [Co"(Py5)(OH,)](ClO4), (26), [Fe(tam)OH,] (27) and [Fe(mcp)(OTT),] (28).

1.3. Epoxidation Catalysis

The epoxidation of olefins is a reaction of high relevance in both industry and academia.
Epoxides are very important intermediates in the chemical industry, particularly for the
synthesis of various polymers (polyglycols, polyamides, polyurethanes, etc.),”* but they
are also being used in the synthesis of fine chemicals, such as pharmaceuticals, food

additives, or flavor and fragrance compounds.” The biggest market is for propylene

25



CHAPTER

oxide, which is currently produced on a scale of 8 million tons per year with an
expected annual increase of 5%.”* The development of catalytic systems based on
transition metals catalysts has been for long time a topic of investigation. One important
factor in the transition metal-catalyzed epoxidation of alkenes is the terminal oxidant to
generate the metal active specie. Most used oxidants are alkyl hydroperoxides,
hypochlorite, iodosylbenzene, peracetic acid, hydrogen peroxide and molecular oxygen.
The compatibility with the metal, the total active oxygen content and the waste product
generated after oxidize the metal are the important aspects to be considered when
electing a potential oxidant for the catalytic system. A wide range of transition metals
have been used as potential epoxidation catalysts. Examples of Rhenium,” Vanadium,”
Tungsten,”” Molybdenum,”® Iron,”® Manganese®® and Titanium® can be easily found in
the literature. Furthermore, Ru'Y=0 complexes have also proven to act as efficient

catalysts for this organic transformation.

1.3.1. Alkenes epoxidation catalyzed by Ru-based complexes

The epoxidation of alkenes catalyzed by Ruthenium complexes have been reported by
means of different ligands and sacrificial oxidants. One of the main challenges of these
catalytic systems is to avoid the undesired and competing cleavage of the alkene double
bond.®? Therefore, for instance, the epoxidation of 1,2-octene (96% vyield) and styrene
(100% vyield) by two Ruthenium porphyrin complexes (Figure 13, 29 and 30),
employing 2,6-dichloropyridine N-oxide as oxidant has been reported . The oxidation
of trans-stilbene has also been attempted with promising results by Nishiyama and
coworkers® and also tested by using Hz0: as terminal oxidant®® instead of the initially
reported [bis(acetoxy)iodo]benzene by using 31, 32 and 33 (Figure 13). In addition,
during the past 30 years asymmetric catalysis has become a powerful tool in order to
synthesize enantiomerically pure epoxides from olefines. Ru complexes such as Ru-
porphyrin,® Ru-bisamide,®” Ru/Schiff base,®® [Ru(salen)],®® Ru-sulfoxide™ and Ru-

bis(oxazoline)®®*°* have been employed for asymmetric epoxidation catalysis.

26



General Introduction

Figure 13. Structures of the most relevant Ruthenium epoxidation catalysts.

1.3.2. Mechanism for the epoxidation of alkenes via Ru(IV)=0

The epoxidation of alkenes occurs via an oxygen transfer processes. It is assumed that
in the case of Ruthenium species, this mechanism concerns high-valent oxometal
complexes which are generated in situ by the corresponding sacrificial oxidant. The
nature of these oxometal species is up today a topic of controversy. Due to the
experimental evidences that an oxidative cleavage process is a competing side reaction,
Drago and coworkers proposed that monoxoruthenium (1V) species (Scheme 4, a) are
responsible for epoxidation (Eq I) whereas cis-dioxoruthenium (V1) (Scheme 4, b) the
species for competing epoxidation (Eq I1.1) and oxidative cleavage® (Eq Il.11). This
hypothesis is corroborated by the non-observance of oxidative cleavage in porphyrinic
Ruthenium complexes, where the bis-oxo groups are forced to be trans oriented, thus
avoiding the [3+2] cycloaddition (Scheme 4, c) needed for the cleavage of the double

bond.”

27



CHAPTER

0]
RuV=0 + — E—— Rul! + >A< I
0]
Ru'V=0 + >z §< ILI

O
N
b Ru/ — > Ru  +2 o:< ILII
\ A

C
. J

Scheme 4. Epoxidation of alkenes catalyzed by monooxoruthenium(lV) (I) and cis-
dioxoruthenium (I.I) and competitive oxidative cleavage of the alkene via a [3+2]
cycloaddition adduct (11.11).

Different mechanisms, both concerted and non-concerted, have been proposed as
possible pathways for oxygen atom transfer. In Figure 14 these pathways are presented.
An oxygen atom can be transferred directly through a concerted oxene insertion
(pathway 1); through the formation of a 4 membered ring where both Ru and O atoms
are respectively bonded to the Ca and CB of the olefin (pathway I1); through a single
electron transfer with the formation of a radical cation (pathway Ill); or through the
formation of a benzylic radical intermediate (pathway IV). The investigation of the
stereoselectivity provides important information in order to evaluate the mechanism of
epoxidation of aromatic alkenes. For instance, if the oxidation of cis-alkenes via a non-
concerted pathway (Figure 14, pathways 11-1V) involves the formation of a carboradical,
the resulting acyclic intermediate rapidly isomerizes into the more stable trans-species
via C-C bond rotation. In sharp contrast, Meyer reported a high degree of
stereoretention for the oxidation of cis-stilbene by [Ru'v(bpy)2(py)O]**, thus suggesting

an oxene insertion mechanism (Figure 14, pathway 1) for this substrate.*
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Figure 14 Proposed mechanistic pathways for oxygen atom transfer process.

The mechanisms which are directing the epoxidation of cis-stilbene and cis--
methylstyrene when catalyzed by a series of monoxoruthenium(IV) complexes have
been thoroughly studied by Che and co workers.”> An excellent stereorerention of the
cis configuration was observed for cis-stilbene, thus pointing out that pathway I (Figure
14) directs this modification. In sharp contrast, mixture of cis and frans isomers was
detected for cis-B-methylstyrene, indicating that a non-concerted mechanism was the
most probable . Different experiments were performed in order to exactly know which
non-concerted (pathways II-IV) was the adequate for the catalytic epoxidation of
substrates such as styrene or cis-B-methylstyrene. Inverse secondary kinetic effect (KIE)
was observed only for the B-d>-styrene and not for the a-deuteriostyrene suggesting that
not both a and B olefinic carbon atoms undergo into rehybridization, thus rejecting the
mandatory formation of a 4-membered ring of pathway II (Figure 14, II). Both product
distribution analysis and kinetic experiments were in concordance with the formation of
a benzylic radical intermediate in the rate-determining step (Figure 14, IV). In
consequence, this mechanism was proposed for the epoxidation of aromatic alkenes
with Ru(IV)=0 complexes (Figure 15). The carboradical intermediate formed would
undergo ring closure to produce the corresponding epoxide (Figure 15, I). Prior to this

closure, the sigma C-C bond could rotate, leading to the formation of the isomerized
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epoxide (Figure 15, I1). The formed radical species could also lead to the formation of

byproducts, such as aldehydes, etc. (Figure 15, I11).
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Ru"=0 + = — H
R R, R] R

Rulll
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R} R,
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R, PH R,

Overoxidized byproducts 11T

Figure 15

Proposed mechanism for cis-B-methylstyrene and analogue substrates. (I) Ring

closure of the benzylic radical intermediate to generate the cis-epoxide, (1) rotation of the C-C

bond prior to ring closure to form the trans-epoxide and (I1l) formation of overoxidized

byproducts.
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CHAPTER II

Objectives

According to all the conclusions extracted from the General
Introduction, the main objectives of this thesis are exposed in

the present Chapter.






Objectives

l. One of the more exciting challenges for the scientists nowadays involved
in the artificial photosynthesis field is the set up of a real light-driven water splitting cell
for the photo-production of hydrogen. In order to achieve this difficult goal, investigate
new water oxidation catalyst-electrode hybrid systems able to evolve oxygen in the
solid state is a key point. Therefore, the first goal of this PhD is the synthesis, thorough
structural, spectroscopic and electrochemical characterization and catalytic evaluation
of a new family of complexes with general formula {[Ru"(trpyPyr)]2(n-bpp)(u-X)}** (X
= CI', CH3COQ’). These species, based on the well-kown “Ru-Hbpp” family but
containing an extra positively charged pyridylic ring on the trpy ligand, are intended to
be anchored onto solid conductive and non-conductive electrodes such as Silica, FTO-
TiO, and Nafion. Therefore, the study of their stability and catalytic performance is also

proposed.

1. The catalytic epoxidation of alkenes in a really efficient and
stereoselective manner is still one of the aims of the scientific community; thereby the
preparation of a diruthenium complex capable to effectively perform this process is the
second target of this thesis. The bis-facial bridging ligand Hbimp is proposed in order to
ensure a highly encumbered disposition of the active sites, thus presumably enhancing
the stereoselectivity of the epoxidation by supramolecular interactions of both metal
centres with the incoming substrate. The analysis of the product distribution and
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selectivity of the catalytic expoxidation for a wide range of substrates are also goals of

this second project.

I11.  The feasible preparation of N-heterocyclic carbenes (NHCs), which has
extraordinarily grow up during the last years together with the interesting properties of
this compounds when used as ligands in very diverse catalytic systems, pushed us to the
development of ligands of this kind to be applied in Ru catalyzed water oxidation. Thus,
the main goal of this chapter is to synthesize and characterize a new set of hybrid N/C-
donor ligands and the evaluation of their effect on the electrochemical properties and

catalytic activity of the corresponding mono- and dinuclear ruthenium complexes.

44



Objectives

IV.  In spite of intensive research by many groups in this field, no ruthenium
aqua-complexes have been reported containing pentadentat-NHC ligands. Thus, the
target of this final project is the synthesis and characterization of a new family of this
kind of complexes, being the pentadentate ligand PY4Im the ligand of choice. The
spectroscopic and redox characterization of the prepared Ru(ll) complex and its
corresponding high oxidation states is also a goal of the current project. Comparison of
these features and the observed water oxidation and epoxidation capacity with related
pentapyridylic systems is also planned in order to better understand the effect of the

NHC in the prepared compound.
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CHAPTER 111

"Ru-Hbpp'"' Complexes Containing the TrpyPyr Scaffold:

Heterogenization and Water Oxidation Catalysis

I1I

In this chapter we present the immobilization of two new “Ru-
Hbpp” complexes on the surface of Silica, FTO-TiO, films and
Nafion polymer. The catalytic performance of these new
hybrid materials towards the oxidation of water will be
discussed and compared with their homogeneous counterparts
and other related systems previously reported.
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"Ru-Hbpp" Complexes Containing the TrpyPyr Scaffold:
Heterogenization and Water Oxidation Catalysis

I11.1. Introduction

The use of stable redox-active catalysts such as Ruthenium mono- or dinuclear
complexes is an interesting strategy in order to succeed in water oxidation catalysis. Our
group has developed several complexes of this type (mainly the so-called Ru-Hbpp
family, see Chart 1) presenting a relatively good performance with regards to this
challenging reaction. Furthermore, most of them have been mechanistically
investigated. In terms of catalyst stability, one of the common deactivation pathways
operating in the above mentioned systems is the catalyst-catalyst intermolecular
oxidative degradation, which generates non-active species and/or CO, as ligand
degradation product.’*? The immobilization of these catalysts onto conductive solid
supports has been one of the used strategies to overcome their degradation. In addition,
the use of conductive materials allows their electrochemical activation, thus avoiding
the employment of the non-environmentally friendly Ce(1V) as sacrificial oxidant.? In
2007, Meyer and co-workers developed the anchoring of an active dinuclear water
oxidation catalysts (WOC) onto FTO-TiO, and ITO-TiO; surfaces, that improving the
catalytic efficiency with regards to its homogeneous counterpart.® The first approach of
our research group towards the preparation of heterogeneous WOCs was, in 2008, the
electropolymerization of a pyrrole-modified Ru-Hbpp system onto vitreous carbon
sponges (VCS) and fluorinated tin oxide electrodes (Chart 1, B).? Despite the observed
robustness increase, the final oxidation of the polypyrrole backbone employed ended up
with leaching and deactivation of the catalyst. However, this system catalyzes the
oxidation of water to dioxygen through electroactivation at 1.17 V vs. SSCE and

confirmed the feasibility of the solid-state approach.

Next was the further modification of the Ru-Hbpp catalyst through the introduction of a
carboxilate functional group into the bridging ligand. That allowed its anchoring onto a
more rugged, all inorganic solid support such as nanoparticulate TiO, (Chart 1, C).* The
chemical (Ce(IV)) mediated activation of this system ended up with the concomitant
generation of O, and CO,, the later due to the intermolecular ligand oxidation beginning
at the benzylic position of the modified Hbpp ligand. Therefore, in order to avoid the
presence of activated and easily oxidizable methylenic groups, the introduction of a
phosphonate functional group directly bound to the terpyridine ligand was envisaged.
The phosphonate-modified Ru-Hbpp catalyst (Chart 1, D) was anchored onto FTO-TiO,
electrodes. However, the anchoring process changed the electrochemical properties of
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the complex to the extent that it was no longer active as WOC. In addition to this, it is
proposed that the generation of a hydrophobic cavity and the subsequent block of the
active sites of the metal centre is the reason for this electrochemical change and the

subsequent lack of activity.

Despite a considerable part of these results was published and/or developed in parallel
to the work reported in this chapter, they have been extremely useful to plan the
experiments here presented and also for the rationalization of the results obtained.

Taking into account all the aforementioned results presented above we envisaged a new
strategy based on the electrostatic interaction between different solid
supports/electrodes and positively charged Ru-Hbpp catalytic species. All inorganic
rugged supports such as SiO, or TiO, and the polymeric and anionic Nafion®, were
selected for this project. Therefore, the use of the L3 ligand (Chart 1), bearing positively
charged external pyridylic sites should allow (once with the corresponding dinuclear
species on hand) the electrostatic interaction with the above-mentioned surfaces.
Therefore, herein we present the synthesis, characterization and catalytic activity of a
new catalyst of the Ru-Hbpp family containing extra positively charged pyridylic ring
on the terpy ligands (Chart 1). Furthermore, we report its anchoring onto TiO,, SiO, and
Nafion® surfaces, the characterization of this new hybrid materials and their catalytic

evaluation with regards to the oxidation of water to dioxygen.
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(PFe)2

(PFe)

trpyPyrrole

Hbpp-Re

—

trpy-Pe

(PFe)2

(PFg)2

trpyPyr L3(PFg)

Chart 1.

Drawing of previously reported Ru-Hbpp complexes (A, B and C), original

Hbpp and trpy ligands and their modified counterparts including the trpyPyr ligand used in this

work.
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I11.2. Results & Discussion

I11.2.1. Ligand Synthesis

The synthesis of the trpyPyr ligand L3(PFs) was carried out following the steps
depicted in Scheme 1.

Br

Pyridine

_— >

150°C / 300 W/ 30 min

2 L3(PFg)
1 TrpyBr TrpyPyr

Scheme 1. Synthetic route for ligand L3(PFg).

TrpyBr 2 was obtained following an already published methodology,® by the radical
reaction of 4'-(4-Methylphenyl)-2,2".6’,2"-terpyridine (1) with N-Bromosuccinimide
(NBS) initiated by dibenzoyl peroxide. The bromomethyl derivative 2 was then
subjected to a nucleophilic attack with pyridine which generates the cationic L3 ligand.
Although there was an already reported methodology for the synthesis of L3*,’ this
procedure was improved by using a microwave reactor. After optimizing power,
temperature and time parameters, shorter reaction times (from 48 h to 30 min) and
better yields (from 70 % to 80 %) were obtained. After solvent evaporation and
redissolution in water, the pure ligand was obtained by precipitation with NH4PFe(ag).
The purity of 2 and L3(PFg) was checked by usual techniques: 1D and 2D NMR spectra
of L3(PFg) are shown in Figure S1 of the Supporting Information.

111.2.2. Synthesis of complexes

Synthesis of complexes 4(PFe), 5(PFe)s, 7(PFs)s and 8" was carried out by following
the usual procedures of our research group for this kind of complexes (Scheme 2).2
Reaction of RuCls-nH,O with L3(PFg) in refluxing methanol for four hours afforded a

large amount of brown precipitate that increase after freezing. The brown solid material
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was washed with cold MeOH to remove starting terpyridine L3(PFs) ligand. 4(PFg) was
then used for the next step without further purification; in fact Mass Spectrometry and
Cyclic Voltammetry indicated the unique presence of our desired product (see Figures

S5 and S8 in the Supporting Information).

. 1. EtzN/ LiCl
RuClgnH,0 2. Hbpp / MeONa
MeOH /A /8h MeOH / A/ 8h

(o (PFg)s

L3(PFe) 4(PFg) 5(PFe)s

CH3;COONa / AgBF,
Acetone / Water
H,0 / H*

(PFe)4

Ll 7(PFos

Scheme 2. Synthetic route for complexes 4(PFe), 5(PFe)s, 7(PFe),and 8°".

The synthesis of 5** was initially attempted following the usual conditions employed for
the preparation of this kind of diruthenium chlorido-bridged complexes.’® It is already
known that [Ru'(trpy)2](PFs). (usually called bis-terpyridine complex) use to be a
secondary byproduct of this reaction. Therefore, for instance, this complex is also
observed during the synthesis of the analogous [Ru'>(u-Cl)(bpp)(trpy)2](PFe).
compound where, in order to get ride of it, an initial filtration of the reaction crude is
mandatory. In our case, however, this filtration wasn’t enough for removing all the
[Ru"(3),](PFe)s (6*") formed. Therefore, modification of the reaction conditions was
necessary to obtain pure 5*". After several attempts modifying temperature and reaction
times, a definitive process that minimize the formation of [Ru"(3),](PFs)s was
established. Thus, the synthesis of 5 begins dissolving the ruthenium precursor 4",
lithium chloride and triethylamine in methanol. On one hand, the lithium chloride salt
ensures an excess of chlorido anions that avoids the coordination of more than one
Hbpp ligand per ruthenium nuclei and keeps this anion occupying the sixth coordination
position of the metal center. On the other hand, triethylamine is employed to reduce the

ruthenium oxidation estate from Ru'"' to Ru", which is the final oxidation state of our
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complex. This reduction is easily monitored by the clear color switching, from brown to

purple, of the initial Ru"

precursor. Subsequently, a methanolic solution of the Hbpp
ligand and sodium methoxide is added to the reaction mixture. The base allows the
deprotonation of the pyrazolic ring of the Hbpp ligand, which promote the chelating

behavior of the ligand.

The synthesis of dinuclear species such as 5** usually ends up with mixture of isomeric
in,out, in,in, and out,in complexes, as shown in Scheme 3. The terms in and out indicate
whether the ClI ligand is oriented toward or away, respectively, from the center of the
Hbpp ligand. The irradiation of the reaction mixture with a Tungsten lamp shifts the

equilibriums to obtain the desired Cl-bridged product 5*.

N N
AR
N'RT‘Q N'RT"m

N N

in, out

N

Scheme 3. Isomerization processes of in,in, in,out and out,out species towards 5* forced

by the irradiation of a tungsten lamp.

The reaction of 5(PFg)4 with silver nitrate and sodium acetate results in the generation
of 7(PFs)4, which corresponds to the acetato-bridged derivate of our system. Therefore,
the combination of silver and acetate sources promotes the decoordination of the CI

bridged (silver chloride is formed as a grey-white precipitate) and subsequent
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coordination of the acetato moiety. The dissolution of 7(PFg), in aqueous solution
pH=1 (triflic acid 0.1 M) results in the generation of the bis-aqua complex 8°*.

111.2.3. Characterization of 4(PFg), 5(PF¢)s, 7(PFs), and 8°*

The new compounds 4(PFg), 5(PFg)s and 7(PFg)4 have been fully characterized by the
usual structural, spectroscopic and electrochemical techniques. In the present section the
most important features of their characterization, in terms of NMR, X-Ray,

Electrochemistry and UV-vis, will be discussed.

111.2.3.1. NMR spectroscopy

Nuclear Magnetic Resonance (NMR) experiments have been carried out for the
diamagnetic 5(PFs)s and 7(PFg)s compounds (Figure 1 and Figures S2-S3 in the
Supporting Information). Both 1D (*H and **C {*H}) and 2D (COSY, HSQC and
HMBC) experiments have proven to be the best 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 *H-NMR
of these molecules, their symmetry becomes a very useful tool. 5(PFs), displays C,,
symmetry in solution, with one symmetry plane containing the bpp ligand, the two Ru
atoms, both central terpyridine nitrogen atoms and the bridging chlorido moiety. A
second plane (perpendicularly bisecting the former) passes through the chlorido bridge
and the central pyrazolic carbon and bisects the N-N bond of the same pyrazolic ring,
thus interconverting the two terpyridine ligands. In the case of 7(PFg)s, the same
symmetry operations can be considered. The downfield shift of the singlet
corresponding to H22 is in accordance with the high electron withdrawing effect of the

closer pyridinium moiety and with others reported earlier in the literature.’
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Figure1.  'H NMR (400 MHz, acetone-dg) for 5*" (a) and 7** (b).
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In the case of complex 7*, the up shift of the methylenic singlet with regards to 5**
(from 6.2 to 6.3 ppm) and the presence of the acetate singlet peak at 0.45 ppm (Figure
1b) are experimental evidences of the successful exchange of the chlorido bridge by the

acetato moiety.

111.2.3.2. X-ray Crystal Structures

Suitable crystals for X-Ray diffraction analysis have been obtained for 4(PFg) and
5(PFg)4. Figures 2 and 3 display an Ortep plot for the cationic moiety of these two
complexes together with their corresponding atom labeling scheme. Acquisition and

crystallographic data is reported as Supporting Information (Tables S1-S2).

Monocrystals of 4" were obtained by preparing a saturated solution of 4(PFe) in nitric
acid. Upon allowing the solution to stand at room temperature in an open vessel for one
week, small brown crystals appeared. The resolution of the structure of 4" (Figure 2a) is
especially interesting due to the typical difficulties on getting good crystals for these
kind of [Ru"'(tpyX)Cls] precursors. A selection of the more relevant bond distances and

angles is reported in Table 1.

Table 1. Selected interatomic distances (A) and angles (°) for complex 4"

BOND DISTANCES

Ru(1)-N(3) 2.073(2) Ru(1)-N(1) 2.080(2)
Ru(1)-N(2) 1.961(2) Ru(1)-CI(3) 2.3429(6)
Ru(1)-CI(2) 2.3787(6) Ru(1)-CI(1) 2.3435(6)
ANGLES

N(3)-Ru(1)-N(1) 159.61(8) N(3)-Ru(1)-N(2) 79.51(8)
N(1)-Ru(1)-N(2) 80.10(8) N(3)-Ru(1)-CI(3) 91.02(6)
N(1)-Ru(1)-CI(3) 88.86(6) N(2)-Ru(1)-CI(3) 91.02(6)
N(3)-Ru(1)-CI(2) 101.51(6) N(1)-Ru(1)-CI(2) 98.87(6)
N(2)-Ru(1)-CI(2) 178.94(6) CI(3)-Ru(1)-Cl(2) 92.22(2)
N(3)-Ru(1)-CI(1) 86.90(6) N(1)-Ru(1)-CI(1) 92.12(6)
N(2)-Ru(1)-CI(1) 88.84(6) CI(3)-Ru(1)-CI(1) 176.52(2)
CI(2)-Ru(1)-CI(1) 90.93(2)

As expected, the ruthenium center is meridionally coordinated by the modified trpyPyr

ligand L3" and three chlorido ions occupy the three remaining coordination sites. It can
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be observed how the ruthenium ion adopts a distorted octahedral geometry with bond
distances and angles comparable to analogous complexes reported earlier in the
literature.'® The constrain imposed by the geometry of the trpy L3" ligand is clearly
detected in the N1-Ru-N3 angle, reduced from the ideal 180° to the observed 159°. 4"
crystallizes with one nitrate anion and one nitric acid molecule linked by a hydrogen
bond. Both molecules are situated next to the pyridinium positive charge. In contrast to
the parent [RuCls(trpy)] complex, no hydrogen bond interactions and a less ordered
packing are observed. Figure 2b represents the unit cell of the structure with a total of
eight 4™ cations. A head to tail orientation between the two central molecules of the unit
cell is also observed.
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Figure 2. (a) Ortep plot (ellipsoid at 50 % probability) of the X-ray crystal structure of the
cationic moiety of 4" with its corresponding labeling scheme. (b) Stereoscopic view of the unit
cell for 4" (counteranions omitted for clarity).

The Ortep plot (ellipsoid at 50 % probability) of the X-ray crystal structure of the
cationic moiety of 5*" with the corresponding heteroatom-labeling scheme is reported in
Figure 3a (see the full labeling Scheme in Figure S13 of the Supporting Information).
Because of the packing effect imposed by the pyridinium moiety in the modified trpy
L3" ligand, 5(PFe)s crystallizes in an extremely large cell with four independent
complex molecules, sixteen PFg anions and several acetone and toluene molecules in the
asymmetric unit (Figure 3b). In total 8 positions for acetone and 13 positions for toluene
could be localized which were partially highly disordered. In order to avoid the highly
disordered solvent molecules the program SQUEEZE was applied leading to a refined
model with a R1 value of 7.43 % in which all the solvent molecules were removed.™
Despite the different orientation of the pyridinium moieties in each molecule regarding
the others, observed in Figure 3b, the four independent molecules have slightly different
metric parameters, thus only the so called “A” complex will be described here. Each
ruthenium metal adopts pseudo-octahedral coordination geometry with two positions
occupied by the bpp ligand, three by the meridional functionalized terpyridine L3"
ligand and the latest by a Cl-bridged ligand. Bond distances and angles have no
significant differences with regards to related complexes previously described in the
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literature.®> The different orientation of the pyridinium moieties in each molecule
regarding the others, can be observed in Figure 3b.

</

Figure 3. (a) Ortep plot (ellipsoid at 50 % probability) of the X-ray crystal structure of the
cationic moiety of 5** with its corresponding labeling scheme for heteroatoms. (b) Stereoscopic

view of the asymmetric unit for 5** (counteranions omitted for clarity).

111.2.3.3. Electrochemistry

The redox properties of the complexes described in the present work were investigated
by means of CV and DPV and are reported in Table 2 and Figures 4-6. Unfortunately
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the complexes were not soluble in CH,Cl,, so all experiments were performed in
acetonitrile (4"), acetone (5" and 7**) and pH=1 water (8°*).

Table 2. Redox potentials in V (vs. SSCE) at a scan rate of 100 mV/s for 4%, 5%, 7**, 8>
and their respective trpy homologues for comparison purposes.

i/

Ru""'Cly(trpy)? 0.01
4+2 0.05
NI L LI 1V IV
[Ru"»(u-Cl)(bpp)(trpy),]**° 0.71 112
54D 0.79 1.20
[Ru'"(w-AcO) (bpp)(trpy)s]* © 0.73 1.05
74P 0.76 1.09
[Ru",(H,0),(bpp)(trpy).]*** 0.54 0.61 0.81 1.10
gs+d 0.59 0.59 0.90 1.00

@ Acetonitrile using 0.1 M of TABH as electrolyte. ® Acetone using 0.1 M of TABH as
electrolyte. © CH,Cl, using 0.1 M of TABH as electrolyte. ° Aqueous solution at pH=1 (0.1 M
triflic acid)

The CV of 4" (Figure S5) exhibits a unique reversible wave at E1, = 0.05 V, (AE = 71

mV) corresponding to the following process:
[Ru"(L3)Clg]" + 1€ >  [Ru'(L3)Cl3] (0.05 V) (1)

Comparison with the related complex, [Ru"'Cls(trpy)] (Figure S4) (E1, = 0.01 V, AE =
69 mV) revealed an up shift of the Ej,. This expected behavior was assigned to the

electron-withdrawing effect of the extra pyridinium group.

The CV of 5* in acetone exhibits two reversible waves and is displayed in Figure 4.
These two processes are assigned to the following electrochemical reactions (the L3"
and bpp ligands are not shown for the sake of clarity):

[RU"(u-CHRU'P + 1¢ > [Ru"(u-CHRU"*™  (0.79 V) (2)

[Ru"(u-CHRU"®* + 1e > [Ru"(u-ChRU"P*  (1.20 V) 3)
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Figure 4. Cyclic voltammogram for the chlorido-bridged complex 5* in 0.1 M n-
BusNPF; 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 in acetone of 7*" is displayed in Figure 5. Two reversible waves are observed at
0.76 and 1.09 V corresponding to the Rulll-Rull/Rull-Rull and Rulll-Rulll/Rulll-Rull
processes. Both 5% and 7** contain two extra terminal pyridylic rings with a positive
charge, which is expected to influence the redox potentials of the Ru metal ions.'?
Accordingly, a clear up shift of the Ej» is observed when comparing their redox

potentials with the ones previously reported for the related complexes [Ru'";(p-

Cl)(bpp)(trpy)2]*" and [Ru"2(u-AcO)(bpp)(trpy)2]*" (see Table 2).

5,0E-06
3,0E-06

< 1,0E-06

-1,0E-06

-3,0E-06

-5,0E-06 -

E (V)

Figure 5. Cyclic voltammogram for the acetato-bridged complex 7** in 0.1 M n-Bu,NPF
in acetone at 100 mV/s scan rate. Glassy carbon electrode is used as working electrode and the

potential is measured vs. SSCE.

64



"Ru-Hbpp" Complexes Containing the TrpyPyr Scaffold:
Heterogenization and Water Oxidation Catalysis

The electrochemistry of 8°* has been investigated after its “in-situ” generation in a pH 1
aqueous solution (0.1 M triflic acid) using 7** as a precursor (see Scheme 2).

From the CV (Figure S6) and DPV (Figure 6) of 8°* a total of three waves are observed.
These have been tentatively assigned, taking into account previous results on related
complexes,® to a total of four redox processes (the first wave contains two

electrochemical processes).
[Ru"-Ru"] + 1e” >  [RU'RU"M (059 V) (4)
[RuU"-Ru"+1e > [RV"'RU"] (059V) (5)
[RUV-RuU"+1e >  [RU"RU"]  (0.90V) (6)
[RUV-RuM+1e >  [RUV-RU" (1.00V) (7

As can be observed in Table 2, in this case no significant changes are observed when
comparing the potentials of 8°* with regard to those of the related Hbpp complex
[Ru",(H,0),(bpp)(trpy)2]**. 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).
{0=Ru"-Ru"V=0}*" + 1e >  {0o=Ru"-RuV=0}"* (8)
{0=Ru"-Ru"V=0}*" + 2H,0 >  {H,0-Ru"-Ru"-OH,}*" + O, (9)

The oxidation process related to the equation 8 is not observed in the DPV (Figure 6)
given the concomitant and fast electrocatalytic current corresponding to the oxidation of

water.
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Figure 6. Differential Pulse Voltammetry for 8>*(red line) and for the corresponding
blank (blue line) at pH = 1.0 in 0.1 M triflic acid aqueous solution. Glassy carbon electrode is
used as working electrode and the potential is measured vs. SSCE.

111.2.3.4. UV-vis

The UV-vis spectrums of 5, 7*" and 8" have been recorded and are displayed in
Figure 7. As general trend two regions can be observed: one between 350 nm and 550
nm, where unsymmetrical broad typical metal-to-ligand charge transfer (MLCT) bands
appear, and a second one above 550 nm in which d-d transitions are observed. Above
350 nm 7** displays three bands at 366, 497 and 525 nm that can be tentatively assigned

to dn(Ru)>7n* N-ligands transitions.™
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Figure 7. UV-vis spectra for 5* (blue line) and 7*" (green line) in 26 uM acetone

solutions and 8°* (red line) in 96 uM acetone:water(pH=1) (20:80) solution.

66



"Ru-Hbpp" Complexes Containing the TrpyPyr Scaffold:
Heterogenization and Water Oxidation Catalysis

For the acetato-bridged complex 7** the MLCT bands are shifted to longer wavelengths
due to the relative destabilization of dn(Ru) levels provoked by the acetato ligand. The
relative stabilization or destabilization caused by the bridging ligand is displayed in
Scheme 4. As it can be observed, the higher the dn(Ru) destabilization (Scheme 4b) the

shorter the GAP and consequently the longer the wavelength observed.™

|
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Scheme 4. MO diagram for ideal MLCT (a), affected by a dr destabilizing ligand (b) and
MLCT affected by a dr stabilizing ligand (c).

111.2.4. Synthesis and characterization of supported systems

Once with well characterized molecular systems on hand the next step of this project
was the preparation of hybrid materials by combining the molecular species with solid
supports such as SiO,, TiO, and Nafion. In all cases the attachment took place by means

of ionic interactions, as described in the following subsections.

11.2.4.1.  Silica-7*

SiO; is an all-inorganic oxide potentially able to strongly interact with complexes 5*
and 7* by means of ionic interactions between the pyridinium moieties of the complexes
and the negatively charged SiO" residues of the inorganic support. Moreover, silica does
not contain any organic framework and, therefore, no degradation of the solid support in

the harsh WO catalytic conditions is expected.

The SiO, material was previously activated by treatment in a muffle oven at 500 °C for
5 h. When 10 ml of 0.803 mM acetone solution of 7** were poured into 3 g of silica, the
wine colorful solution became almost instantly colorless. The final colorless nature of

the solution clearly indicates the successful anchoring of 7**. The pink powder is
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filtrated on a plate, washed with fresh acetone and water and finally air dried. The
absence of UV-vis signal in the washing acetone revealed the stability of the new hybrid

material (see Figure S7 in the Supporting Information).

111.2.4.2.  FTO-TiO,-5*

As previously mentioned in the introductory section, FTO-TiO, films have been widely
used by our research group and others due to they are rugged solid supports that not
suffer oxidative degradation. However, till now all the reported systems had a covalent
bond between the molecular unit and the TiO; surface. In our case and as a project in
parallel to the silica system, TiO, has been tested as a potential anionic support, also
able to ionically interact with the positively charged pyridinium group of the 5*

complex.

FTO-TiO; films have been prepared following the common procedure of our laboratory
(see Experimental Section for further details). FTO-TiO, films were soaked overnight in
a 0.3 mM acetone solution of 5%, After that time the films were washed with fresh
acetone several times and air-dried. The amount of anchored catalyst was confirmed by
means of UV-vis spectroscopy. The use of films previously activated at pH=12
(overnight soaked on a 10 ml pH 12 solution) ended up in higher amounts of catalyst
anchored as displayed on Figure 8. It is proposed that, under these conditions, TiO
residues are generated on the surface of the solid support, thus allowing a better
support/catalyst ionic interaction.
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Figure 8. UV-vis spectra of a FTO-TiO,-5*" film with (red line) and without (purple line)

previous overnight activation at pH=12.

The number of moles of metal complex per square centimeter (I') was calculated as

reported in the literature,>*® considering the following equation:
T = AD)/[10°41)]

Where A(1) and (1) are, respectively, the absorbance and molar extinction coefficient

at a given wavelength A.

The electrochemical properties of FTO-TiO,-5"" have been also investigated by means
of CV in DCM. The corresponding voltammogram is shown in Figure 9. This new
hybrid material presents similar potentials (0.81 V and 1.18 V) to those found for
complex 5* (0.79 and 1.20 V), revealing that no changes in the electrochemical (and

thus structural) proprieties of the catalyst have occurred during the anchoring process.
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Figure 9. Cyclic voltammogram for FTO-TiO,-5*" in 0.1 M n-BuyNPF¢ in CH,Cl, at 100

mV/s scan rate. FTO is used as working electrode and the potential is measured vs. SSCE.

The stability of the films under acidic (pH=1), neutral (pH=7) and basic (pH=12)
solutions has been tested and monitored by UV-vis. The spectra of those solutions

recorded along several hours/days are displayed in Figure 10.
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Figure 10. UV-vis monitoring of the stability of the generated FTO-TiO,-5*" films when
soaked in pH =1 (a), pH =7 (b) and pH = 12 (c) aqueous solutions.

The observed absorbance increase with time of the acidic and neutral solutions
containing soaked FTO-Ti0O,-5*" films points out the instability of the anchoring at these
pH values. Surprisingly, a detachment/reattachment process of 5** is observed when the
electrode is soaked at pH 12 (Figure 10c). The early absorbance increase reveals an
initial leaching that, after three days, is clearly reversed (a decrease in absorbance is
then observed). This latter behavior can be due to the activation of the TiO, surface

(generation of TiO™ anions at basic pH) like previously indicated.
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II1.2.4.3.  Nafion®

Nafion® is a polymer of perfluorinated carbon chains, which end up with sulfonate
residues as shown in Figure 11. Once deprotonated, each sulfonate group can interact
electrostatically with the positive charges of the pyridinium salts of our catalyst. The
absence of any —CH- suitable to be oxidized and the presence of these sulfonate groups
converts this material in an excellent candidate for the anchoring of both 5*" and 7**.
For the purposes of this work, nafion was obtained from Sigma Aldrich as a 5%

solution in a mixture of water and low-weight alcohols.

£ Fl | R F

Figure 11. Schematic representation of the Nafion” Polymer

FTO-Nafion films have been prepared depositing a known volume of the Nafion®
solution on a piece of FTO film as shown in Scheme 5. The films are then oven dried at
100 °C for 30 min. After cooling at room temperature the FTO-Nafion supports are
soaked overnight into acetone solutions of 5* or 7*. The final colorless nature of the
solution after that time clearly points out the complete attachment of the catalyst onto

the Nafion® polymer.
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Scheme 5. Procedure for the production of Nafion films over FTO electrodes and the
subsequent attachment of 5*" and 7*" to prepare FTO-Nafion-5*" and FTO-Nafion-7*". (1-
2) Deposition and drying of the Nafion solution. (3-5) Attachment of the catalyst onto the FTO-

Nafion surface.

The new hybrid materials FTO-Nafion-5*" and FTO-Nafion-7*" have been
electrochemically characterized by means of CV and DPV (See Figures 12-13) and its
redox potentials has been compared with their homogeneous counterparts. The CV of
FTO-Nafion-5*", shown in Figure 12, displays two chemically reversible redox waves at
Eip=0.64V (AE,= 113 mV) and at £, =1.05 V (AE,= 113 mV) that are assigned to
the Rulll/Rull = Rull/Rull and Rulll/Rulll = Rulll/Rull couples. At this point, we

were not able to assign a less intense and new band observed at 0.04 V.
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Figure 12. Cyclic voltammogram for the chlorido-bridged complex 5* (in blue, signal
increased 50 times for purposes of comparison) and FTO-Nafion-5* (red line) in 0.1 M n-
BusNPF; in acetone at 100 mV/s scan rate. Glassy carbon electrode for 5** and FTO for FTO-

Nafion-5** are used as working electrodes. The potential is measured vs. SSCE.

A downshift of about 100 mV in Ey, is observed when comparing the FTO-Nafion-5**
with its homogeneous counterpart, 5**. This behavior can be explained by the less
electron withdrawing effect of the pyridinium salts when its positive charge ionically

interacts with the Nafion sulfonate residues as drawn in Scheme 6.
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Scheme 6. Schematic representation of the proposed interaction between a FTO-Nafion

support and catalyst 5**.

The CV of FTO-Nafion-7** shown in Figure 13 displays two chemically reversible
redox waves at Ey;, = 0.10 V (AEp= 115 mV) and at E;, = 0.79 V (AE,= 200 mV) that
are assigned to the Rulll/Rull = Rull/Rull and Rulll/Rulll = Rulll/Rull couples.
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Figure 13. Cyclic voltammogram for the acetato-bridged complex 7** (blue line, signal
increased 10 times for comparison purposes) and FTO-Nafion-7** (red line) in 0.1 M n-
BusNPF; in acetone at 100 mV/s scan rate. Glassy carbon electrode for 7** and FTO for FTO-
Nafion-7*" are used as working electrodes. The potential is measured vs. SSCE.
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The clear and large downshift of both redox waves (660 mV and 300 mV) when
compared with the ones observed for its homogeneous counterpart 7** suggests changes
in the first coordination sphere of the ruthenium metal ions during the anchoring process
and towards a more electron-donating environment. Taking into account this
experimental result, the coordination of at least one sulfonate residue to the Ru metal
centre is proposed, as drawn in Scheme 7.
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Scheme 7. Schematic representation of the proposed interaction between FTO-Nafion and
complex 7*.

Both films have been investigated in terms of their electrocatalytic capacity to oxidize
water to dioxygen at pH = 1.0 in a 0.1 M triflic acid aqueous solution and the results are
displayed in Figure 14. The DPV of FTO-Nafion-5*" (Figure 14a) shows the lower
intensity of the redox waves (when compared with the ones observed in organic
solvents) and the ‘“activation” of the film characterized by the growing of an
electrocatalytic wave at around 1.4 V, assigned to electrochemically triggered water
oxidation reaction. These results are in agreement with the exchange of the chlorido-
bridged ion for two water molecules as shown in Scheme 8. As here reported, the “in-
situ” generation of Ru-OH, species from Ru-Cl counterparts in acidic media usually
implies a decrease on the intensity of the redox waves and allows observing both,
several oxidation states in a narrow potential range and electocatalytic currents due to

WO catalysis. This has been extensively studied for several related systems1%>*?

76



"Ru-Hbpp" Complexes Containing the TrpyPyr Scaffold:
Heterogenization and Water Oxidation Catalysis

B X e
o (e] (o}
e e b ey’ B aaeacel
r;¢+++‘%¥\ f;%++++$;a
R R A OEEEEaad
-4 4447 D SRR
> +44 R e aa
FTO-Nafion-5* FTO-Nafion-8%*
Scheme 8. Schematic representation of the proposed exchange of the chlorido-bridged ion

for two water molecules in FTO-Nafion-5*".

In contrast, the DPV of FTO-Nafion-7*" (Figure 14b) shows neither exchange of the
redox waves nor increase of the electrocatalytic current. The latest is in agreement with
the above-proposed coordination of at least one sulfonate group to the Ru metal center
and the consequent blocking of the catalytic activity.
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Figure 14. DPV of FTO-Nafion-5*" (a) and FTO-Nafion-7** (b) in aqueous solutions at pH
= 1.0 in 0.1 M triflic acid. FTO is used as working electrode and the potential measured vs.
SSCE.

111.2.5. Water Oxidation Catalysis

Complex 7** and the hybrid materials Silica-7**, FTO-TiO»-5*" and FTO-Nafion-5*"
have been tested as potentials catalysts towards the oxidation of water to dioxygen.
Depending on the stability, molar concentration and catalytic efficiency of those new
materials, different oxidants and oxygen measurement techniques have been used. The
oxidation of the Ru(ll) metal ions towards the Ru(IV) active species was carried out by

two different methodologies:

i Chemically Ce(IV) species act as sacrificial oxidant for the diruthenium

aqua complex following the reaction:
4Ce" + H,0-Ru"-Ru"-H,0 > 4ce" + 0=Ru"-Ru"V=0

When using Ce(IV) as oxidant, manometry (measuring the total gas evolved)
and a Clark electrode in solution (O, selective) have been the oxygen

measurement techniques employed.

I Electrochemically The application of a controlled potential (CPE,

controlled potential electrolysis) allows the oxidation of Ru(ll) species towards
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Ru(1V) without adding any chemical oxidant. In this case a Clark electrode

followed oxygen evolution in the gas phase.

Clark electrodes (in solution and in the gas phase) are O, selective sensors. However,
manometric measurements allow measuring the total amount of gas formed during the
catalytic process. Therefore their combination with Mass Spectrometry is required in

order to determine the nature of the evolved gases.

111.2.5.1. Chemically triggered materials

The complex 8°* (Figure 15) and the hybrid materials Silica-8°* (Figure 16) and FTO-
Nafion-8°" (Figure S14) have been tested as water oxidation catalysts in presence of
(NH,),Ce"(NO3)s as sacrificial oxidant. All have been generated in situ from 7,
Silica-7*" and FTO-Nafion-5*" respectively when poured into the catalytic conditions
(as previously demonstrated in the electrochemistry section). The total gas evolved has
been manometrically measured and the O,:CO, ratio analyzed by means of Mass
Spectrometry for 8°* and Silica-8°* meanwhile the O, generated in solution was
detected by a Clark electrode for the FTO-Nafion-8>*. The overall catalytic results,
together with the ones corresponding to related systems for purposes of comparison, are

displayed in Table 3.
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Figure 15. Chemical water oxidation with 7** (1 mM) at pH =1.0 in 0.1M triflic acid
solution in the presence of (NH,),Ce"'(NO;)s (100 mM). (a) Manometric measurment. (b) On-
line mass spectroscopy (red line: O, blue line: CO,)

As shown in Figure 15a (and Table 2, entry 3), when the acetato-bridged 7** is
employed as precursor, 12 TONs are achieved. Comparison with the related
[Ru",(H,0),(bpp)(trpy).]" complex (entry 1, 16 TON®) revealed a decrease in the
catalytic activity. However, no CO; generation was detected when the catalytic process

was on line monitored by means of mass spectrometry (Figure 15b).

Silica-8°" has performed a catalytic activity of 16 TON (Figure 16a) which are almost
totally due to the evolution of CO, (Figure 16b and table 2, entry 4). A higher rate of
gas evolution is also observed due to the fast decomposition of the system.
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Chemically triggered water oxidation with Silica-8>" (0.650 g, 1.82-10°

mmol/g) at pH = 1.0 in 0.1 M triflic acid solution in the presence of (NH,4),Ce"(NOs)s (100
mM). (a) manometric measurement (b) online Mass Spectrometry (O, evolution red line, CO,

evolution blue line).
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Table 3. Catalytic WO efficiencies and 0,:CO, ratios for 8%, Silica-8°*, FTO-Nafion-8>*
and other previously reported homogeneous and heterogeneous systems for purposes of
comparison. Catalytic conditions: Cerium (1V) as oxidant. Ratio 1/100 Cat/Ce'".

> [Catf TON TON TON
UEJ' System [0,]/[CO,] Eff.°
(mM) 02 COZ Total
1 | [Ruy(H,0)(trpy)(bpp)]*® | 1.0° 18 - - 16 72.0
2 Ru'",(H,0),(bpp-
(R )Z(Sfp 10° 58 58 10 117 292
Bz)(trpy).]”
3 8> 1.0° 11 - - 11 44
4 Silica-8% 03 18 142 0.125 16 7.2
5 TiO,-[Ru",(H,0),(bpp-
rIRuTAR: 3324( 05t 35 3 12 65 55
Ra)(trpy).]
6 FTO-Nafion-8>* 0.06° 1 - - 1 4

® Total volume of the reaction 2 ml at pH = 1.0 in 0.1 M triflic acid. ° Total volume of the
reaction 4 ml at pH = 1.0 in 0.1 M triflic acid. ¢ Eff.= Efficiency. ¢ 0.350 g of Silica-7** (0.3%).

Total volume of the reaction 3 ml at pH = 1.0 in 0.1 M triflic acid.

The co-evolution of CO, (together with dioxygen) during a catalytic water oxidation
reaction usually arise from an intra-molecular catalyst-catalyst degradation process
where the highly oxidant M-oxo species oxidize the weaker parts of the surrounding
organic ligands.*®*? That has been already reported for the [Ru'"(H.0).(bpp-
Bz)(trpy).]*" and its corresponding heterogeneous TiO,-[Ru',(H20)2(bpp-Ra)(trpy)2]**
system, which generate notorious amounts of CO, (Scheme 9 and Table 3, entries 2 and
5, respectively). Taking into account the absence of CO, evolution when the “original”
[Rua(H20)x(trpy)2(bpp)]®* complex is employed (Table 3, entry 1), the newly
introduced benzylic positions, shown in red color in Scheme 9, were identified as the

initial point for ligand decomposition.***

However, despite the presence of similar
methylenic moieties in 7**, no CO, is observed in this case (Figure 15b). Therefore, it
looks like that the electron-withdrawing nature of the positive pyridinium moiety

deactivates the CH scaffold with regards to its oxidation (Scheme 9). Contrary to this,
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in the Silica-8>* system this positive charge is dislocated due to the ionic interaction
with the SiO" residues of the solid support. Consequently, the methylene in alpha to the
pyridylic nitrogen atom is here again more prone to oxidation, thus decomposing and

evolving CO, within the catalytic conditions. (Figure 16b and Scheme 9).

non-activated CH,

O activated CH,

Silica-8%*

Scheme 9. Representation of activated (red color) and non activated (green color)

methylenic moieties.

The system FTO-Nafion-5**, after a previous 24h activation at pH = 1.0 in 0.1 M triflic
acid to generate the aquo derivate FTO-Nafion-8°" (as shown in previous sections),
evolved the oxygen corresponding to 1 TON (Table 3, entry 6). The latest is a surprising
result still under study in our laboratory to better know the possible deactivation

pathways of this material.

111.2.5.2. Electrochemically triggered materials: FTO-TiO,-5*

The instability of FTO-TiO,-5*" under the usual catalytic conditions (pH=1/Ce(IV)) has
been demonstrated in previous sections. Therefore, modified electrodes prepared by
previous activation at pH 12 where electro-activated by means of controlled potential

electrolysis in order to test their catalytic activity. As shown in Figure 18 (and Figure
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S15 in the Supporting Information), the correct potential to be applied has been

electrochemically evaluated.
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Figure 18. Differential Pulse Voltammetry for FTO-TiO,-5* before (a) and after (b) CPE
at pH = 12 (NaOH 0.01 M in water). FTO used as working electrode and potential measured vs.
Ag/AgCl.

The catalytic reaction has been carried out in an electrochemical cell (Figure 19) formed
by two different compartments (A and C) separated by a frit membrane (B). The water
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oxidation process takes place in compartment A whereas proton reduction occurs in

compartment C.

T

_.--"'"_FH-F.-
100 < Ao
L
/ 0, +4H* | &=
B om, |
" 2H.0 N -
m 'd-H ' _,_.—:-"'_"._'-'_‘-_
Figure 19. Electrochemical cell formed by: anode (compartment A) which contains a FTO-

TiO,-5*" film and a Clark electrode and where the water oxidation reaction occurs; cathode
(compartment C) which contains the counter and the reference electrodes and where the

reduction of protons to hydrogen takes place; frit (membrane B) permeable to proton exchange.

FTO-TiO,-5*" was used as working electrode in the above-mentioned electrochemical
cell applying a potential of 1.1 V vs. SSCE for 8h (Figure S17). Online O, measurement
on the headspace of the cell compartment using a Clark electrode revealed that no
oxygen was evolved (Figure S18). The electrochemical characterization of the electrode
after the CPE experiment revealed the clear leaching of the complex from the electrode
to the solution. Figure 18b displays the electrode DPV after CPE (see also Figure S16 in
Supporting Information for CV) where the total disappearance of the redox waves can
be appreciated. In addition to this, the UV-vis spectra of the solution after CPE (Figure
S19) displayed the typical bands for 5*", pointing out the presumed leaching of the
catalyst. Both electrochemical and spectroscopic experiments have demonstrated that
the major part of the current was employed in undesired processes such as the leaching

of the catalyst.
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111.3. Conclusions

In order to build a real device for artificial photosynthesis, accurate understanding of the
limitations and consequences of anchoring WOC’s onto solid surfaces is required.
Therefore, research in order to explore and optimize the different types of
catalyst/support interactions is a mandatory step. With this leit motive on mind, a new
family of Ru dinuclear complexes (5*" and 7**) containing the positively charged
trpyPyr ligand 4’-(-p-(Pyridin-1-ylmethyl)phenyl)-2,2°:6°,2*’-terpyridine  (L3(PFs))
have been synthesized and fully characterized, both in the solid state and in solution.
Furthermore, the in situ conversion of 7** (agueous media, pH=1) into its bis-aqua
derivative 8°* has been electrochemically demonstrated. The latter has been proven to
be an active catalyst towards the oxidation of water, giving similar results to the ones
previously reported for related complexes of the Ru-Hbpp family. The anchoring of the
new catalysts onto TiO,, SiO, 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 Silica-8>* has shown a high ratio CO,:0,, thus revealing
the oxidation of the catalyst. This result pointed out the activation of the methylene in
alpha to the pyridylic residue when the positive charge is dislocated interacting with the
SiO™ residues. The interaction between the positively charged pyridines and the TiO,
electrode in FTO-TiO,-5" films is too low, thus the new material suffers a leaching
process when the CPE was performed. Despite, the electrocatalytic activation of
Nafion-5*" has been observed, its performance as WOC has been poor, yielding the
estechiometric amount of O,. The lack in the catalytic activation of Nafion-7** has been
attributed to the block of the Ru metal centers by the sulfonate groups. Silica and
Nafion® have been demonstrated to be the best solid surfaces in terms of the interaction
stability with the catalyst, meanwhile TiO, has shown poor results in this field. The
work herein presented is a clear example of how new efforts have to be spend looking
for new hybrids systems which have to be highly stable under strong oxidative

conditions meanwhile increasing the catalytic activity of the units attached on them.
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I11.4. 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. RuCl;3-3H,O was supplied by Alfa Aesar and was used as
received. Titanium dioxide paste (100% anatasa) used was supplied by Solaronix. Both
the silica and the nafion polymer were provided by Sigma Aldrich. The starting ligands
bis-(2-pyridyl)pyrazole (from now on Hbpp)*® and 4’-(-p-(bromomethyl)phenyl)-
2,2>:6°,2>’-terpyridine (2)*" were prepared as described in the literature. 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. Samples were
run in CD3CN or acetone-ds with internal references. Elemental analyses were
performed using a Carlo Erba CHMS EA-1108 instrument provided by the Chemical
Analysis Service of the Universitat Autonoma de Barcelona (CAS-UAB). 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 lj-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 complexes
were dissolved in acetone containing the necessary amount of n-Bus;NPFs (TABH) as
supporting electrolyte to yield 0.1 M ionic strength solution. Ey, values reported in this
work were estimated from CV experiments as the average of the oxidative and reductive
peak potentials (Epa + Epc)/2. 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 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
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spectrometer. Typically, 16.04 mL degassed vials containing a suspension of the
catalysts in a 0.1 M triflic acid (1.5 mL) were connected to the apparatus capillary
tubing. Subsequently, the previously degassed solution of Ce(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.

X-ray Crystal Structure Determination. Data collection was made on a Bruker-
Nonius diffractometer equipped with an APPEX Il 4K CCD area detector, a FR591
rotating anode with Mo Ka radiation, Montel mirrors as a monochromatic and a
Kryoflex low-temperature device (T = -173°C). Full-sphere data collection was used
with w and f scans. Programs used: data collection APPEX I1,*® data reduction, Bruker
Saint V//.60A;" absorption corrections, SADABS.?

Structure and Refinement. For this, SHELXTL® was used. The crystal data
parameters are listed in Tables S1 and S2. For the structure of [Ru'",(p-
CI)(bpp)(trpyPYR)2](PFe)s  (5(PFe)s), the program SQUEEZE? implemented in
Platon was used in order to avoid the highly disorder imposed for 8 acetone and 13

toluene molecules that were detected.
Synthetic preparations

4’-(-p-(Pyridin-1-ylmethyl)phenyl)-2,2’:6°,2’-terpyridine (L3(PFg)): 4’-(-p-
(bromomethyl)phenyl)-2,2°:6°,2°’-terpyridine  (2) (0.200 g, 0.497 mmols) were
dissolved in pyridine (30 ml). The mixture was allowed to react in a microwave reactor
at 150 °C and 300 W for 30 minutes. The volume was reduced until dryness and the
solid residue redisolved in water (30 ml). The final suspension was filtered through
celite and a saturated aqueous NH4PFs solution (1 mL) was added to the colorless
solution to obtain a white precipitate. The mixture was filtered after two hours stirring
to yield 0.2 g (85 %) of the desired powder. *H NMR (400MHz, [Ds]acetonitrile): & =
8,79 (d, 2H23.27, J23-24= 6,40Hz) 8,73 (S, 2Hg.7), 8,73 (d, 2H1.15), 8,69 (d, 2H4.12, J34=
8,30Hz), 8,55 (t, 1H2s, Jos-25= 8,10HZ), 8,06 (t, 2H24-26, J24-25= 8,10HZ, Jo3.24= 6,40HZ ),
7,99 (ddd, 2H3.13, J3.4= 8,30Hz, J3., = 7,60Hz, J;.3 = 1,46Hz), 7,99 (d, 2H17.21, J17-18 =
8,10Hz), 7,63 (d, 2H1g-20, J17.18= 8,10Hz), 7,47 (t, 2H2.14, J2-3= 7,60Hz, J1.,= 6,0HZ),
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5,81 (s, 2H2). *C{*H} NMR (400MHz, [Ds]acetonitrile): & = 157,45 (C.10), 156,65
(Cs.11), 150,56 (C1.15), 150,47 (Cg), 147,78 (Cys), 145,99 (Cps.27), 141,17 (Cys), 138,89
(Cz.13), 135,16 (Cug), 131,47 (Cis-20), 130,09 (Ca406), 129,57 (Ci7-21), 125,86 (Cz.14),
122,54 (C4.10), 119,94 (Cq.7), 65,40 (Cy).

[RuCl3(3)](PFs) (4(PFg)): L3(PFe) (0.915 g, 1.617 mmol) and RuCl;-3H,0 (0.422 g,
1.617 mmol) were dissolved in dry MeOH (130 mL). The mixture was stirred and
heated at reflux temperature for 4 h. Then the solution was kept cool until appeared a
brown precipitate. The solid was filtered, washed with cold water (3x5 mL) and diethyl
ether (3 x 5 mL) and finally dried under vacuum to afford complex 4(PFs) (0.949 g,
77%). ESI-MS (MeOH): m/z = 610 ([M-PFg]").

[Ru",(n-C1)(bpp)(trpyPYR)2](PFe)s (5(PFe)s): 4(PFg) (0.942 g, 1.77 mmol) and LiCl
(0.113 g, 2.65mmol) were dissolved in a solution of NEt; (492 ul, 3.54 mmol) and dry
MeOH (180 mL). The mixture was stirred at room temperature for 20 min, and then
Hbpp (0.197 g, 0884 mmol) and 0.6684 m MeONa (1.32 mL, 0.844 mmol) in dry
MeOH (20 mL) were added. The resulting solution was heated for 4 h and then stirred
in the presence of a 100 W Tungsten lamp for 8 h. The reaction mixture was filtered and
then saturated aqueous NH4PFs 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 complex 5(PFg)s (0.860 g, 75%). *H NMR
(400 MHz, [Dg]acetone): & = 9.34 (d, 4H, J23.24=6.08 Hz; H23), 9.01 (s, 4H; H7), 8.80
(t, 2H, J25.24=7.80 Hz; H25), 8.72 (d, 4H, J;.,=8.00 Hz; H4), 8.54 (s, 1H; H8), 8.41 (d,
4H , J1,=5.76 Hz; H1), 8.35 (t, 4H, J,4.25=7.80 Hz; H24), 8.31 (m, 6H; H28-17), 7.97 (t,
4H, J3.4,=8.00 Hz; H3), 7.89 (d, 4H, J17.1s=8.20 Hz; H18), 7.83 (t, 2H, J29.28 30=8.00 Hz;
H29), 7.64 (t, 4H, J,.13=6.57 Hz; H2), 7.50 (d, 2H, J30-31=5.90 Hz; H31), 6.82 (t, 2H, Jso-
31=5.90 Hz; H30), 6.20 (s, 4H, H22). *C{"H} NMR (400 MHz, [DgJacetone): & =
159.39 (C6), 159.05 (C5), 158.78 (C32), 153.89 (C31), 153.56 (C1), 148.48 (C33),
146.57 (C25), 145.06 (C23), 145.00 (C8), 138.44 (C16), 137.07 (C3), 136.92 (C29),
135.15 (C19), 130.14 (C18), 128.95 (C24), 128.57 (C17), 127.39 (C2), 123.87 (C4),
122.19 (C30), 120.47 (C28), 120.20 (C7), 103.29 (C34), 64.16 (C22). UV/vis (acetone):
Amax (€)= 366 (26775), 480 (19187), 509 (20235). ESI-MS (MeOH): m/z = 1697.2 ([M-
PFs]"). Elemental analysis (%) found C, 42.60; H, 2.91; N, 9.00. Calcd for
Ce7H51CIF4N1,PsRuUy: C, 43.70; H, 2.79; N, 9.13.
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[Ru"2(1-0,CMe)(bpp)(trpyPYR)2](PFe)s  (7(PFe)s): A sample of 5(PFg)s (0.225 g,
0.120 mmol), sodium acetate (0.054 g, 0.660 mmol) and AgBF, (0.023 g, 0.120 mmol)
were dissolved in acetone/water (3:1, 40 mL), and the solution was heated at reflux
overnight in the dark. The resulting solution was filtered, and saturated aqueous NH4PFg
solution (1 mL) added. A solid precipitated out of the solution upon reducing the
volume. The solid was collected and washed with cold water (3x5 mL) and diethyl ether
(3 x 5 mL) and finally dried under vacuum to afford complex 7(PFg)4 (0.166 g, 73%).
'H NMR (400 MHz, [De]acetone): & = 9.35 (d, 4H, J»3.24=6.90 Hz; H23), 9.10 (s, 4H;
H7), 8.82 (m, 6H; H25-4), 8.56 (s, 1H; H34), 8.47 (d, 4H , J;,=5.70 Hz; H1), 8.37 (t,
4H, Jo4-2523=6.90 Hz; H24), 8.35 (d, 4H, J17.1s=8.15 Hz; H17), 8.22 (d, 2H, Jg.29=7.97
Hz; H28), 8.05 (t, 4H, J;3.42=7.85 Hz; H3), 7.94 (d, 4H, J17.1s=8.15 Hz; H18), 7.76 (t,
2H, J20.28.30=7.90 Hz; H29), 7.55 (t, 4H, J,.13=6.50 Hz; H2), 7.45 (d, 2H, J30.5:=5.70 Hz;
H31), 6.83 (t, 2H, J30.3:=7.73 Hz; H30), 6.23 (s, 4H, H22), 0.45 (s, 3H, H36). *C{'H}
NMR (400 MHz, [Dg]acetone): & = 191.59 (C35), 160.34 (C6), 159.77 (C5), 156.47
(C32), 153.81 (C1), 152.80 (C31), 151.89 (C33), 146.59 (C25), 145.02 (C23), 144.77
(C8), 138.83 (C16), 137.32 (C3), 135.99 (C29), 135.17 (C19), 130.19 (C18), 128.95
(C24), 128.59 (C17), 127.46 (C2), 123.89 (C4), 122.24 (C30), 120.36 (C7), 119.61
(C28), 103.89 (C34), 64.20 (C22), 25.25 (C36). UV/vis (Acetone): Amax (€)= 367
(27615), 497 (17119), 525 (15923). ESI-MS (MeOH): m/z = 788.09 ([M-2PFg]*").
Elemental analysis (%) found C, 43.92; H, 2.75; N, 8.95. Calcd for
CeoHssF24N120,P4RuU,: C, 44.41; H, 2.97; N, 9.01.

Preparation of FTO-TiO,-5*": On clean FTO films, anatasa TiO, paste was spread
uniformly. Then the films were heated for 10 min at 100 °C in order to reduce the
surface irregularities. The films were calcinated following the appropriated temperature
ramps (see figure S19). The anchoring process was carried out by soaking overnight
every film into 5 ml of an acetone solution (0.305 mM) of 5*".

Preparation of FTO-Nafion-X* (X = 5* or 7**): On clean FTO films, Nafion 5% w/w
in water and low weight alcohols (50 uL) was uniformly deposited. Then the films
were heated for 30 min at 100 °C in order to remove water and low weight alcohols.
After cool down until room temperature the films were soaked overnight into an acetone
solution of X** (10 ml, 0.0201 mM).
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Preparation of Silica-7*": Silica (3g) was poured into 10 ml of a solution of 7** (0.548
mM) in acetone. The mixture was stirred for some minutes until the solution became
colorless. Then the pink solid was washed several times with acetone and diethyl ether

and finally was air-dried.
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Figure S1. 1D and 2D NMR spectra (400 MHz, 298 K, ds;-Acetonitrile)

for 3" (a)

schematic representation (b) *H-NMR, (c) COSY, (d) *C-{"H}-NMR, (e) HSQC-NMR

(aromatic region) (f) HMBC-NMR (aromatic region).
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Figure S2. 1D and 2D NMR spectra (400 MHz, 298 K, ds-Acetone) for complex 5*":
(a) 'H-NMR, (b) COSY, (c) “C-{'"H}-NMR, (d) HSQC-NMR (aromatic region) (¢)
HMBC-NMR (aromatic region).

a)
<t m — oM — O W MNLW NWNO®WoOSTAN—O o o
Mo S &@KRRK T¥EMMAN G0 aaoOQhn @ I
a (o)) 0 0 ©0 0O CO 0O O @ NINNNSNNNN o -}
\V [N I L e | »
Py S &h FTREE dhe h ¥ % h
— S M ™M S ®o o © < n o a ~
< < N« N TN F AN — <
. T . T T : T T . T . T T . T .
98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56
f1 (ppm)
6.0
§
- i
6.5
d L § L
F7.0
(1] { ] il
o ) 7.5
- [1] ' E
§ - ™ 8
pu—— [} " ‘ '#' [ ] "lee @
L} - Ny ' .
- o8 . -fi.' a0
i L] F8.5
— "
. ] "
1 4 ¥ 9.0
F' - I'
Fo.5

T T T T T T T T
7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2

99



CHAPTER 111

©)

9T'v9 —

6C°€0T —

0z°02T
b0t
61°22T
(€T N
6€L2T
LS'8CT
G6gzT
$T°0€T
roer/
ST'SET
26'9€T N
LO°LET
ppeeT

oo.mi
90'SHT -
LS9
8y°8pT

95°€5T
68°65T
8,851

S0'6ST -
ee6sT/

155 150 145 140 135 130 125 120 115 110 105 100 95 20 85 80 75 70 65 60
f1 (ppm)

160

d)

r110

115

120

125

130

(wdd) 74

135

140

145

150

155

160

9.4 9.3 9.2 9.1 9.0 89 88 8.7 86 85 84 83 8.2 S.fll (8.0 )7.9 78 77 76 75 74 73 72 7.1 7.0 6.9 6.8 6.7 6.6
ppm

100



New “Ru-bpp family” catalyst containing the trpyPyr scaffold.
Heterogenization and WOC.

110

115

120

125

r 140

—
=
Iy
%
f1 (ppm)

150

155

160

165

170

r175

98 96 94 92 90 88 86 84 82 8f.20(ppm758 76 74 72 70 68 66 64 62 6.0
Figure S3. 1D and 2D NMR spectra (250 MHz, 298 K, ds-Acetone) for complex 7*":
(a) 'H-NMR, (b) COSY, (c) “C-{'H}-NMR, (d) HSQC-NMR (aromatic region) (¢)
HMBC-NMR (aromatic region).

~ — < NN @ 0 © 1 < 1 ©
0] - @ R ARKGEN S o N n < @ N <
o o @ o5 &6 06 06 B ® N ~ N N © © S
[ | I NGNS [ | (. | | |

(—
c
:

i 0§ ¥ wsi s @E § § g 3 5
™ < [} AN AN <+ ™ ~ <+ o ~ ™ o«

T T T T
7.0 6.5 6.0 0.5

n

T T
9.0 8.5 8.0 7.

101



CHAPTER 111

b)

(1]

1]

r7.0

r7.5

r8.0

8.5

9.0

9.5

T T

T T
9.5 9.4 93 9.2 9.1

—191.59
160.34
159.77
156.47
153.81
152.80
151.89
146.59
145.02
144.77
138.38
137.32

ﬁ

77 135.99

9.0 89

—130.19
-128.95

13517

T

8.8 8.7

128.59
127.46

123.89

T
8.6 85 8.4

T T

T
83 82 8.1
f2 (ppm)

T T T T T T T T T T

80 79 78 7.7 76 75 74 73 72 7.1 7.0 69 6.8

122.24

120.36

119.61
—103.89
—64.20
—25.25

[ 300000

[ 280000

[ 260000

[ 240000

[ 220000

200000

[ 180000

[ 160000

[ 140000

[ 120000

[ 100000

80000

[ 60000

40000

20000

ro

[-20000

[ -40000

T T T T T T

190 180 170 160 150 140

102

130

120

T T T T T T T T T

110 100 90
f1 (ppm)

f1 (ppm)



New “Ru-bpp family” catalyst containing the trpyPyr scaffold.
Heterogenization and WOC.

d)

F40
50
F60
k70
80
90
F100
k110
g - — i i 120
- - g4 . " k130

140

f1 (ppm)

150

160

r170

180

190

10.0 9.5 9.0 8.5 8.0
f2 (ppm)

115

[ 1
. ' 125
l . ' 1 l 130

135

f1 (ppm)

140

150

* | -r: ‘ II. :155

~165

T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5
f2 (ppm)

103



CHAPTER Il

Figure S4. Cyclic voltammetry for [Ru"'Cls(trpy)] in 0.1 M n-BusNPFg in acetonitrile
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 S5. Cyclic voltammetry for complex 4" in 0.1 M n-BusNPFg in acetonitrile 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. Cyclic voltammetry for complex 8 at pH = 1.0 in 0.1 M triflic acid aqueous
solution. Glassy carbon electrode is used as working electrode and the potential is measured vs
SSCE.
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Figure S7. UV-Vis spectra for washer acetone for Silica-7**.
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Figure S8. Experimental (right side) and theoretical zoom (left side) Mass Spectra for
complex 4"
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Figure S10. Experimental (right side) and theoretical zoom (left side) Mass Spectra for
complex 5%
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Figure S12. Experimental (right side) and theoretical zoom (left side) Mass Spectra for

complex 7%,
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Table S1. Crystallographic data for complex 4*

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

YA

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =33.07 °
Absorption correction

Max. and min. transmission

Refinement method
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C27 H22 CI3 N6 06 Ru
733.93

100(2)K

0.71073 A

Orthorhombic

Pbca

a= 19.3405(8) A

b= 11.3692(3) A

c= 25.8709(8) A

5688.6(3) A3

8

1.714 Mg/m3

0.887 mm-1

2952

0.50x0.20x 0.10 mm3

1.89 to 33.07 °.

-18 <=h<=29 ,-17 <=k<=13 ,-21
<=|<=36
26492

9571 [R(int) =
0.886 %
Empirical
0.9165 and 0.6653

Full-matrix least-squares on F2

0.0552 ]

a= 90.00°.
B =90.00°.
= 90.00°.



New “Ru-bpp family” catalyst containing the trpyPyr scaffold.

Heterogenization and WOC.

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

9571/0/388

1.037

R1=0.0433, wR2 = 0.0905
R1=0.0752, wR2 = 0.1038
0.924 and -0.593 e.A-3

Table S2. Crystallographic data for complex 5**

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =24.78 ©
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

€268 H204 Cl4 F96 N48 P16 Ru8
7366.67

100(2)K

0.71073 A

Monoclinic

P2(1)/n

a= 26.0256(14) A

b= 52.120(3) A

c= 28.8286(14) A

39083(4) As

4

1.252 Mg/ms

0.486 mm-1

14688

0.35x0.15x0.15 mms3

0.78 t024.78°.

-30 <=h<=30,-61 <=k<=61 ,-32
<=|<=33

480821

65635 [R(int) =0.1010]

0.977 %

Empirical

0.9307 and 0.8483
Full-matrix least-squares on F2
65635 /30 /3961

1.033

R1=0.0743, wR2 = 0.1663
R1=0.1179, wR2 = 0.1816
1.319 and -0.995 e.A3

o= 90.00°.
B =91.920(2) °.
y=90.00°.
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Figure S13. Ortep plot (ellipsoid at 50 % probability) of the X-ray crystal structure of
the cationic moiety of 5**
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Figure S14. Chemical water oxidation with FTO-Nafion-8°" (1 mM) at pH =1.0 in
0.1M triflic acid solution in the presence of (NH4),Ce"'(NOs)s (100 mM).
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New “Ru-bpp family” catalyst containing the trpyPyr scaffold.
Heterogenization and WOC.

Figure S15. Cyclic voltammetry for FTO-TiO,-5*" before CPE at pH = 12 (NaOH 0.01

M in water).
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Figure 16 Cyclic voltammetry for FTO-TiO,-5*" after CPE at pH = 12 (NaOH 0.01 M

in water). FTO used as working electrode and potential measured vs Ag/AgCl.
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Figure S17. Controlled Potential Electrolysis for FTO-TiO,-5**. E = 1.1 V for 8h. FTO
used as working electrode. Potential measured vs Ag/AgCl
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Figure S18. Clark electrode profile during the Controlled Potential Electrolysis for
FTO-TiO,-5*. E=1.1V for 8h
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New “Ru-bpp family” catalyst containing the trpyPyr scaffold.
Heterogenization and WOC.

Figure S19. UV-vis spectra of the solution after CPE.
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Figure S20. Temperature ramps for the calcination film process.
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CHAPTER IV

Bis-facially Bridged Ru Dinuclear Complexes:

Powerful Catalyst for the Epoxidation of Alkenes

In this chapter we report the synthesis and characterization of a
novel diruthenium complex containing the bis-facial
hexadentate bridging ligandg Hbimp. Its reactivity towards the
oxidation of water and olefins and the comparative discussion
with the already reported family of related dinuclear complexes

is reported herein.
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