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Abstract

Chapter 1. General Introduction

Activity =8*103s!

This chapter includes a brief discussion
about the natural photosynthesis process
as an inspiration towards renewable
energy schemes followed by a description
of new technologies based on artificial
photosynthesis. A brief overview on the
development of molecular water oxidation
catalysts during the last years have been
documented starting with homogeneous
catalytic activities all the way to solid
surfaces where molecular heterogeneous
catalysts have been used with the aim of
building efficient water splitting devices.

Chapter 2. Objectives

Xl
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Chapter 3. Mononuclear Ruthenium Complexes Containing Pyridine Carboxylate
ligands: Isomerization, Electronic Properties and Water Oxidation Activities

________________________________________________ X Synthesis, characterization, redox
:'/ ) properties, electronic effects and water
Cﬁf\;@j _ oxidation activity of a series of ruthenium
1 1 :'jb complexes containing pyridine carboxylate
S 08 L / ligands are reported in this chapter. It is
' g 06 | shown that the electronic perturbation to
£ the metal center exerted by different
E: 04 1 | orientation and geometry of the ligands
' © 02 0 - . together with the electron donating
0 V . properties produce dramatic effects in
0.0 1.0 2.0 ' both redox properties and water oxidation
! H

. L
N® of anionic charge catalytic performance of the systems.

Chapter 4. Catalytic Oxidation of Water to Dioxygen by Mononuclear Ru
Complexes Bearing a 2,6-Pyridinedicarboxylato Ligand

We report the synthesis, characterization

R“'CN7 ................... \\\‘\‘ and water oxidation activity of Ru
precurser ) \N“,O ST complexes  containing the  pyridine
i «'NTL{;—_N{-_., dicarboxylate ligand. Under high anodic
I; '-NIN ° potentials, they evolve towards the
‘ _______________________ ) formation of Ru-aquo complexes that are

| C E powerful and rugged water oxidation

catalysts. These complexes operate water

oxidation catalysis with active species that

[}
=
Y
v
<

Il SR 2H,0 . . .
Torca0st |1 W 00 involve six coordination and seven
| D N~RyY—N_ i . .
\J; ! Gilfo (— 1 woc coordination for the Ru centers. The
= | A ! "
Wrarresmenll I ) \02+4H+ present work uncovers and highlights the

“.. E(V)vsNHE S ————————

------------------------------------------------- complexity involved in water oxidation
catalytic processes when transition metal
complexes are exposed to high oxidation
potentials needed for the catalysis.

Xl



UNIVERSITAT ROVIRA I VIRGILIT
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS:
Md Asmaul Hoque

FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Chapter 5. New Functional Coordination Oligomers Strongly Attached to MWCNT
via Multiple CH-7t Interactions as Powerful Molecular Electroanodes for Water

Oxidation Catalysis

__________________________________________

190 -

140 -

90 +

f (mA/cm?)

1.0
\ E (V) vs NHE

Linear coordination polymers with general

{[Ru(tda)(4,4-bpy)]n(4,4-bpy)}
using 4,4’-bypridine as bridging ligand are

formula

synthesized and characterized. These
materials show a unique anchoring
strategy on multiwall carbon nanotubes
CH-7 The
molecular hybrid materials are very active
and rugged electroanodes for water
oxidation reaching extremely high current
densities up to 240 mA/cm? at 1.45 V in pH
7 and are comparable to commercial

via several interactions.

electrolyzers with much less catalyst
loading.

Chapter 6. New Hybrid Powerful Molecular Electroanode for Efficient Water
Oxidation based on 2D Ru Coordination Polymer

___________________________________

140 -
110 { & °

80 4

Jj (mAJem?)

Y
50

20 A

0.6 1.0
\ E (V) vs NHE

A functional coordination polymer with 2
dimensional framework with a ruthenium
catalyst as a core unit and 2,4,6-tris(4-
pyridyl)-1,3,5-triazine as a linker is
reported. This material shows solid state
interactions between different layers and
changes its properties from solution to
solid state. It strongly and massively
anchores on the surface of multiwall
This new hybrid

material is a precursor of extremely active

carbon nanotubes.

and robust water oxidation catalyst that
shows impressive  catalytic  current
densities in the range of 0.1-0.2 A/cm?
with over 1 million Turnover number in 6 h.
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Chapter 7. Anchoring Strategies for Molecular Water Oxidation Catalysts on Solid

Surfaces
___________________________________ Mononuclear complexes based on the
, surface Anchoring [Ru(tda)(Py’)(py”)] as a catalyst precursor
Polyvinyl Carboxylate 1
AL i are described (where tda = 2,2':6%,2"-
. terpyridine-6,6”-dicarboxylate, py’ and py”

i
1
I
I
]
]
I
I
|
]
I
]
i
i
I
I
I
I
]
]
]
I
|
|
I
]
i

= functionalized pyridine). Here the
pyridine py’ or py” contain a functional
group that allows attaching the complex

to conductive substrates via covalent

Diazonium

bonding. For instance, carboxylate and
vinyl groups are used to attach the
complex onto metal oxides, diazonium

GCE

o. [N
Q%
§-0-C0
Y / salts for C-C bonding attachment to

graphitic materials or pyrazine linkages to
anodized graphitic materials. Finally, non-
covalent interactions are explored as a
means to heterogenize mononuclear and
coordination polymers on graphitic
materials or metal oxides.

Chapter 8. Structural and Spectroscopic Characterization of Reaction
Intermediates Involved in a Dinuclear Co-Hbpp Water Oxidation Catalyst

e . An end-on superoxido intermediate
rRaman involved in the water oxidation reaction
1121 em’” [ catalysed by a dinuclear Co- complex is

characterized by resonance Raman,
Electron paramagnetic resonance and X-

ray  absorption  spectroscopy  and
complemented by Density Functional
Theory. Isotopic labeling experiments
under turnover conditions prove that this
is a key intermediate of the water

m
©
o)

oxidation reaction.

__________________________________________

Chapter 9. General Conclusions
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Chapter 1

Chapter 1

General Introduction

This chapter includes a brief discussion about the natural photosynthesis process as an
inspiration towards renewable energy schemes followed by a description of new
technologies based on artificial photosynthesis. A brief overview on the development of
molecular water oxidation catalysts during the last years have been documented starting
with homogeneous catalytic activities all the way to solid surfaces where molecular
heterogeneous catalysts have been used with the aim of building efficient water splitting

devices.
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Chapter 1

1. 1. Photosynthesis: an Inspiration to Sustainable Energy Schemes
1. 1. 1. Natural Photosynthesis

Natural photosynthesis is a process carried out by green plants, algae or cyanobacteria that
converts light energy from sun to chemical energy, that is, organic molecules that are the
building blocks of all living organisms, oil, coal and natural gas. In this process, sunlight
absorbed by chlorophyll provides energy to oxidize water in photosystem Il and produces
oxygen as a side product together with a set of protons and electrons. Later these protons
and electrons combine with CO; in photosystem | through the Calvin cycle, and produce

carbohydrates where solar energy is being stored as a chemical energy (Figure 1).%2

XS
o e ‘@ oo
¢ ¢ ¢ sunlight

6C02 + 6H,0 =——) C.H,,O(+ 602

Figure 1. Reduction of carbon dioxide (CO:) into carbohydrates (e.g. CéH120s, glucose) which is
accompanied by the oxidation of water (H20) to dioxygen (O2). This photosynthetic process is carried
out by the action of light.

Photosystem Il is the first link in the chain of the photosynthesis process (Figure 2). This is a
multi-subunit membrane protein complex located in the thylakoid membranes of the plants.
Initially Chlorophyll P680 in photosystem Il absorbs light from sun and one electron is
promoted to higher energy and transferred to photosystem | through a complex electron
chain.®>* Then, the electron deficient chlorophyll abstracts one electron from water mediated
by tyrosine. This process takes place in the oxygen evolving complex (OEC)® that after five
intermediate states produces oxygen from water. A detailed structural and mechanistic study
reveals that this OEC is a Mn,CaOs cluster where five oxygen atoms connect all five metals,

and four water molecules complete their coordination sphere (Figure 3).%’
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CO, +4e™ + 4H*

NG

e Photosystem Il
A,

AN

Figure 2. Representation of the natural photosynthesis process and the role of different units
involved in it. Figure adapted from the reference paper.?

Figure 3. Structure of the oxygen evolving complex (OEC) Mn4CaOs present in Photosystem Il at 1.95
A resolution. All the atoms are properly labelled with the element symbol. W: water molecule. Figure
adapted from the reference paper.’

The OEC in Figure 3 together with other enzyme cofactors in nature are the inspiration to
many scientists. The research community aims to find suitable artificial (man-made) catalysts
for valuable reactions such as the water oxidation to dioxygen, for its fundamental role in new

sustainable energy schemes.
1. 1. 2. Artificial Photosynthesis

It is well known that sun is the ultimate source of renewable energy for the living lives. The
energy provided by sun on the surface of earth in the form of solar irradiation in one hour is
more than enough for the global energy demands for one year.® The enormous energy power
supply of sun drives the scientific communities to focus on the development of technologies
that can take the advantage of this energy source (Figure 4). In solar thermal technologies,

the heat provided by the sun is captured and used for several applications like heating,
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Chapter 1

cooking or any mechanical energy that eventually converts to electricity.'® On the other hand,
photovoltaics (PV) solar technologies capture the sunlight and directly converts it into
electricity. Since the discovery of these technologies, they have had significant growth and
nowadays, they provide nearly 5% of total global energy consumption (Figure 4, right).}!
However, the major drawback of these technologies is that they are unable to store the solar

energy for further use, where most of the energy consuming sectors run through combustion

of fuel to get the required energy when and where it is needed.

In this regard, plants in nature have probably developed the most efficient power supply in
the world with the complex photosynthesis process in Figure 2. This process shows the most
successful pathway of energy generation and storage system using the sunlight starting with
unlimited source of raw materials like water and carbon dioxide (Figure 4, left). Due to very
intense use of fuels generated by natural photosynthesis by human beings, fuel source is
getting limited. Thus, scientists are seeking alternative ways to perform this process, that we

generally call artificial photosynthesis processes (Figure 4, middle).

Natural photosynthesis Solar energy technologies

& 4
v“‘"/ g

/ y'f“‘ \

C o .
Artifical photosynthesis
Xy
e
Sugar
&
Starches
Solar thermal  Solar PV
Fossil fuels Solar fuels heat Electricity
Provides 83 % Might provide 80 % Provides 5 %
Global Energy Consumption Global Energy Consumption Global Energy Consumption

Figure 4. Solar energy conversion schemes.

Artificial photosynthesis is a very promising technology that can mimic the natural
photosynthesis process and harvest the solar energy into fuel as chemical bonds. In this case,
energy taken from the sunlight can be used to split water to oxygen and hydrogen in the
overall water splitting reaction.>* This process involves two half reactions: oxidation of
water (H,0) to oxygen (O2) (eq. 1) and reduction of protons (H*) to hydrogen (H.) (eq. 2).
Alternatively, other processes can be designed by using the protons and electrons obtained

from the above process to reduce carbon dioxide (CO;) or nitrogen (N;) to hydrocarbon
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(simplified as [CH20],) (eq. 3)*> or ammonia (NHs) (eq. 4).%6 All these products are known as
solar fuels where solar energy is stored into them as a chemical energy.

2H,0 - 0, +4H" + 4e~ (eq. 1)

4H* + 4e~ - 2H, (eq. 2)
CO, + 4H* + 4e~ > [CH,0] + H,0 (eq. 3)
N, + 6H* + 6e~ —» 2NH; (eq. 4)

An ideal photosynthetic device should contain three main components: a) Light absorber that
absorbs light from the sun and transfers the energy to the following steps, b) Catalysts that
facilitate redox reactions and the breaking/formation of chemical bonds in order to get solar
fuels as desired products and c) A membrane that separates the anode and cathode in the
cell that allow to obtained the products separately in order to store them for later use. (see
for example an example of photoelectrochemical cell (PEC) in Figure 5). Significant efforts
have been made towards designing these devices during the past decades and they can
broadly be categorized in three different groups: i) PV/electrolyzer, ii) Integrated

photoelectrochemical cell (PEC, see example in Figure 5) and mixed colloid devices.?’8

PV/electrolyzer set-ups consist of two main parts, the photovoltaic cell and an electrolyzer.
The former absorbs light and transfers the electricity generated to the electrolyzer, which
consists of an anode and a cathode made by heterogeneous catalysts in an electrolytic
solution for water splitting. This set-up is now well advanced but high cost of the PV cell
inhibits it for industrial stage practical application.’®?° On the other hand, mixed colloid
devices are comparatively simple and low cost technology where light absorber and catalysts
are in one single particle that performs the overall light induced water splitting and produce
H, and O; in the same compartment. However, the development of such devices is in its
infancy showing low efficiency and still needs an enormous improvement.'’?! Integrated PEC
is in intermediate state and represents the compromise between the efficiency of
PV/electrolyzer and the less complexity of mixed colloid system. An example of PEC cell is

given in Figure 5.
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Figure 5. Schematic representation of a photoelectrochemical water splitting device (PEC). WOC:
water oxidation catalyst; PRC; proton reduction catalyst.

The PEC cell consists of three main components:

a) Photoanode: an electrode containing a photoactive semiconductor material (n-type)
and a heterogeneous water oxidation catalyst (WOC) to produce oxygen.

b) Photocathode: an electrode with photoactive semiconductor material (p-type) and a
heterogeneous proton reduction catalyst (PRC) for hydrogen production.

c¢) Membrane: a junction that separates the cell into two compartments, allow the

proton movement between them, and avoid products mixture.

In a photoelectrochemical cell (Figure 5), the process starts with the absorption of sunlight by
photoactive n-type semiconductor material that generates an electron-hole pair. Then the
hole is filled by an electron from the oxidation of the catalyst that after repeating the process
up to 4 times, it finally leads to oxidation of water to oxygen on the surface of the photoanode.
On the other hand, similar phenomena also happen in the photocathode with p-type
semiconductor yet in this case, the electron is taken by catalyst that once reduced leads to
the conversion of protons to generate hydrogen. To avoid the charge accumulation, the
electron flow through an external circuit and the proton flow through a membrane should be
possible. Importantly the design of the individual components in this artificial photosynthetic
device can be improved independently bringing performance at highest level. This
photosynthetic device can be extendable for the generation of other types of solar fuel such

as NHs and hydrocarbons. In all these cases, water oxidation is the main counter reaction,
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which occurs in the anode with simultaneous reduction reactions that take place in the
cathode. Thus, the development of (photo)anodes where oxidation of water to molecular

oxygen takes place is a highly pursued goal.
1. 2. General Aspects of Water Oxidation Catalysis

The oxidation reaction of water to molecular oxygen involves the breaking of 4 O-H bonds
from two water molecule to generate a O=0 double bond. This process requires the removal
of four protons and four electrons, thus becoming thermodynamically uphill (E° = 1.23 V vs.
NHE, Figure 6). The involvement of breaking and forming of multiple bonds make the process
highly complex with high kinetic barriers. The additional potential required to overcome this
kinetic barrier to make the process feasible is known as overpotential (n) (Figure 6, dotted

orange line).?

A
4e
> +
: H H+
W o

Figure 6. Schematic representation of the thermodynamics of the water oxidation reaction to give
molecular oxygen and the high kinetic energy barrier involved (dashed orange line). The kinetic
barrier is lowered by the action of a water oxidation catalyst (cat, blue solid line).

In order to lower the high energy barrier, it is possible to use suitable catalysts that go through
lower energy intermediates and transitions states (Figure 6, blue solid line). Nature has
fulfilled this goal with the oxygen evolving complex present in photosystem Il, the MnsCaOs
cubane cluster in Figure 3 discussed above.” It has a capacity to oxidize water to molecular
oxygen at a mild overpotential of 0.43 V with high turnover frequency in the range of 100-400
s1. The remarkable feature of this cluster as an efficient water oxidation catalyst is now

known, thanks to the well-advanced electrochemical and spectroscopic techniques.?3-2°
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Inspired by the performance of this cluster in nature, the scientific community has invested
their efforts towards designing highly efficient artificial water oxidation catalysts (WOC). They
are broadly classified in two categories, i) metal oxide based catalysts and ii) molecular
catalysts. The first artificial water oxidation catalyst was discovered by Glazer and Coehn in
1902 based on nickel oxide.?’” Since then a tremendous progress has been achieved in the field

of water oxidation based on different metal oxides in terms of current density and

28-30

overpotential by varying the morphology and particles size.
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Figure 7. Plot of overpotential required to achieve a current density of 10 mA/cm? for water
oxidation with different metal oxides in extreme basic (pH 14) and acidic (pH 0) conditions. Figure
adapted from the reference paper.3!

Recently Jaramillo et al. have reported a benchmark list of water oxidation catalytic
performance of a bunch of metal oxides based on first row transition and noble metal oxides
by electrochemical techniques under highly acidic and basic conditions (Figure 7).3! They show
that most of the metal oxide catalysts are highly active for water oxidation at basic pHs with
a current density of 10 mA/cm? with moderate overpotential in the range of 0.35t0 0.5 V. On
the other hand, in acidic pHs just few catalysts with nobel transition metal based oxides (RuO;
and IrO;) are capable of performing similar activity. Even though a significant growth on the
performance of these catalysts has been achieved, they are limited with respect to their low
turnover frequency, in part due to the lack of knowledge of understanding of their real active

sites.®?

1. 3. Molecular Water Oxidation Catalysis

The journey on molecular water oxidation catalysis started by the discovery of the so called
blue dimer in 1982 by T. J Meyer. This oxo bridged dinuclear ruthenium complex with the
formula cis,cis-{[Ru"(bpy)2(H20)]2(1-0)}**, (1 in Chart 1 (bpy is 2, 2 -bipyridine)) has the
capacity to oxidized water to molecular oxygen and is the first well-characterized catalyst that

can carry out the reaction chemically and electrochemically.3® The vast spectroscopic and
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electrochemical techniques together with Density Functional Theory (DFT) helped for the

detailed mechanistic understanding together with activity performance.

Compound 1 has been the source of inspiration to the scientific community for the further
design of artificial molecular catalysts with the purpose of achieving high efficiency and fast
reaction kinetics. Since then an enormous progress was achieved with different transition
metal complexes such as Mn,3* Fe, 336 Co,3"38 Ni,3 Cu,** [r* or Ru**° as metal centers
with different ligand scaffolds. In particular, the rich coordination chemistry of ruthenium as
well as its wide access of formal oxidation states are some of the reasons why this metal has
been the core of most detailed electrochemical, kinetic, spectroscopic and mechanistic
studies on water oxidation catalysis over the last 4 decades. From now, onwards the
discussion will be mainly focused on the most relevant ruthenium complexes for water
oxidation catalysis together with a brief description of complexes with other transition metals

when particularly relevant.

N N
N
Il SR
\T ‘N'N‘ N JNTING
Naw 3l Rijll—=N - 0 =R SRUl~g 0
\ /4 cl
OHy, H,0 N N
i (L 7 N
S0, 50,
3 4

Chart 1. Structural representation of dinuclear Ruthenium complexes 1, 2, 3 and 4.

Since the discovery of the blue dimer, 1, scientists proposed that only dinuclear diaquo
complexes are capable of carrying out water oxidation, because they can remove 2H" and 2e”
from each Ru—OH, group, facilitating the process. Thus, a number of dinuclear complexes with
a Ru-O-Ru bridge were reported in the literature; however, the unavailability of rational
synthetic strategies for the preparation of oxo-bridged complexes limited the extension of
this family of catalysts.>®! After almost 22 years, in 2004, Llobet et al. realized that the oxo-

bridged is not crucial for the WO activity and reported a dinuclear Ru-complex cis,cis-

10
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{[Ru"(trpy)(H20)]2(u-bpp)}**, 2 in Chart 1, by replacing the oxo bridge with a N-donor bpp
ligand (bpp is bis (2-pyridyl)-3,5-pyrazolate).>? This new bridge shows better electronic
communication between the two metal centers and helps to rigidly hold the Ru-OH; groups
in the proper orientation for further reaction steps in the catalytic cycle. As a result, 2 shows
better performance than 1 with 70 % efficiency and 3.5 times higher turnover frequency
(0.014 s* for 2 and 0.004 s for 1). Later, the same group redesigned another dinuclear
complex {[Ru"(py-SOs)2(H.0)]2(u-Mebbp)}, 3 in Chart 1 by changing the bpp™ bridging ligand
with Mebbp~ (Mebbp is 4-methyl bis (2, 2’-bipyridyl)-3,5-pyrazolate)*® and showed
remarkable performance with 90% efficiency and TOF = 0.07 s. The better efficiency of 3 is
due to the replacement of the CH,-group in the pyrazole ring by a methyl group preventing
the oxidative degradation at the high water oxidation potential. Other examples of dinuclear
complexes include complex {[Ru"(py-Me).]2(u-bepp)( u-Cl)},4 in Chart 1°* by changing the
bridging ligand backbone with bcpp where bepp? is 1,4-bis (6’-COO-pyrid-2’-yl)phthalazine
with high TOF upto 1.2 s%.

A breakthrough came in 2005 with the realization that mononuclear complexes are also
capable of oxidizing water to dioxygen. Thummel et al. reported for the first time a new
ruthenium polypyridyl complex [Ru(tnp)(Me-py)2(OH,)]**, 5 in Chart 2 (tnp is 2,2'-(4-(tert-
butyl)pyridine-2,6-diyl)bis(1,8-naphthyridine))> that was a potential candidate for water
oxidation catalysis. At that time, it was a puzzle to the scientific community because it was
assumed that a minimum of two Ru-OH, centers are needed to be able to remove 2H* and
2e” from each Ru—OH; group to generate dioxygen from water. The puzzle was solved a few
year later, when Meyer et al. reported a detailed mechanistic study of [Ru(trpy)(bpm)(OH2)]%,
7 in Chart 2 and showed that single site Ru center is capable of performing water oxidation
by a series of H*/e™ transfers processes.*® Since then a revolution happened in the field of
water oxidation. The straightforward synthesis and isolation of mononuclear complexes with
less complexity compared to dinuclear ones allowed the scientific community to broaden the
field. Since then many research groups put their efforts on studying mononuclear ruthenium
complexes as WOCs affording the better understanding of the mechanism and the
performance by changing the ligand scaffolds in the coordination environments. Meyer and
Llobet groups provided several examples of ruthenium complexes with the general formula
[Ru(trpy)(BL)(OH,)]*, by using the different bidentate ligands such as BL = 2,2"-bipyridine, 6;
2,2 -bipyrimidine, 7; 3,5-bis(2-pyridyl)pyrazole, 8°¢>® (Chart 2). However, all these
mononuclear complexes are less efficient than that of the analogous dinuclear complexes.

Later Sun et al. reported another set of ruthenium complexes with the tridentate ligands 2,2"-

11
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bipyridine-6-carboxylate, 9 and 2,6-pyridine dicarboxylate, 10 in Chart 2, although the real
catalytic species of these complexes were not elucidated. Incorporation of sigma donating
carboxylate ligand improves the water oxidation catalytic activity of complexes 9 and 10
compared to previous mononuclear complexes with neutral N-donor ligands. Table 1 shows

the summary of the catalytic data of the mononuclear complexes presented in chart 2 and 3.

2+ 2+
OH, I H,0 |

== ==
<~ . N—Tu;me
(Y
XY
X=CH,Y=CH, 6 8

X=CH,Y=N, 7

Chart 2. Structural representation of mononuclear Ruthenium complexes 5, 6, 7, 8, 9 and 10.

The water oxidation field further speeded up by the discovery of the so called Ru-bda
complexes by Sun et al. They reported complex [Ru(bda)(Me-py)2(0)], 11 (Chart 3) (bda® is
[2,2'-bipyridine]-6,6'-dicarboxylate, Me-py is 4-methyl pyridine)®® where tetradentate bda*
ligand coordinate with Ru in equatorial position and 4-methyl pyridine in axial position with a
TOF value of 32 s with only 180 mV overpotenital in pH 1 (Table 1). Together with the
excellent performance of this catalyst, they also found that it shows some interesting and
unique properties: i) in absence of any coordinated solvent, it shows a highly distorted
octahedral geometry with the two carboxylate groups coordinated to the Ru, in contrast, in
aqueous solvent, water coordinates to Ru leaving one dangling carboxylate; ii) at high
oxidation states Ru"Y and RuY, the complex adopts a pentagonal bipyramidal geometry with
coordination number 7;% iii) the water oxidation catalysis follows a second order kinetics
associated with a bimolecular rate-determining step for the formation of 0O-O bond and iv)
the presence of two anionic charges provided by carboxylate group of bda? ligand help to
stabilize the high oxidation state of the metal center. Since then Ru-bda family opened a new

era in the field of molecular water oxidation field. After that, dozens of complexes were

12
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reported with the Ru-bda family and they displayed dramatic improvement in the catalytic
performance by fine-tuning of the axial ligands. For instance complex 12 in Chart 3 shows TOF
of 310 s which is one order of magnitude higher with respect to the parent complex 11, by
changing the axial 4-methyl pyridine with t-extended hydrophobic isoquinoline, which favors

the binuclear nature of the mechanism for the O-O bond formation by m-interactions between

two metal complexes.®?
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Chart 3. Structural representation of mononuclear seven coordinated Ruthenium complexes 11, 12,
13, 14 and 15.

Another compound of this family of complexes is Ru(tpc)( Me-Py)2(0)], 13, where equatorial
bda ligand was replaced by tpc ([2,2":6',2"-terpyridine]-6-carboxylic acid) with one less
carboxylate group.®? They found that this complex undergoes water oxidation catalysis with a
seven coordination environment by aquo connection to the metal center in aqueous solution.
However, the activity drastically decreases compared to the Ru-bda family and was proposed
to proceed through a high-energy pathway for the O-O bond formation mechanism making
this catalyst slower in kinetics. This result is an indication of the crucial role of a second
carboxylate group in the equatorial plane. Indeed, this had been previously proven by the
discovery of Ru-tda complex in 2015 by Llobet et al. They synthesized [Ru(tda)(py).], (tda% is
[2,2':6',2"-terpyridine]-6,6"-dicarboxylate, py is pyridine) by incorporation of the tda
pentadentate ligand in the equatorial position of the Ru and pyridine in axial position, which
was a water oxidation catalyst precursor.®® They were able to prepare electrochemically in
situ the active catalyst Ru'(tda)(py)2(0)], 14 in Chart 3 with seven coordination environment

at high oxidation states by incorporation of hydroxo/oxo ligand.

13
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Table 1. Catalytic data of mononuclear complexes with different number of anionic ligands (n’),
geometry of the Ru'V=0 species and type of mechanism involved.

Complex n? Geometry  TOF EY(RuV=0)  Mechanism
Ruv=0 (s1) (V)¢
[Ru(trpy)(bpy)(OH,)1*, 6 0 CN6 0.01° 1.86 WNA
[Ru(bpc)(bpy)(OH,)]?*, 95 1 CN6 0.16° 1.59 WNA
[Ru(pdc)(Me-Py),(OH,)]1*, 10° 2 CN6 0.23° - WNA
[Ru(bda)(Me-Py),(0)], 11%° 2 CN7 32° 1.12 12M
[Ru(bda)(isoq),(0)], 12! 2 CN7 310° 1.12 12M
[Ru(tpc)( Me-Py),(0)], 13% 1 CN7 0.17° - WNA
[Ru(tda)(py)2(0)], 14% 1 CN7 8000° 1.45 WNA
[Ru(mcbp)(py)2(0)], 15%° 1 CN7 1500¢ 1.43 WNA

Abbreviations: (a) n: number of anionic ligands coordinated to metal complex; (b) Turn over
frequency (TOF) calculated based on the manometric experiment with Ce" as sacrificial electron
acceptor at pH = 1; (c) TOF calculated based on Foot of the Wave Analysis (FOWA) from cyclic
voltammetry experiments; (d) redox potential value of the Ru*/"V=0 redox couple at pH 7.

Catalyst 14 gives an impressive TOF of 8000 s in pH 7 based on the “Foot of the Wave
Analysis” (FOWA) technique. This result represents the fastest molecular catalyst for water
oxidation in terms of TOF reported to date and faster than the oxygen evolving complex in
natural photosystem Il. The high catalytic activity of this catalyst is mainly due to two ruling
factors: i) the pentadentate tda? ligand with two anionic carboxylate ligand allows the metal
center to adopt the seven-coordination environment together with the stabilization of high
oxidation states of the metal center and ii) the presence of the dangling carboxylate as a
pendant base, which acts as proton acceptor and has a key role during the O-O bond
formation step. Having the benefit of the above two ruling parameters, later Akermark et al.
reported [Ru(mcbp)(py)2(0)], 15 in Chart 3 (mcbp* is 2,6-bis (1-methyl-4-
(carboxylate)benzimidazol-2-yl)pyridine) by replacing the equatorial tda® ligand with mcbp*

showing comparable performance but easier access to the active aquo species.®’

So far the enormous improvements in the field of artificial molecular water oxidation catalysis
have been discussed where the catalytic performance improves up to six orders of magnitude
since the discovery of the first molecular catalyst in 1982. The extensive studies on this field
over more than 37 years reveal that there are four main fundamental features of the
Ruthenium catalysts that allow an exponential increment of their performances; i) Proton

coupled electron transfer (PCET) process, ii) Mechanism of O-O bond formation, iii)

14
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coordination environment and iv) effect of secondary coordination sphere. A brief description

of all these factors will be discuss hereafter.

1. 3. 1. Proton Coupled Electron Transfer (PCET) process

As mentioned earlier, the oxidation of water to molecular oxygen involves the removal of
multiple protons and electrons from two water molecules. Thus, complexes that can access
multiple redox states are highly desired to carry out this catalytic process. Proton coupled
electron transfer (PCET) is a chemical reaction that transfer both a proton and an electron in
a concerted manner. On the other hand, in electron transfer process, only the electron is
transferred from one species to the other. When a single electron is removed from the
complex, a columbic charge is built up on the metal center and the complex reach a higher
energy. Consequently, it hinders the removal of the subsequent electron from the metal
center. In the case of PCET, the charge built up by the removal of electron is compensated by
the removal of one proton. This helps to stabilize high oxidation states of the metal center

with lower potential.5¢-%°

13 oH, _|2+
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Figure 8. Pourbaix diagram of complexes 6 and 16.

The effect of PCET can nicely be observed in the Pourbaix diagram of the complexes of 6 and
16 in Figure 8.57° The potential of the Ru"”" and Ru™"" redox couples of complex 16 are
completely pH independent, as it involves only electron transfer process in different oxidation
states without any proton transfer. As a result, the difference between these two redox
couples are as high as 1000 mV. In comparison, complex 6 undergoes PCET process due to the

presence of Ru-OH, group in the metal center and the redox couples are pH dependent. The

15
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potential difference between these two couples are now only 100 mV, thus achieving high
oxidation state of the metal center becomes easier. Interestingly this diagram provides
another interesting feature on the effect of the overall charge of the complex. Complex 16 is
neutral in its oxidation state Il whereas 6 is double positive charged in the pH range from 2 to
12. Consequently, the potential of the Ru"" couple of 16 is much lower than that of 6.
However, at oxidation state IV, both complexes are double positively charged but due to the
PCET effect, the potential of Ru™" couple of 6 is lower than the 16. The ability to stabilize the
high oxidation state of the metal center by PCET process helps to reach the reactive Ru=0
moiety at low potential and boost up for the formation of O-O bond in water oxidation

catalysis.

1. 3. 2. Mechanism of Water Oxidation Reaction

Thanks to the availability of electrochemical, spectroscopic and analytical techniques as well
as complementary information provided by computational studies, it has been possible to
obtain a detailed understanding of the mechanism in the water oxidation catalytic cycle,
mainly by means of study of Ru based complexes. Various reaction pathways have been
proposed for the formation of O-O bond, which can be extended to other transition metal
complexes besides Ruthenium. Two classes of mechanistic pathways have been proposed as
can be seen in Figure 9: i) water nucleophilic attack (WNA) and ii) interaction of two metal

0X0 units (12M).

In the WNA mechanism, a high oxidation state Ru=0 species with electrophilic properties is
formed via several consecutive oxidation steps. Nucleophilic attack by a water molecule on
the Ru=0 occurs, resulting in the formation of a Ru-O-O-H hydroperoxo species. Further PCET
step generates Ru-O-O" superoxo intermediate, which releases O, and is converted into the
initial complex with the incorporation of H,0. The mononuclear complexes 5, 6, 7, 8, 9, 10,
13, 14 and 15 have been proposed to undergo the WNA mechanism for the water oxidation
(Figure 9, top).>6862%4 The blue dimer, 1 also undergoes WNA mechanism due to the free

rotation of the Ru-O-Ru bonds.”*

16



UNIVERSITAT ROVIRA I VIRGILIT
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES
Md Asmaul Hoque

Chapter 1

WNA Mechanism

N —
(\/\70 a .M W Ru-0
Ru 78 00\ ) u''- \
O—H
3e + 2H*
e +H*
H H,0
Ru”fO\ ) Ru'vV-0 L _
H 0, (0]
12M Mechanism
AN
‘3 @ (n-1)+
M—O o—M M—O
0 0 \ i’;\;ﬂ
Intramolecular 12M Intermolecular 12M
Rulv v Ra" RuM 2 Cry™ RuV __O~RuV
Il 1 h _ ~0
(o] | (o]
4 + 4H" 2 2H,0
2H*+ O,
PN H,0 SN
Ko ka! _ ) Ry 2 Cru® 2 Crad
& & bn o 3 N
(0] - +
H/ \H H/ \H 2 ?/ 2e” + 2H
H

Figure 9. Two mechanistic pathways for the formation of O-O bond. Top: Schematic WNA
mechanism (left) and transition state involved in the O-O formation for complex 14 following WNA
mechanism (right). Bottom: Schematic I2M mechanism.

In the 12M mechanism,>® the coupling of two high valent Ru-O oxyl radicals affords a Ru-0-O-
Ru peroxo species that releases O, and returns to the initial complex with incorporation of
H,0. The dinuclear complex 2, undergoes intramolecular I2M mechanism, where two Ru-OH;
centers are at close proximity, allowing coupling between them (Figure 9, bottom left).”? The
mononuclear complexes 11 and 12 are proposed to follow intermolecular 12M mechanism

where two discrete molecules are involved (Figure 9, bottom right).5!

The difference in mechanism has a great influence in the performance of their catalytic
activities. For example, bimolecular nature of complex 11 reveals that the catalytic activity
can be improved when axial Me-Py ligand is replaced by isoquinoline (12) that can favor the
bimolecular interaction by additional w-nt interaction between the two molecules during the

catalysis process. This additional m-m interaction executed by isoquinoline ligand helps to
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stabilize the Ru-O-O-Ru peroxo intermediate via dimerization process and boosts up the
activity from 32 s to 310 s. Detailed understanding of the mechanism of the reaction is
crucial when the knowledge of homogeneous catalytic activity is transferred to solid surface

where catalyst attached to the surface has mobility restrictions.”®

1. 3. 3. Coordination Environments

Most of the molecular ruthenium water oxidation catalysts have octahedral geometry with
coordination number 6 (Chart 1 and 2). The crystal field splitting’* of octahedral (On) type
geometry predicts that the d-orbitals of Ru split into two sets of orbitals: i) triply degenerate
te and doubly degenerate e; orbitals as can be seen in Figure 10a (top). In some cases,
ruthenium complexes with oxidation state IV or more can form seven coordination around
the metal center with pentagonal bipyramidal geometry (Dsh).”>7® In this case d-orbitals split
into 3 sets of orbitals (e;”, e;" and a;") in Figure 10a (bottom). Ru complexes at oxidation state
IV with On geometry are in general paramagnetic but the Ru-complex with Ds, geometry are
diamagnetic in nature if the crystal filed is strong. The judicious choice of the ligands can favor
either octahedral or pentagonal bipyramidal geometry. Complexes 1-10 with polypyridine
ligands are in octahedral geometry at oxidation state II-IV. In contrast, complexes 11-15 are
octahedral in oxidation II-lll but at oxidation state IV, all of them are heptacoordinated
pentagonal bipyramidal geometry.”” Seventh coordination stabilizes the electron deficient
Ru"/ RuY center by providing the electron density and that is very crucial for the formation of
an 0-O bond. Moreover, this extra coordination stabilizes dx,, d,; orbital by lowering the
energy of these orbitals as compared to O, geometry. All the heptacoordinated complexes
with anionic carboxylate ligands provide additional electron density to the high valent redox
states. This stabilization is reducing the overall potential of the redox couples and thereby

facilitates the catalysis.
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Figure 10. a) Representation of metal ligand bonds in octahedral (CN6) and pentagonal bipyramidal
geometry (CN7) (left). Crystal field splitting of d orbitals for CN6 and CN7 complexes (right). b)
Correlation of redox potential of Ru¥/V=0 with the number of anionic ligands.

Taking the advantages of all these parameters discussed above, complex 12 is one of the best
catalysts with only 150 mV overpotenital thanks to the two carboxylates coordinated to the
metal. In addition, complex 14 also has all these ruling parameters with an additional pyridine
ring in the equatorial plane, which enables seven coordination environments at Ru" where 3
pyridine N and 2 carboxylate O are connected. In neutral or basic condition, there is an
equilibrium in oxidation state IV between one of the carboxylate and OH" ligand present in
the electrolyte solution. Coordination of OH group to the metal center makes this the fastest
catalyst reported to date with impressive TOF of 8000 s? in pH 7. Figure 10b shows the
correlation between the number of anionic ligand (n") and Ru'Y/Y=0 redox couple of the
complexes with coordination number 6 and coordination number 7. Upon addition of one
carboxylate ligand in the place of neutral pyridine in the first coordination sphere of the metal,
the potential of IV/V redox couple is reduced to by approximately 250 mV.”® Moreover, seven
coordinated complexes reduce the potential around 200 mV as compared to six coordination
with the same number of anionic ligands,*® clearly highlighting the role of additional seventh

coordination in the stabilization of high valent metal-oxo with lowering the potential.

1. 3. 4. Effect of Secondary Coordination Sphere

In the previous section the crucial role of the primary coordination sphere play on the
properties of the transition metal complexes has been discussed, where ligands are directly
connected to the metal. Secondary coordination sphere where ligands are not directly
connected to the metal center, sometimes also play a subtle but important role on the

reactivity of the complexes. Theses secondary coordination sphere effects include Hydrogen
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bonding, supramolecular m-t interaction, accessible pendant base, steric effect etc. All of
them can influence on the kinetics and the mechanism of the reaction including substrate
activation.””®! In complex 14, the dangling carboxylate present in the equatorial ligand plays
the most crucial role on the kinetics of the water oxidation. This dangling carboxylate acts as
a pendant base and is involved in intramolecular H-bonding with the aquo group connected
to the metal (Figure 9 top, right). This helps to remove the protons from the entering aquo
group and drastically reduces the activation barrier during the formation of O-O bond via
WNA mechanism in the catalytic cycle (Figure 9 top).%® This makes the catalyst the fastest
reported so far in the literature (see TOF values in Table 1). In comparison, complex 13 shows
similar geometric environment as in 14, but due to the absence of the pendant base, it is a
worse catalyst with four orders of magnitude lower catalytic activity (compare entries 13 and

14 of Table 1).

As already discussed in section 1.3.2, the supramolecular n-t interactions also play an
important role in the mechanism of complexes 11 and 12 with axial Me-py or m-extended
isoquinoline ligands, respectively. These complexes undergo intermolecular I2M mechanism,
where two high valent metal oxo dimerize. m-extended axial ligands favor the dimerization

step and lower the activation barrier in the 0-O bond formation steps.®

Recently Wirthner et al. reported a trinuclear macrocyclic complex 17 with the incorporation
of Ru-bda complex connected through a 1,4-bis (pyrid-3-yl) benzene ligand (Figure 11,
left).8%84 This complex creates a cavity in the macrocycle and traps a large number of water
molecules through H-bonding. The presence of this H-bonding interaction with Ru-OH groups
disfavor the dimerization steps and thus the complex undergoes water nucleophilic attack
(WNA) with TOF values of more than 100 s. Later Reek et al. incorporated the same Ru-bda
molecule with 3-pyridylsulfonate as axial ligands inside the cavity of a nanosphere made of
endohedral guanidinium site 18 (Figure 11, right). The self-assemble process of 12 units of
Pt(ll) and 24 units of L-gua® generates a nanosphere with the internal cavity size
approximately 4.3-4.9 nm. The sulfonate group present in the Ru-bda complex interacts with
guanidinium sites through H-bonding interaction and generates a supramolecular structure
where the ruthenium complex is encapsulated inside the nanosphere.® The preorganization
of molecular catalyst in the cavity of the nansphere enhances the water oxidation activity to

125 s,
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Figure 11. Left, structure of trinuclear macrocycle complex [Ru(bda)(u-1,4-bpb)]s, 17. Right,
nanosphere made of self-assembled Pt and L-gua* ([Pti2(L-gua)24]). Red balls indicates guanidinium
group of the L-gua* ligand where the [Ru"(bda)(3-50s3-py)2]?~ encapsulates by H-bonding interaction.
Figures are adapted from the reference papers.338¢

1. 3. 5. First Row Transition Metal Complexes

In general, first row transition metals such as Mn, Fe, Co, Ni and Cu are more abundant and
cheap and harmless to the environment. From a practical point of view, designing catalyst
based on first row transition metals is highly desired. For this reason, the knowledge on the
performance and mechanism of water oxidation acquired from the ruthenium complexes
have later been translated to the first row transition metal complexes. Some of the
representative complexes carrying out water oxidation based on first row transition metal
complexes are shown in Chart 4. In 1999, Brudvig reported a dinuclear oxo bridged Mn
complex (19), which is capable of oxidation water to dioxygen with TOF of 0.003 s.%7
However, it is important to point out that significant catalysis is only achieved using peroxides
as sacrificial oxidant. It is thus very difficult to distinguish between peroxide disproportion and
real water oxidation for this complex. In 2015, Thummel et al. showed that the dinuclear oxo-
bridge Fe complex (20) undergoes water oxidation with TOF of 2.2 51,8 However the chemical
irreversibility of the electroactive species displayed in the CV reported for this complex clearly
point out that 20 is at most a precursor to a catalyst and that most likely the active species
are basically not molecular but FeOx. A dinuclear Co complex (21) was also reported to show
modest catalytic activity reported by Llobet group.3® The same group reported a Cu based
mononuclear complex (22) and showed that the introduction of electron donating groups in
the ligand backbone can reduced the overpotential all the way to 540 mV, due to the

involvement of a ligand oxidation step during the catalytic process.*®
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Chart 4. Representative WOCs based on 1% raw transition metal complexes.

In terms of the performance of the water oxidation reaction, first row transition metal
complexes are slower in kinetics as compared to the ruthenium complexes. The main
disadvantage of this family of complexes is the easy substitution of ligand scaffolds with water
that leads to metal-multi aquo complexes that sometimes end up converting into the

corresponding metal oxides, which are the real active catalyst as already proven long ago.®°

1. 4. Molecular Anodes

The study of heterogeneous catalysts based on transition metal based oxides or hydroxides
in WOC as an anode is dated back to more than a half century ago.?” Such anodes exhibit
greater stability and can be readily integrated into functional energy conversion devices such
as photoelectrochemical cell for water splitting in Figure 5. However, the catalytic activity of
such heterogeneous catalysts is difficult to control as its active site is less amenable to
systematic modification. In comparison, molecular WOCs can display ligand fine-tuning
around the metal center, which represent a powerful strategy to optimize the kinetics and/or
thermodynamics of the water oxidation. In addition, the plethora of various
analytic/spectroscopic techniques offer direct insights into the catalytic path and reaction
intermediates. However, this approach often experiences low reaction rates because catalytic
turnover only occurs when the catalyst is in diffusive contact with the electrodes. Moreover,
molecular catalysts are still seriously lacking behind heterogeneous in terms of stability and

robustness. Thus, construction of a molecularly well-defined and tunable heterogeneous
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WOC (i.e. molecular anode) combining advantages of both systems are highly desirable and
could open a new field of research successfully transferring the catalytic features of the

molecular catalyst onto the solid surface.

1. 4. 1. Design of Molecular Anodes

A molecular anode can be designed in many different ways depending on how the molecular
catalyst moiety is deposited/anchored on the conductive support. The most studied
molecular anodes are based on the incorporation of a specific functional group in the ligand
scaffold of the molecular catalyst so that the interaction with the anchorage support does not
change the intrinsic coordination properties of the catalyst. The desired requirements for the
anchoring support should be conductive and stable under the working condition. The
anchoring group should also be hydrolytically and oxidatively stable at working pHs in order
to avoid loss of catalyst. A less explored but the most promising way of designing molecular
anode is by using polymerization reactions with either well-defined molecular catalyst or

discrete coordination polymer.
Metal Oxide as Conductive Supports

Most of the examples of the molecular anodes reported in the literature are based on the
immobilization of the molecular catalyst on a variety of metal oxide surfaces® such as fluorine
doped tin oxide (FTO), tin doped indium oxide (ITO), nanoparticles of TiO; or In,0s. The most
common and widely used anchoring groups are carboxylate, phosphonate, sulphonate,
silicate, hydroxamate, or silatrane groups that can generate covalent bond with the
conductive metal oxide (Figure 12 left). Fourier-transform infrared spectroscopy and
computational studies help to identify the different binding modes of the anchoring group
and have shown monodentate, bidentate, tridentate, chelating or bridging
modes/connections through the oxygens depending on the anchoring group and the metal
oxide surface.”" The main disadvantages of these anchoring groups are the relatively poor
stability in aqueous solution and hydrolysis in different pH ranges. The carboxylate group is
moderately stable only in low pH (<4).%* In comparison, phosphonate groups are more stable
than carboxylates in pH <7. Hydroxamic acid and silatranes form strong bonds on the surface

and are stable over a wide pH ranges from acidic, neutral to basic condition.
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Figure 12. Schematic representation of the strategies for the immobilization of molecular catalysts
on metal oxide and carbon surfaces.

Carbon Material as Conductive Support

Anchorage of molecular catalyst on graphitic carbon surface is a very attractive strategy and
widely used to generate powerful molecular anodes. This carbon material is comparatively
cheap with good electronic conductivity and has been broadly used in electrochemistry as a
working electrode. Depending on the arrangement of the carbon atom on the material, it can
range from flat glassy carbon electrode to nanostructure carbon material. Among them, the
most widely used carbon materials are multiwall carbon nanotubes due to their high surface
area, high thermal and chemical stability, excellent electrical conductivity and insolubility in
most solvents. The scope of anchoring ways for the molecular catalysts on these materials are

very wide ranging from covalent bonding to non-covalent interaction.

Generating a covalent bond between a molecular catalyst and a carbon surface can be
achieved in many different ways (Figure 12 middle). One of the potential ways is by doing the
dediazonation reaction i.e, the loss of dinitrogen from a diazonium salt with the formation of
an aryl radical by homolytic cleavage between the aryl group and the nitrogen. Electro-
reduction of diazonium salts on carbon surfaces give a covalent linkage between the surface
and the appended molecule through C-C bond. This bond is highly stable from a chemical

point of view in aqueous solution with a wide potential window.> Although this method has
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been mainly used on carbon surfaces, there are a few examples that show that it is possible

to employ this reaction on metal oxide surfaces where they can form C-O covalent bond.%®

A new and simple method of anchoring the molecular catalyst on graphite surfaces is through
the aromatic pyrazine linkage, which exploits the native surface chemistry of graphite. In this
case, the ortho-quinone moieties on graphite edge planes can condense site-selectively with
ortho-phenylenediamines under mild conditions, producing well-defined graphite conjugated
catalysts (GCCs) (Figure 12, middle-bottom), which are active for both oxygen reduction and
CO; reduction.”” This new materials shows very strong electronic coupling between the

appended molecule and the surface of the electrode.

Finally, the most extensive studied methods are non-covalent interaction on carbon material
mainly based on m-1t stacking, where the molecular catalyst connected with pyrene groups
binds strongly with the m-system of a nanostructured carbon material. This strong binding
does not require any chemical reaction and is as simple as adding the pyrene decorated
molecular catalyst to this carbon material (Figure 12, right).®® Similarly, in the CH-n

interaction, the C-H proton interacts with the n-system of aromatic ring.%®
Polymers Containing Molecular Catalyst on Conductive Substrates

The use of polymers made of monomers containing the molecular catalyst functionality has
been used to generate molecular anodes for the water oxidation reactions. This can be
achieved mainly in two different ways as illustrated in Figure 13: i) photochemically or
electrochemically polymerization of well-defined molecular catalyst with specific functional
group on the surface of the electrode using conventional organic polymer chemistry, and ii)
designing coordination polymers with molecular catalysts and use them as an electrode

material on the surface or directly growing them on the surface.

In the first group, we find the polymerization of vinyl pyridine under UV-light that produces
polyvinyl pyridine films on the electrode’s surface. The dangling pyridines of the resulting
polymer can react with molecular catalyst precursors and give hybrid electrodes.'® On the
other hand, the molecular catalyst with N-substituted pyrroles®® or C-substituted thiophenes
under anodic electropolymerization conditions generate polymeric complexes that directly

deposit on the electrode surface and behave as a molecular anodes.®
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Figure 13. Schematic representation of the strategies for the immobilization of molecular catalysts
by ligand polymerization on the surface (left) or generating coordination polymers (right).

In the second group, coordination polymers are inorganic or organometallic polymers that
structurally contain metal centers linked with organic ligands. More formally, a coordination
polymer is a coordination compound with repeating coordination entities extendingin 1, 2 or
3 dimensions (Figure 13, right).1°® Designing a coordination polymer with well-characterized
molecular water oxidation catalyst using different bridging ligand is nowadays a very hot topic
in the field.1® In most of the cases, these polymers are insoluble in water and used as a
heterogeneous materials. Metal-Organic Frameworks (MOFs) are a class of coordination
polymers with high porosity, crystallinity, highly ordered internal pores and large surface area.
They can be synthesized separately or can be grown directly on the surface. For their relatively
simple synthetic tunability and the possibility to incorporate large number of catalytic sites,
MOFs provide appealing working framework for a wide range of electrocatalytic studies, 0>
also for water oxidation catalysis.®” With these advantages, they can potentially incorporate

a large number of accessible catalytic sites for versatile applications and can be synthetically

tuned to achieve the desired properties.
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1. 4. 2. Examples of Molecular Anodes

This part will focus on specific examples of molecular anodes for water oxidation reported in
the literature that exhibit interesting features and/or best performances. Chart 5 shows the
molecular catalysts used to generate molecular anodes that are analogous to the
homogeneous catalysts reported previously in the literature. During the last decade, Llobet’s
and Meyer’s groups provided several examples of immobilization of ruthenium molecular
catalysts on oxide surfaces. They have modify the active ruthenium molecular catalysts 23
1983nd 24 by introducing the POsH; group in the trpy or bpy ligand respectively. The resulting
phosphonate modified complexes 23 and 24 were then anchored on TiO; nanoparticles
coated FTO surface or directly on FTO surface generating 23@TiO,@FTO and 24@FTO
anodes, respectively. Llobet et al. followed the similar strategy to immobilize complex 25
through a carboxylate group. Here they replace the methyl group of the Me-bbp ligand by
phenyl-carboxylate.’® This complex was anchored on meso-ITO nanoparticles coated on an
ITO electrode to generate the 25@mesolTO@ITO anode. The same group used Ru-bda
catalyst 26, a well studied and best performing catalyst, on carbon surface via
electroreduction of diazonium salt forming C-C covalent bond, herein referred as 26 @GC

anode.”®
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Chart 5. Structure of the molecular catalysts with different anchoring functional groups that have
been used for the building of molecular anodes.

Parallely, Sun et al. also used carbon materials to anchor the Ru-bda type of catalysts. Initially
they have replaced the axial Me-Py ligand of complex [Ru(bda)(Me-py)2(0)], 11 by Pyr-py (Pyr-
py is 4-(pyren-1-yl)-N-(pyridin-4-ylmethyl)butanamide) ligand to generate a hybrid molecular

anode anchored on multiwall carbon nanotubes (MWCNT). The resulting complex
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[Ru(bda)(Pyr-py)2(0)], 27 was then attached to MWCNT through m-nt stacking and dropcasted
on a ITO electrode denoted as 27@MWCNT@ITO anode for further performing
electrochemical water oxidation reaction.'’® Recently, Llobet group employed the same
strategy to anchor the best ruthenium molecular catalyst [Ru(tda)(Py).(O)], 14 by changing
the axial pyridine ligand with Pyr-py denoted as 28@MWCNT@GC anode.®® Later, they
incorporated a pyrene group to the tetradentate 1,2-phenylenebis(oxamidate) ligand and
synthesized complex 29 and immobilize on graphene surface via same m-n staking and

dropcasted onto carbon electrode, denoted as 29@graphene@GC anode.!!!

1. 4. 3. Performance of Molecular Anodes

Table 2 summarizes the electrochemical data for 23@TiO,, 24@FTO, 25@mesolTO@FTO,
26@GC, 27@MWCNT@ITO, 28@MWCNT@GC and 29@graphene@GC anodes together with
the catalytic data for the related homogeneous complexes. The above examples will help the
reader to better understand and compare the relevant electrochemical features of the best-
performing molecular anodes: the catalyst loading, the turnover frequencies, the current
density and the overpotential.

Table 2. Electrochemical data for molecular anodes together with catalytic activity of the analogous
homogeneous complexes.

r TOF het. j /time n Ref. het.
(nmol/cm?) (TOF hom.) (uA/cm?)/ (mV) (Ref.
st (min) hom.)
23@Ti0,@FTO 10 0(0.01)? 0°/-- - 108 (%)
24@FTO 0.1 0.36° (0.15)¢ 50/480° 680 112 (%)
25@mesolTO@ITO 0.5 0.45% (0.07)° 140¢/-- 520 109 (%)
26@GC 0.2 1.8 (53) 1507/2f 450 73 ()
27@MWCNT@ITO 1.8 0.3¢(30)" 2208/420¢ 580 110 (%))
28@MWCNT@GC 0.3 8000' (8000)' 700//150 630 98 (%)
29@graphene@GC 0.05 540 (128)* 300'/30 730 111 (®)

Experimental details: (a) Ce" (100 mM) and 2 (1 mM) at pH 1; (b) Chronoamperometry at E=1.85V
at pH 5; (c) CeV(100 mM) and complex 5 (1 mM) at pH 1; (d) Chronoamperometry using a Rotating
Disk Electrode at £=1.69 V at pH 1; (e) Ce" (100 mM) and 3 (1 mM) at pH 1; (f) Chronoamperometry
at £=1.27 V at pH 7; (g) Chronoamperometry at £ = 1.4 V at pH 7; (h) Ce" (365 uM) at pH 1 and
complex 9 (62.5 uM); (i) Foot of the wave analysis from CV at pH 7; (j) Chronoamperometry at £ =
1.45V at pH 7; (k) Foot of the wave analysis from CV at pH 12; (I) Chronoamperometry at E=1.25V
at pH 12.
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One of the important parameters of the efficient molecular anodes is the catalyst loading on
the surface that directly influences the current density and stability of the anode. Using
electrodes with high surface area can improve these parameters. In this regard, the use of
TiO2 or meso-ITO nanoparticles on flat FTO can boost the catalyst loading. For example,
catalyst loading of 23@TiO,@FTO is two orders of magnitude higher than the catalyst
24@FTO,%8112 where mesoporous TiO, increases the surface area significantly. On the other
hand, using highly porous carbon material such as MWCNT or graphene also increases the
surface area as compared to flat glassy carbon electrode. This is illustrated in the Table 2 for
27@MWCNT@ITO, in which catalyst loading is one order of magnitude higher than
26@GC,7>'1 where catalyst is directly anchored on the flat glassy carbon surface. Another
important parameter in this case is the type of anchoring group of the catalyst that can also

help to boost the catalyst loading.

The second crucial parameter of the molecular anode is the specific activity of the catalyst.
Turnover frequency (TOF) of the catalyst on the solid support gives the information about the
specific activity of the molecular anode. The performance of these molecular anodes depend
on the mechanism of 0O-O bond formation step carried out by the catalyst for water oxidation.
The catalysts that undergo WNA and intra-12M mechanisms do not require any translational
movement and thus anchoring process does not interfere in the O-O bond formation step.
For this reason, 24@FTO and 25@mesolTO@ITO!® anodes have shown comparable activity
with their analogous homogeneous counterparts and in some cases working even better due
to the enhanced contact of the catalyst with the electrode. In sharp contrast, in the case of
catalysts of the Ru-bda family when anchored on carbon surface by covalent bond (26 @GC)
or -1t stacking (27@MWCNT@ITO), the water oxidation activity goes down drastically with
respect to their homogeneous counterparts. The main reason for the fast catalysis in
homogeneous solution is the bimolecular nature of the Ru-bda complexes that follows inter-
I2M mechanism where two Ru-O group dimerize for the formation of 0-O bond.®! For 26@GC
and 27@MWCNT@ITO,”® such mechanism is drastically hindered as they are restricted with
their translation mobility which results in limited accessibility to the second molecule thus
increasing difficulties for dimerization during O-O bond formation. As a result, they lose their
activity or force the catalyst to follow WNA mechanism that follows higher energy pathway
slowering the kinetics and eventually leading to catalyst degradation to RuO,. With 23@TiO;
anode, the catalytic activity is completely lost when complex 23 is anchored on metal oxide

surface. In this case, the position of active Ru-OHj site is inward towards oxide surface and
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coordinates on the surface, blocking the catalytic activity. That reveals the importance of the

anchoring architecture in order to retain the catalytic activity.

Finally, 28@MWCNT@GC®® anode containing the best molecular water oxidation catalyst
with Ru-tda family functionalized with pyrene moiety in axial pyridine ligand is the best
molecular electroanode reported to date. In this case, the catalytic activity in homogeneous
phase has been completely translated to solid surface with the same reaction kinetics due to

111 js the only reported

the unimolecular WNA mechanism. The 29@graphene@GC anode
example that shows a drastic increase in activity with respect to its homogeneous
counterpart. In this case, the anchoring group and the graphene surface are integral part of
the catalyst and lower the activation energy for O-O bond formation that facilitates oxidation

of water to molecular oxygen both from thermodynamic and kinetic perspective.

From the practical point of view, current density (j, mA/cm?) is the most important parameter
for an oxygen evolving molecular anode. An ideal anode in a photoelectrochemical cell or any
commercial cell must maintain current density over 10 mA/cm? for unlimited time with lowest
over potential. In any molecular anodes, this current density is directly proportional to the
product of loading of the catalyst (/) and the turnover frequency (TOF) of the catalyst. As can
be seenin Table 2, Ru-bda family of complexes on solid surfaces experienced an improvement
on the current density starting with 26@GC (150 pA/cm?) to 27@MWCNT/ITO (220
uA/cm?).1% However, here the current density relies on the higher loading of complexes on
the carbon electrodes (flat glassy carbon vs. MWCNT on ITO) rather than on the higher activity
of the molecular catalyst. Moreover, stability of the electrode is a big issue in this case.
Interestingly, 28@ MWCNT@GC shows a current density (700 uA/cm?) over more than 12 h
with very low loading of the catalyst and clearly indicates that this current density mainly
relies on the high activity of the catalyst. The current density of the 28@MWCNT@GC
electrode could reach the commercially relevant values of 10 mA/cm? if the catalyst loading

(1) can be increased.®

Another important parameter required for efficient photoelectrochemical water splitting
devices is the working potential associated with the overpotential of the catalyst on the
surface of the electrode. Among the reported molecular anodes, 26@GC shows the lowest
overpotential as compared to others but with limited current density. For practical use, a
molecular anode with high current density and low overpotential is highly desired.
Encouraged by this challenge, the development of a molecular anode with fast molecular

catalyst, high catalyst loading and low overpotential would fill up the important gap; if
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successful, these systems would represent a significant step forward for more prolific use of

molecular catalyst in energy conversion device.

1. 4. 4. Polymers

Using the concept of polymerization of active sites on the surface (both organic polymers and
coordination polymers) in order to achieve high catalyst loading on molecular anodes have
experienced a limited progress in the field of water oxidation. Chart 6 shows some
representative examples of molecular catalysts that have been used in the polymerization
reaction strategy. In 2008, Llobet et al. showed that the anodic electropolymerization of N-
substituted pyrroles is a potential way of anchoring molecular catalysts on the conductive
solid surface. They used N-substituted pyrroles functionalized in the trpy ligand of complex
30 for anchoring on FTO surface denoted as 30@FTO. The loading of complex in this molecular
anode was 1 nmol/cm? and was working much better than its homogeneous analogue using
Ce" as an oxidant.!®! Later Sun et al. have extended their study by using thiophene in complex
31 for anchoring on carbon surface by the electroanodization technique denoted as
31@GC.12 This anode showed loadings of 0.9 nmol/cm? with a current density of 1.5 mA/ cm?
at 1.3 V in pH 7 for more than 7 h. Recently, Meyer et al. immobilized complex 32 by
electropolymerization of a vinyl group on metal oxide surfaces and have shown that the
loading of the catalyst on the surface depends on the number of CV cycles within a selected
potential windows. They can achieve loadings as high as 50 nmol/cm? after 250 CV cycles. This
32@mesolTO@FTO anode performs as an efficient water oxidation catalyst with 0.5 mA/cm?
current density over 3 h in pH 7.1 This method of anchoring is very promising in terms of

catalyst loading that can be enormously improved than other covalent anchoring strategies.

On the other hand, Najafpur reported for the first time the coordination polymer 33 based on
Ru-polypyridine complexes for water oxidation.’* The hydrophobic linear polymer was
dropcasted on the carbon surface to generate the molecular anode 33@GC. This molecular
anode was active for water oxidation but its efficiency was very low. Later Li et al. reported a
cross-linked coordination polymer based on Ru-bda catalyst, dropcasted on ITO surface with
nafion binder and used as molecular anode (34@I1T0).2%* This anode was active for water
oxidation with 0.4 mA/cm? current density at 750 mV overpotential and retained their

molecular nature during catalytic turnovers.
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Chart 6. Structure of the molecular catalysts with different function group for polymerization,
coordination polymers and MOFs.

MOFs are another class of coordination polymers with high porosity and large surface area.
This material is a potential candidate for generating molecular anodes by incorporating well-
defined molecular water oxidation catalyst. Morris and Ott groups incorporated the famous
Ru-based mononuclear WOC, [Ru(tpy)(bpy)OH.]**, 6 into the UiO-67 MOF backbone by
changing the bpy ligand with dcbpy (5,5- dicarboxy-2,2’-bipyridine) as a linker, designated as
Ru-bpy-MOF, 35.1%> This framework shows comparable electrochemical behavior to that of
the homogeneous solution. Ru-bpy-MOF (35@FTO) exhibits a stable current density for
electrochemical water oxidation over 1 h with TOF (0.2+0.1) s*at 1.71 Vin neutral pH.'® Their
results demonstrate that this is a promising way to immobilize molecular catalyst with high

loading into a highly robust and porous MOF scaffold.
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Chapter 2

Over the last 4 decades, the field of molecular water oxidation catalysis has witnessed a
tremendous progress by improving the performance up to six orders of magnitude higher
than the first reported molecular catalyst. The journey through the most relevant
achievements in the field has been summarized in the previous chapter. Despite the success,
there are still several challenges that need to be addressed from a practical application
standpoint. This thesis will focus on some of these challenges highlighted in the following

objectives.

First of all, the catalyst should work very fast with minimum overpotential. In objectives, 1
and 2 below, the synthesis of new ruthenium water oxidation catalysts with different number
of coordinated carboxylate groups will be discussed. The anionic ligand is expected to be
responsible of lowering the working potential, while geometrical and secondary effects of the

ligands will be explored as a way to enhance catalytic performance.

Secondly, in order to transfer the high catalytic activity of homogeneous catalysts into solid
supports with the ultimate goal of building powerful water splitting devices, the design of
molecular catalysts that are efficient, robust and easily transferable to heterogeneous phase
is highly desirable. Thus, the third objective of this thesis is focused on the development of
molecular water oxidation catalysts that can be supported on conductive substrates, starting
from mononuclear complexes all the way to coordination polymers. In objective 4, the new
family of materials will be used to understand the ruling factors and mechanistic details of the

catalysis on surfaces.

Finally, the last challenge addressed in this thesis is to explore water oxidation catalysts made
of cheap and abundant first row transition metals. Advances in this line are summarized in
objective 5 and are based on getting mechanistic insights of the water oxidation catalysis by

a dinuclear cobalt complex that is active for the water oxidation reaction.
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Chapter 2

Objective 1

With the aim of lowering the overpotential of the water oxidation catalysis, ruthenium
complexes with pyridine type of ligands including one anionic ligand, e.g. 8-
quinolinecarboxylate (qc) and 2-picolinate (pic), will be used. Their influence on geometrical

and electronic effects on the overpotential and kinetics of the process will also be explored.

D |

N* N ~C
g~e ®
qc pic

Objective 2

Following the same goal as in objective 1 above, pyridyl-2,6-dicarboxylate (pdc) will be use as
ligand in ruthenium complexes with the objective of not only reducing the overpotential by
introduction of a second carboxylate group, but also to achieve seven coordinated ruthenium

intermediates ensuring fast kinetics of the water oxidation catalysis.

Objective 3

The development of molecular catalysts that can be incorporated into anodes for the water
oxidation reaction. This objective will be achieved with two main families of complexes: i)
mononuclear ruthenium complexes with functional groups that allow them to be
incorporated into conductive substrates and ii) coordination polymers based on the fastest
ruthenium catalyst reported in the literature ([Ru(tda)(py’).], where tda = 2,2"6’,2"-
terpyridine-6,6”-dicarboxylate and py’ = functionalized pyridine) as a core unit. Two organic
linkers will be used as bridging building blocks with different arrays, i.e., 4,4’-bipyridine (4,4’-
bpy) and 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine (tpt) to form 1-dimensional or 2-dimentional

polymers, respectively.
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2,4,6-tri(pyridin-4-yl)-1,3,5-triazine (tpt)
[Ru(tda)(py’).] 1D 2D

Objective 4

The objective here is to develop hybrid molecular anodes with the ruthenium complex and
the coordination polymer prepared in objective 3 above in order to generate powerful

molecular electroanodes for water splitting devices.
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Objective 5

The last objective of this thesis is the detailed mechanistic understanding of the water
oxidation reaction by a dinuclear cobalt complex {{Co"(trpy)]2(1-bpp)(1-00)}**, based on the

trapping and characterization of intermediates involved in the catalytic cycle and isotopic

labelling experiments.

{ICo"(trpy)l2(n-bpp)(1-O0)}**
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Chapter 3

Chapter 3

Synthesis, characterization, redox properties, electronic effects and water oxidation activity
of a series of ruthenium complexes containing pyridine carboxylate ligands are reported in
this chapter. It is shown that the electronic perturbation to the metal center exerted by
different orientation and geometry of the ligands together with the electron donating
properties produce dramatic effects in both redox properties and water oxidation catalytic

performance of the systems.
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3A. Synthesis, Characterization and Water Oxidation Activity
of Isomeric Ru-Complexes

Md Asmaul Hoque,*? Somnath Maji,! Jordi Benet-Buchholz,! Carolina Gimbert-Surifiach,*

Goutam Kumar Lahiri,* Antoni Llobet?3

1 Institute of Chemical Research of Catalonia (ICIQ), Barcelona Institute of Science and
Technology, Av. Paisos Catalans 16, 43007 Tarragona, Spain
’Departament de Quimica Fisica i Inorganica, Universitat Rovira i Virgili, Campus Sescelades,
C/Marcel -li Domingo, s/n, 43007 Tarragona, Spain
3Universitat Autdbnoma de Barcelona, Departament de Quimica, Cerdanyola del Vallés, 08193
Barcelona, Spain
“Department of Chemistry, Indian Institute of Technology Bombay, Powai, Mumbai 400076,

India

Contributions

Md Asmaul Hoque synthesized and characterized all the new compounds and performed
the electrochemical, spectroscopic analysis together with the catalytic tests and prepared

the manuscript.

44



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 3A

Abstract

We report the synthesis and characterization of the isomeric ruthenium complexes with the
general formula cis- and trans-[Ru(trpy)(qc)X]™ (trpy is 2,2’:6’,2 -terpyridine, qc is 8-
quinolinecarboxylate, cis-1 and trans-1, X = Cl, n = 0; cis-2 and trans-2, X = OH,, n = 1) with
respect to the relative disposition of the carboxylate and X ligands. For comparison purposes,
another set of Ruthenium complexes with general formula cis- and trans-[Ru(trpy)(pic)(OH2)]*
(pic is 2-picolinate (trans-3, cis-3) have been prepared. The complexes with qc ligand show a
more distorted geometry as compared to the complexes with pic ligand. In all the cases, trans-
isomers show lower redox potential values for all the redox couples relative to the cis-isomers.
Complexes cis-2 and trans-2 with six-member chelate ring show higher catalytic activity than
cis-3 and trans-3. Overall, it was shown that the electronic perturbation to the metal center
exerted by different orientation and geometry of ligands produced dramatic effects both in

redox properties and in catalytic performance of the systems.

Graphical Abstract
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3A. 1. Introduction

The conversion of solar energy to chemical energy is considered a promising option for the
generation of renewable and clean fuel for transportation.! One way of achieving this goal is
by performing light induced water splitting into hydrogen and oxygen as indicated in equation

1, catalyzed by suitable molecular catalysts,
2H20 + hv — 2H, + Oy, AE°=1.23 V vs. NHE.2 (1)

In this process, the water oxidation half reaction is particularly challenging due to the large
endothermicity and mechanistic complexity of the process that requires the transfer of four
electrons and the generation of an 0-O bond.? For this reason, the study of new molecular
water oxidation catalysts (WOC) has become one of the main research areas in the field,
achieving tremendous progress in the last ten years. Among the most studied catalysts are
those based on ruthenium, starting from the first well characterized synthetic molecular WOC
by T. J. Meyer, (cis,cis-[(bpy)2(H20)Ru™ORuU"(OH,)(bpy)2]**, where bpy is 2,2’-bipyridine)* to
the recently reported fastest molecular WOC based on mononuclear complexes as catalyst
precursors with auxiliary ligands containing carboxylate groups [Ru(bda)(isoq).],®
[Ru(tda)(py)2]®, [Ru(pdc)(bpy).)” and [Ru(mcbp)(py).]® (bda® is (2,2'-bipyridine)-6,6'-
dicarboxylate, tda* is 2,2":6’,2”-terpyridine-6,6”-dicarboxylate, pdc®> is pyridine-2,6-
dicarboxylate, mcbp¥is 2,6-bis(1-methyl-4-(carboxylate)benzimidazol-2-yl)pyridine, isoq is
Isoquinoline and py is pyridine). Further, these catalyst precursors have also been successfully

used in water oxidation reactions triggered by light.>3

The ability of Ru-OH, derivatives to undergo facile pH-dependent proton-coupled electron-
transfer (PCET) processes leading to the formation of highly oxidized Ru¥Y=0 species is a key
because it can do 0-O bond formation via water nucleophilic attack (WNA)¥1® due to the
electrophilicity of the Ru=0 intermediate or dimerization through oxyl radical formation
(12M).>* This significant information based on spectroscopic, electrochemical and analytical
techniques together with the valuable complementary information provided by
computational studies, allow the scientific community to rationally design powerful and

oxidatively rugged molecular water oxidation catalyst.'®2

The present report describes the synthesis, structural and spectroscopic characterization as
well as the water oxidation catalytic activity of single site Ru-aquo isomeric complexes and
their precursors with general formula cis- and trans-[Ru(trpy)(qc)Cl] (trans-1, cis-1) and cis-

and trans-[Ru(trpy)(qc)(OH.)]* (trans-2, cis-2), where trpy is 2,2’:6’,2"-terpyridine and qc is 8-
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quinolinecarboxylate. In addition, two other similar complexes cis- and trans-
[Ru(trpy)(pic)(OH,)]* where pic is 2-picolinate (trans-3, cis-3 ) have also been studied (Chart 1
and Scheme 1). The choice of gc and pic ligands are of special interest as they are not only
introducing a o-donating carboxylate moiety in the catalyst that can help to reduce the
overpotential for the water oxidation reaction but also they can create different isomeric
compounds (cis and trans in respect to the Ru-OH; group) along with different geometric
configuration with different ring size around the metal center (six-membered ring for qc and
five-membered ring for pic). It has been shown that electronic perturbation to the metal
center exerted by relative disposition and geometry of the qc or pic ligands with regard to the
aquo ligand around the metal center produce dramatic effect both in redox properties and

catalytic performance.

O@
(o) N=
/ trans-2 cis-2
C)
© E‘l \ trans-3 cis-3
O —

Chart 1. Ruthenium-aquo complexes studied in this work.
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3A. 2. Experimental Section

Materials

The precursor complex [RuCls(trpy)] (trpy = 2,2":6”,2"-terpyridine), trans-[Ru"(trpy)(pic)Cl], cis-
[Ru"(trpy)(pic)Cl], trans-[Ru"(trpy)(pic)(OH,)]CIO;s and cis-[Ru"(trpy)(pic)(OH,)]CIO, were
prepared according to the literature procedures.?*?> The ligand 8-quinolinecarboxylic acid and
other reagents and chemicals were obtained from Aldrich and used as received. When
required, solvents were dried by following the standard procedures, distilled under nitrogen
and used immediately. High purity de-ionized water used for the electrochemistry
experiments were obtained by passing distilled water through a nanopure Milli-Q water
purification system. For other spectroscopic and electrochemical studies, HPLC-grade

solvents were used.
Instrumentation and Methods

NMR spectra were recorded on a 500 MHz Bruker Avance Ultrashield NMR spectrometer.
UV/Vis spectroscopy was performed on a Cary 50 (Varian) UV/Vis spectrophotometerin 1 cm
guartz cuvettes. ESI-Mass spectra were recorded using micromass Q-TOF mass spectrometer.
Elemental analyses were carried out on Perkin-Elmer 240C elemental analyzer. Cyclic
voltammetry (CV), differential pulse voltammetry (DPV) experiments were performed on an
IJ-Cambria CHI-660 potentiostat using a three-electrode cell. Typical CV experiments were
carried out at a scan rate of 100 mVs™. The DPV parameters were AE =4 mV, Amplitude = 50
mV, Pulse width = 0.05 s, Sampling width = 0.0167 s, Pulse period = 0.5 s. A glassy carbon disk
(b =0.3 cm, S =0.07 cm?) was used as working electrode(WE), Pt disk as counter electrode
(CE), and a Hg/Hg,S04 (K2SO4 saturated) as a reference electrode (RE). All potentials were
converted to NHE by adding 0.65 V. Glassy carbon electrodes were polished with 0.05 pum
alumina (Al,0s) and rinsed with water and acetone followed by blow-drying before each
measurement. CVs and DPVs were iR compensated by the potentiostat in all the
measurements. In organic solvent, all the complexes were dissolved in CH3CN containing the
necessary amount of [(n-Bu)sN][PFs] (TBAH) as supporting electrolyte to yield a 0.1 M ionic
strength solution. In aqueous solution, the electrochemical experiments were carried out in
0.1 M CF3SOsH (pH 1.0). E1/> values reported in this work were estimated from CV experiments
as the average of the oxidative and reductive peak potentials (Epa + Epc)/2 or taken as E (/max)
from DPV measurements. The Pourbaix diagrams were built using the following buffers:
sodium dihydrogen phosphate/phosphoric acid up to pH =4 (pK. = 2.12), sodium hydrogen
phosphate/sodium dihydrogen phosphate up to pH = 9 (pK. = 7.67), sodium hydrogen
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phosphate/sodium phosphate up to pH = 13 (pK, = 12.12) and also 0.1 M CF3SOsH for pH =
1.0. The concentration of the species was approximately 1 mM. The pH of the solutions was
determined by a pHmeter (CRISON, Basic 20*) calibrated before measurements through

standard solutions at pH 4.01, 7.00 and 9.21.

Online manometric measurements were performed on a Testo 521 differential pressure
manometer with an operating range of 0.1-10 kPa and accuracy within 0.5% of the
measurements. The manometer was coupled to thermostatic reaction vessels for dynamic
monitoring of the headspace pressure above each reaction solution. The manometer’s
secondary ports were connected to thermostatic reaction vessels containing the same
solvents and headspace volumes as the sample vials. Each measurement for a reaction

solution (2.0 mL) was performed at 298 K.

Single Crystal X-Ray Structure Determinations

Crystal Preparation: Single crystals of cis-1, trans-1, trans-2 and cis-[Ru"(trpy)(pic)Cl] were
grown by slow evaporations of 1:1 methanol:dichloromethane, 1:1
dichloromethane:diethylether, 1:1 dichloromethane: toluene and 1:1
methanol:dichloromethane, respectively. The crystals used for structure determination were
selected using a Zeiss stereomicroscope using polarized light and prepared under inert

conditions immersed in perfluoropolyether as protecting oil for manipulation.

Data Collection: Crystal structure determination for sample cis-1, trans-1 and cis-
[Ru'(trpy)(pic)Cl] were carried out using a Apex DUO Kappa 4-axis goniometer equipped with
an APPEX 2 4K CCD area detector, a Microfocus Source E025 luS using MoK, radiation, Quazar
MX multilayer Optics as monochromator and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T = -173 °C). Crystal structure determination for samples Full-sphere
data collection was used with wand ¢ scans. Programs used: Data collection APEX-2,%® data

reduction Bruker Saint?’ V/.60A and absorption correction SADABS.?®

Crystal structure determination for sample trans-2 was carried out at -123 °C using a Xcalibur
Sapphire3 goniometer using MoK, radiation. Programs used: Data collection and reduction

with CrysAlisPro?® V/.60A and absorption correction with Scale3 Abspack scaling algorithm.3°

Structure Solution and Refinement: Crystal structure solution was achieved using the
computer program SHELXT.3! Visualization was performed with the program SHELXle.3?

Missing atoms were subsequently located from difference Fourier synthesis and added to the
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atom list. Least-squares refinement on F? using all measured intensities was carried out using
the program SHELXL 2015.3* All non-hydrogen atoms were refined including anisotropic
displacement parameters. cis-1: The asymmetric unit contains two different compounds of
the metal complex sharing its position (ratio 90:10) and one and half water molecules
disordered in four positions (ratio: 0.50:0.50:0.25:0.25). The metal complex is coordinated
with 90 % ratio to a chloro anion and with 10 % to a methanolate. trans-2: The asymmetric
unit contains one molecule of the metalorganic complex coordinated to a water molecule,
one additional water molecule and one PF¢ anion. The PF¢ anion is disordered in two
orientations (ratio 91:9). cis-[Ru'(trpy)(pic)Cl]: The asymmetric unit contains one molecule of
the metal complex and 0.75 molecules of dichloromethane. The dichloromethane molecules

are highly disordered in four orientations/positions.

Synthesis of Isomeric [Ru"(trpy)(qc)Cl] (trans-1 and cis-1). In a 100 mL two neck round
bottom flask, [RuCls(trpy)] (100 mg, 0.23 mmol), 8-quinolinecarboxylic acid (Hqc) (55 mg, 0.32
mmol) and NEt; (0.2 mL, 1.5 mmol) were dissolved in 20 mL of degassed ethanol. The mixture
was heated to reflux for 6 h under nitrogen atmosphere. The mixture was then evaporated to
dryness and the resulting dark solid was dissolved in the minimum volume of CH.Cl, and
purified by chromatography using a neutral alumina column. The blue-violet solution
corresponding to the major isomer trans-1 was eluted first with CH,Cl,:CH3;0H (20:1) followed
by the red-violet solution of the minor isomer cis-1 with CH,Cl,:CHsOH (10:1) mixture. On
removal of the solvent under reduced pressure the pure isomeric complexes trans-1 and cis-

1 were obtained in the solid state.

trans-1:Yield, 85 mg (0.16 mmol, 70%). Anal. Calcd. for (C2sH17N4ClO2Ru): C, 55.35%; H, 3.16%;
N, 10.33%. Found: C, 55.57%; H, 2.96%; N, 10.51%. A [nm](g[M~tcm™]) in dicholoromethane:
578(11760), 420(10590), 328(38760), 315(34350), 281(38920), 233(74070). ESI*-MS (m/2):
543.30 ([trans-1+H]", Calcd. 543.01), 507.30 ([trans-1-CI]*, Calcd. 507.03). *H NMR (500 MHz
[de]- DMSO) 6: 10.43 (H7, d, J= 4.86 Hz, 1H), 8.81 (H°, d, J= 8.01 Hz, 1H), 8.63 (H*>, dd, J= 7.7
Hz and J=2.83 Hz, 4H), 8.51 (H'?, d, J= 7.45Hz, 1H), 8.40 (H'°, d, J=7.82, 1H), 8.0 (H?, d, /= 5.47
Hz, 2H), 7.92 (H>%%8 m, 4H), 7.77 (H', t, J= 7.7 Hz, 1H), 7.41 (H%, t, J= 6.5 Hz, 2H). 3C-NMR
(125 MHz, [de]- DMSO) 6:169.1, 160.6, 160.4, 158.5, 152.2, 147.8, 138.2, 136.7, 136.2, 133.7,
131.3,130.6, 130.5, 127.2,127.0, 123.2,121.9 and 121.5.

cis-1: Yield, 6 mg (0.01 mmol, 4%). Anal. Calcd. for (CasH17N4CIO2Ru): C, 55.35%; H, 3.16%; N,
10.33%. Found: C, 55.27%; H, 3.10%; N, 10.58%. A [nm](gM~*cm™]) in acetonitrile:
545(11360), 483(sh), 372(11300), 317(46680), 279(42080), 235(79690). ESI*-MS (m/z): 543.19
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([cis-1+H]*, Calcd. 543.01), 507.10 ([cis-1-Cl]*, Calcd. 507.03). *H NMR (500MHz [de]-DMSO) 6
9.0 (H7, dd, J= 4.86 Hz, and J= 1.7 Hz, 1H), 8.62 (H*%5, m, 6H), 8.06 (H1° dd, J= 8.31 Hz and J=
1.31 Hz, 1H), 7.95 (H%°, m, 3H), 7.82 (HS, t, J=7.98, 1H), 7.73 (H?, t, J= 7.74 Hz, 1H), 7.56 (H3,
dt, J= 5.65 Hz and J= 1.14 Hz, 2H), 7.05 (H'?, dd, J= 5.41 and Hz J= 1.43 Hz, 1H), 6.82 (H, dd,
J=8.16 Hz and J= 5.45 Hz, 1H). 3C-NMR (125MHz, [de]-DMSO) &: 169.1, 161.4, 159.7, 153.7,
151.5, 148.2, 137.4, 136.7, 136.4, 133.3, 131.6, 129.3, 129.1, 127.6, 127.1, 123.4, 122.5 and
121.3.

Synthesis of trans-[Ru'(trpy)(qc)(H20)]1(PFs) (trans-2). In a 50 mL two neck round bottom
flask, trans-1 (100 mg, 0.18 mmol) was dissolved in 20 mL of acetone: water mixture (3:1, v/V)
and TINO3 (60 mg, 0.23 mmol) was added to the solution and stirred for 1 h at reflux. The
initial blue-violet color of the solution was changed to red-violet with the precipitation of TICI.
The cooled solution was filtered over Celite® to remove TICl. The filtrate was then
concentrated to approx. 2 mL in vacuum and 3 mL saturated solution of NH4PFs was added.
The resulting solution was allowed to stand at 0°C for complete precipitation. It was then
filtered and the residue washed with ice-cold water for several times and dried in vacuum
over P4010. Yield: 110 mg (0.16 mmol, 88%). Anal. Calcd. for (CasH1sN4OsRuPFg): C, 44.78%; H,
2.86%; N, 8.36%. Found: C, 44.98%; H, 2.95%; N, 8.62%. ESI*-MS (m/z): 507.10 ({trans-2-PFs-
OH,}, Calcd. 507.03). *H NMR (500MHz, [d2]-D20) 6: 9.59 (H7, d, J= 5.52 Hz, 1H), 8.73 (H?, d,
J= 8.41 Hz, 1H), 8.39 (H*51%%12 m 6H), 8.08 (H?, d, J= 5.60Hz, 2H), 7.89 (H3#&!! m, 4H), 7.77
(H, t, J= 7.65 Hz, 1H), 7.31 (H t, J= 6.93 Hz, 2H). 3C- NMR ( 125MHz, [d,]-D-0) &§: 175.2, 160.7,
160.3,155.3,153.2, 147.6,138.8,137.5,137.2,135.4,134.0,130.7,127.1,127.0, 123.4, 123.2,
122.1 and 121.8.

Synthesis of cis-[Ru'"(trpy)(qc)(H20)]* (cis-2). In a 25 mL two neck round bottom flask, cis-1 (5
mg, 0.01 mmol) was dissolved and TINOs (5 mg, 0.02 mmol) was suspended in 4 mL of
acetone:water mixture (3:1, v/v) and stirred for 1 h at reflux. The initial red-violet color of the
solution was changed to red with the precipitation of TICI. The cooled solution was filtered to
remove TICI. The filtrate was dried in vacuum over P40 and dissolved in D,O for NMR and
pH 1 for electrochemistry. *H NMR (500MHz, [d,]-D,0) 6: 8.97 (H’, d, J= 7.63 Hz, 1H), 8.56 (H?,
d, J= 5.48 Hz, 2H), 8.37 (H%, d, J= 8.25 Hz, 2H), 8.31 (H% d, J= 8.11 Hz, 2H), 7.98 (H?, d, J= 8.09
Hz, 1H), 7.88 (H3%%19 m, 4H), 7.72 (H8, t, J= 7.96 Hz, 1H), 7.40 (H?, t, J= 6.65 Hz, 2H), 7.30 (H?,
d, J= 5.37 Hz, 1H), 6.62 (H, dd, J= 7.95 Hz and J= 5.93 Hz, 1H).
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3A. 3. Results and Discussion

3A. 3. 1. Synthesis, Spectroscopic and Structural Characterization

The synthetic strategy used for the preparation of the complexes described in this work is
outlined in Scheme 1. The reaction of 8-quinolinecarboxylic acid with the ruthenium precursor
complex [RuCls(trpy)] in the presence of NEt; in EtOH results in a 15:1 mixture of isomeric
complexes of trans- and cis-[Ru"(trpy)(qc)Cl] (trans-1 and cis-1) respectively. The cis and trans
assignment refers to the relative disposition of the chlorido and carboxylato ligands. Both
isomers can be separated by column chromatography and are stable in the solid state and in
solution. The corresponding trans and cis isomeric aquo complexes [Ru(trpy)(qc)(OH2)]*
(trans-2 and cis-2) have been synthesized via substitution of the chlorido ligand by an H,0
using TINOs in acetone:H,0O (3:1) as the solvent mixture and formation of insoluble TICI.
Complexes trans-1, cis-1, trans-2 and cis-2 have been thoroughly characterized by means of

analytical, spectroscopic and electrochemical techniques.

[Ru''Cly(trpy)]
Ethanol, Et3N

Reflux
(o)
trans-1 cis-1
11+ | Acetone/H,0 1+ | Acetone/H;0

Reflux, 1h Reflux, 1h

’—Ru"\
NS | ™
', =N (o)
N\
(0]
trans-2 cis-2

Scheme 1. Synthetic strategy and labelling scheme used for the ligands and complexes described in
this work.
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Single crystals of the complexes trans-1, cis-1 and trans-2 together with the related picolinate
derivative cis-[Ru(trpy)(pic)Cl] were obtained and their ORTEP structures are shown in Figure
1. All the complexes display the typical slightly distorted octahedral geometry around the
ruthenium, as expected for low-spin d® Ru'.3#3° The bidentate ligand 8-quinolinecarboxylate
occupies both axial and equatorial positions and is bonded to the ruthenium metal via the
anionic oxygen atom O1 (carboxylate) and neutral nitrogen atom N1 (quinoline) (See Figure 1
for labeling key) donors forming a six-membered chelate ring. The meridional configuration
of trpy introduces expected geometrical constraint as has been reflected in smaller trans
angle involving the trpy ligand, N2-Ru-N4 of 159.6(5)° and 159.26(13) in trans-1 and trans-2,
respectively. The central Ru-N3(trpy) bond length of 1.924(11) A or 1.942(4) A in trans-1 and
trans-2, respectively, is significantly shorter than the corresponding distances involving the
terminal pyridine rings of trpy, Ru-N2(trpy), 2.082(11)/2.064(4) A and Ru-N4(trpy),
2.060(10)/2.058(3) A in trans-1/trans-2, respectively, while the Ru-N1(qc) in trans to the Ru-
N3(trpy) bonds are slightly longer, 2.083(10) A/2.085(3) A.3¢ The Ru-O1(qc) bond length of
1.966(7) A in the aquo derivative trans-2 is appreciably shorter than that in trans-1 (2.050(3)
R). The Ru-03(H,0) bond distance of 2.094(3) A in trans-2 agrees well with the reported

analogous ruthenium-aquo species.’’

Figure 1. ORTEP dagrams of (a) trans-[Ru(trpy)(qc)Cl] (trans-1), (b) trans-[Ru(trpy)(qc)(OH2)]* (trans-
2), (c) cis-[Ru(trpy)(qc)Cl] (cis-1) and (d) cis-[Ru(trpy)(pic)Cl]. Thermal ellipsoids are drawn at 50%
probability. The solvents of crystallization and hydrogen atoms are omitted for clarity, except for the
OH:z ligand.
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The Ru-Cl bond distances in trans-1 (2.311(3) A) is 0.08 A shorter than that in cis-1 (2.393(12)
R).3® We attribute this difference to the electronegativity of the Cl ligand and due to the
presence of strong o—donating negatively charge O~ of qc trans to Cl™ in trans-1 as compared
to cis-1, where the neutral N of the qc is trans to CI™. This in turn makes the Ru-O bond shorter
in trans-1 (1.966(7) A) relative to cis-1 (2.085(3) A). On the other hand, the Ru-N(qc) distance
in cis-1 (2.061(3) A) is shorter than that in trans-1 (2.083(10) A), mainly due to the enhanced
Ru'—quinoline back-bonding via involvement of o- and n-donating chlorido ligand trans to
N1(qc) in cis-1. They also show appreciable differences in the trans angle involving gc-Ru-Cl:
0O1-Ru-Cl at 176.12(5)° in trans-1 vs N1-Ru-Cl at 172.93(10)" in cis-1; the bulkier quinoline ring
trans to Ru-Cl in cis-1 makes it relatively bent (Figure S12 and Tables $2-S3). Interestingly, the
dihedral angles between the planes of qc and trpy in cis-1, qc-Ru-trpy, is 76.2° and for the
analog complex having the picolinate ligand cis-[Ru(trpy)(pic)Cl], the angle pic-Ru-trpy is 87.6°
(Figure S13). This difference clearly indicates the presence of more distortion in the complex

containing the qc ligand as compared to that of the complex containing the pic ligand.
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Figure 2. 'H NMR spectra in ([ds]-DMSO (500 MHz, 298 K) and assignment for complexes (top) cis-
1 and (bottom) trans-1. Asterisk is unidentified species.

The 'H NMR spectra of trans-1 and cis-1 are quite distinct, as expected (Figure 2). In both
cases, the symmetric nature of the complexes observed in the solid state is maintained in
solution as indicated by a single set of signals for the trpy ligand. A characteristic feature of
trans-1 is the typical signal at low field § = 10.4 ppm3® for a proton in ortho to the quinoline
nitrogen of the bidentate ligand (proton H’) de-shielded due to the diamagnetic anisotropy
generated by the chlorido ligand,*** allowing us to fully assign all the signals. A further clue
in this direction is given by the NOE signal between H’ and H* (with a distance of 2.72 A in the
solid state structure, see Figure S1-S3). None of these features are present in the spectrum of
cis-1, so its assignment is based on intensities of the integrals with the help of 2-dimensional
experiments also shows that the structures remain similar in solution to those described in
the solid state (Figure S4-S6). The NMR analysis of complexes trans-2 and cis-2 were
performed in deuterated water to avoid ligand exchange with coordinating ligands such as
DMSO. Compound trans-2 also shows the typical downfield signal of H7 due to anisotropic

effects with the aquo ligand (6 = 9.6 ppm, Figure S7 and S11).
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3A. 3. 2-Electrochemical Characterization

The redox properties of all the complexes were analyzed by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in acetonitrile (CH3CN) containing 0.1 M of [(n-
Bu)4N][PFs] (TBAH) for complexes trans-1 and cis-1 and 0.1 M ionic strength buffered aqueous
solutions at different pHs for complexes trans-2 and cis-2. All redox potentials reported in this
work were meausured with Hg/Hg,SO, reference electrode and referred to the NHE

electrode.

In acetonitrile solution, both trans-1 and cis-1 isomers show a chemically reversible and
electrochemically quasi-reversible one-electron oxidation wave at E1> = 0.58 V (AE = 60 mV)
and E1; = 0.67 V (AE = 63 mV) respectively, assigned to the Ru"”" redox couple (Figure S14).
The slight cathodic shift of the Ru"”" couple observed for trans-1 as compared to cis-1 is
attributed to the higher electron-density on the ruthenium provided by the chlorido and
carboxylato moieties when they are in trans relative position. This trend is in agreement with
the shorter Ru-O and Ru-Cl distances observed in the solid state structure of trans-1 as
compared to cis-1 and highlights the strong influence of the relative position (trans vs. cis) of

the ligands.

The redox chemistry of the aquo complexes trans-2 and cis-2 were studied in pH 1 (0.1 M
triflic acid) solution and the appropriate phosphate buffer for measurement at pH > 1 (Figure
S16). Both isomers exhibit two successive pH dependent redox couples associated with
proton coupled electron-transfer (PCET) processes with the formation of the Ru" and Ru"
species with different level of protonation of the aquo group, hydroxo or aquo depending on
the pH (Equations 2 and 3). Further scanning to more positive potentials shows a third pH
independent oxidation leading to the [Ru¥Y=0] (Equation 4) which is followed by a large anodic
current attributed to the electrocatalytic oxidation of water to produce oxygen gas (Figure

3a).

[Ru"(trpy)(ac)(H20)]* = [Ru"(trpy)(ac)(HO)]* + H* + e~ (2)
[Ru"(trpy)(qc)(HO)]* = [Ru"(trpy)(qc)(0)]" + H* + e (3)
[Ru"(trpy)(qc)(0)]* = [Ru"(trpy)(qc)(O)]** + e (4)

Interestingly, the [Ru"-OH,]?*/[Ru"-OH,]* redox couple for trans-2 in pH 1 (0.67 V), is 150 mV

lower as compare to cis-2 (0.82 V), and this is due to the trans influence of the carboxylate
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group to the aquo ligand making the metal center electronically richer, hence easy to oxidize.

On the other hand [Ru"-0]*/[Ru™-0]* redox couple is only 90 mV lower (Table 1).

a) b)

—— trans-3
— cis-3

[20 LA

0.4 0.8 1.2 1.6 20 04 0.8 1.2 1.6 2.0
E (V) vs NHE E (V) vs NHE

Figure 3. a) CVs of trans-2 (black) and cis-2 (red), b) CVs of trans-3 (black) and cis-3 (red) in 0.1 M
triflic acid (pH 1). Working electrode: glassy carbon disk; counter electrode: platinum disk; reference
electrode: Hg/Hg>S0a.

The Pourbaix diagrams for trans-2 and cis-2 (Figure 4) reveal that the [Ru"-OH]*/[Ru"-OH,]*
and [Ru"v-0]*/[Ru"-OH]* redox processes each change by approximately 59 mV per pH decade
over a large pH range (10 > pH > 2) for trans-2 and (10 > pH > 3) for cis-2 (Figure 4) respectively.
The Ru"" redox processes of trans-2 (at pH < 2) and cis-2 (at pH < 3) are not associated with
the loss of a proton based on the pH-independent behavior of the [Ru"-OH,]**/[Ru"-OH,]*
redox couple. Consequently, the higher oxidation step is accompanied with the loss of two
protons (i.e. [Ru"-0]*/[Ru"-OH,]?*) in strongly acidic medium. This assignment is corroborated
by the slope of -120 mV/pH below pH 2.0 for trans-2 and -121 mV/pH below pH 3.0 for cis-2.
At pH >10, the potentials for the Ru"" couple continue to vary linearly with pH, with a slope
near to -59 mV/pH unit, while the potentials for the Ru"”" couple become pH independent as
a consequence of no loss of proton from [Ru"-OH] with pK, = 10.6. The [RuY-0]*/[Ru"v-0]*
redox couple remains relatively constant at ~1.62 V and ~1.71 V vs NHE for trans-2 and cis-2

respectively, over the whole pH 1-13 range.

It is worth mentioning that cis-2 over time in aqueous solution slowly converts to trans-2 as

can be seen in Figure S16b and Figure S18. This is in good agreement with lower isolated yield
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of the cis-1 compared to the trans-1 indicating that the latter is thermodynamically more

stable.
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Figure 4. Pourbaix diagram of a) trans-[(trpy)(qc)Ru"(OH2)]*, trans-2 and b) cis-[(trpy)(gc)Ru"(OH2)1*,
cis-2. The black solid lines indicate the redox potentials for the different redox couples, whereas the
dashed vertical lines indicate the pKa. The zone of stability of the different species are indicated only
with the Ru symbol, its oxidation state, and the degree of protonation of the aquo ligand. For
instance, “Ru¥-0” is used to indicate the zone of stability of trans-[(trpy)(qc)RuY(0)]?** for the trans-
1 (left) and cis-[(trpy)(gc)RuY(0)]** for the cis-2 (right). Blue dotted line correspond to the imaginary
line and extended of the corresponding redox potential.
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In order to get more insights into the trans vs. cis influence on the redox potentials and
catalytic activity, we have extended our study to two similar mononuclear Ru-trpy-OH,
complexes containing the 2-picolinate (pic) bidentate ligand, namely, trans-3 and cis-3 in
Chart 1. These two complexes are of interest because they form a five-membered chelate ring
around the metal center as opposed to the 8-quinolinecarboxylate (qc) that makes six-
membered chelate rings, allowing to further study geometric effects. Complexes trans-3 and
cis-3 have been synthesized and characterized according to the literature procedure.?® Here

we have extensively studied their electrochemical and water oxidation properties.

As shown in the CVs in Figure 3b and the Pourbaix diagrams in Figure S17, complexes trans-3
and cis-3 also show two successive pH dependent redox couples associated with PCET
processes and a third pH independent oxidation couple related to electrochemical oxidation
of water to dioxygen. The redox potentials for the four Ru-aguo complexes in Chart 1 are
summarized in Table 1 together with other relevant Ru-aquo complexes previously described

in the literature.

An interesting feature arising from the comparison of the potentials is that at pH 1.0 the Ru"”"
redox couple for trans-2 is around 90 mV lower compared to the related trans-Ru(trpy)(pic)
complex, trans-3. Considering that both complexes have a similar trans influence of the
carboxylate group, we attribute this phenomenon to the higher distortion of the dihedral
plane between the quinolinate and trpy ligands in trans-2 as compared to that of the
picolinate and trpy ligands in trans-3 (e.g. Figure S13). As a consequence, we expect that the
hydrogen bonding between the aquo/hydroxido group and the C-H group in the ortho
position of the pyridine of the qc ligand is less pronounced in trans-2 than in trans-3 (Figure
$20 and Scheme 2). Such hydrogen bond lowers the electron density of the metal center, thus
increasing the oxidation potential for the Ru"”" couple. On the other hand, for cis-2 the Ru"/"
redox couple is only 40 mV lower than cis-3, because of the absence of H-bonding and
therefore this small difference is associated solely to slight changes in the geometry between
the two complexes. Indeed, as shown in Figures S13, dihedral angles between the qc-trpy and
pic-trpy planes in cis-1 and cis-[Ru'"(trpy)(pic)Cl] are significantly different (76.2° and 87.6°,

respectively).

In contrast, the third oxidation [RuY=0]%"/[Ru'V=0]* for trans-2 is around 20 mV higher
compared to the related trans-3 and the same trend is observed for cis-2, which shows an
anodic shift of 40 mV higher compared to cis-3, indicative of no influence of the hydrogen

bond at higher oxidation states.
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The cis-isomers always show pK, values higher than the corresponding trans-isomers
(compare entry 2 with 3 and entry 4 with 5 in Table 1 and Figure 4). We attribute this trend
once more to the H-bonding present in the trans-isomers, which picks up part of the electron
density of the metal center and thus makes it more acidic than the cis-isomers. On the other
hand, the pK." value for the [Ru"-OH] with singly negatively charged carboxylate ligand of all
these complexes are higher as compared to other Ru-aquo complexes with neutral ligand such

as [Ru(trpy)(bpy)(OH,)]* as expected (Table 1).

Density Functional Theory (DFT) was used in collaboration with Dr. M. Z. Ertem to calculate
potentials for the Ru"", Ru™" and Ru"/V couples and they agree reasonably well with
experimental values at M06 level of theory (see Table S1). Although the difference between

the two isomers is rather low, it follows the same trend observed in the experiments in Figure

5.
H
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Scheme 2. H-bonding interaction present in trans-2 and trans-3, that is expected to be more
pronounced for the latter due to less distortion of the molecule.
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Scheme 3. Proposed reaction intermediates involved in the water oxidation catalytic cycle with
trans-3.

60



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 3A

3A. 3. 3 Water Oxidation Catalysis: Performance and Mechanism

The kinetics of the water oxidation catalysis by the Ru-aquo complexes in Chart 1 where
assessed electrochemically, by using the “foot of the wave analysis” (FOWA), which allows us
to calculate the apparent kinetic constant (kobs) from cyclic voltammetry experiments.*>*4 This

method uses the relationship in equation 5 for a first order kinetics,

i 4% 24% RTkObS
J Fv
P —— (5)

ip - F(EQ, -E)

1+exp(; RT

where i is the current intensity in the presence of substrate, iy is the current intensity in the
absence of substrate (we approximate this current to the current associated with the Ru"”"
couple), E%/q is the standard potential for the redox couple that starts the catalysis (1.62 V for
trans-2, 1.71 V for cis-2, 1.60 V trans-3 and 1.67 for cis-3 extracted from the DPVs in Figure
S15), F is the faraday constant, v is the scan rate, and R is 8.314 J mol™ K™, Kops or TOFmax can

be extracted from the plot of i/i, versus 1/{1 + exp[(F/RT)(Er/a - E)]} as shown in Figure S19.

From these calculations we get TOFmax of 4.2 57X for trans-2, 6.88 s for cis-2, 1.16 s7* for trans-
3 and 0.28 s7* for cis-3. When this TOF values are plotted against the Ei/>(Ru*/") potentials
(Figure 5b) we see the expected trend according to Marcus theory that predicts higher rates

for higher driving force in outer sphere electron transfer processes.

The water oxidation to dioxygen catalytic properties of complexes trans-2, trans-3 and cis-3
were also tested using a sacrificial oxidant, i.e., (NH4)2[Ce(NOs)s] and the observed catalytic
rates follow exactly the same trend as observed in the electrocatalysis, that is, TOF; (trans-2)
> TOF; (trans-3) > TOF; (cis-3) (Figure 5a and Table 1). Although trans-2 is still the fastest with
TOF; of 0.68 s it is less robust than compound trans-3 with a TOF; of 0.24 s (TON = 14.90,
60% efficiency and TON = 19.87, 80% efficiency, respectively). Complex cis-3 produces 8.4
TON (42% efficiency) with a TOF; of 0.11 s under the same conditions.

The fact that the rates of oxygen generation, both chemical and electrochemical, increase
with the redox potential clearly indicate that the rds is the O-O bond formation step proposed

VIV redox

in Scheme 3. The origin of the slow catalytic activity of cis-3 with a relatively high Ru
potential is not clearly understood but it might be related to the lack of H-bonding reducing
the TS energy as indicated in Scheme 3 for trans-3. DFT calculations are currently underway

to further shed some light at this effect. Preliminary results of a water nucleophilic attack
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(WNA) mechanism for the quinoline complexes are given in Scheme S1 and Table S1 in the

supporting information.
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Figure 5. a) Oxygen evolution profile obtained for trans-2 (blue), trans-3 (black) and cis-3 (red).
Experimental conditions: 1 mM of complex and 100 mM of Ce" in 0.1 M triflic acid (2 mL total
volume) at 25 °C. TONmax = 25. Inset: same profile for first 2 min. b) Plot of TOFmax vs. E° (Ru¥/V) for
all four complexes obtained from FOWA.
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Table 1. Thermodynamic and catalytic data for Ru-aqua caborxylate and related complexes described in the literature at pH 1.

Chapter 3A

E1/2 (V) vs. NHE

Entry Complexes® V/IV v/l ni/n ®AE (mV)  Ru™OH,  Ru"-OH,  TON°¢ TOFY  TOFme®
1% [Ru(trpy)(bpy)(H20)1* 1.92 1.22 1.06 110 9.7 1.7 18.3 0.01 -

2f cis-2 1.71(1.41) 1.36(1.14) 0.82(0.59)  540(550) 10.6 3.8 - 6.8
3f trans-2 1.62(1.50) 1.20(1.00) 0.67(0.44)  530(560) 10.6 2.7 14.9 0.68 4.2
4% f cis-3 1.67 1.31 0.86 450 10.1 3.7 8.6 0.11 0.3
5% f trans-3 1.60 1.09 0.76 330 10.1 2.0 19.7 0.24 1.2

6 [Ru(pdc)(bpy)(H20)]* 1.41 0.73 0.25 480 11 4 -

7% [Ru(bpc)(bpy)(H20)]1* 1.57 1.29 0.81 480 10.6 2.6 - 0.16 -

2ligand abbreviations: trpy = 2,2":6’,2”-terpyridine, bpy = 2,2’-bipyridine, pic = 2-picolinate, qc = 8-quinolinecarboxylate, bpc = 2,2-bipyridine-6-carboxylate, pdc
= 2,6-pyridinedicarboxylate. PAE= E1/2(IV/II1)-E1/2(111/11); STON stands for Turn Over Numbers; “TOF stands for initial Turn Over Frequency in s’; These values are
extracted for the catalytic reactions involving 1.0 mM Cat/100 mM Ce" in a 0.1 M triflic acid solution with a total volume of 2 mL; °TOFmax stands for Maximum
Turn Over Frequency reported in s’%; values extracted from Foot of the Wave Analysis of CV and DPV experiment in pH 1 (entry 2-5); f this work; Redox potential
values in parenthesis are calculated from DFT (MO06).
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3A. 4. Conclusion

In summary, we have synthesized and characterized a series of ruthenium complexes with
bidentate ligands containing carboxylate groups with different isomeric forms. In all the
complexes, trans-isomers show lower potential of their redox couple as compared to cis-
isomers due to the different extend of trans influence of the carboxylate group in the
quinolinato or picolinato ligands. Complexes cis-2 and trans-2 with 6-member chelate ring
around the Ruthenium are faster water oxidation catalysts as compare to cis-3 and trans-3 (5-
member chelate ring around the Ruthenium). We conclude that the higher the driving force
in outer sphere electron transfer processes, better is the rate. The pK; value for Ru"-OH of
cis-isomers are always higher than those of the corresponding trans-isomers due to the

presence of an H-bonding interaction in the trans-isomer, making this more acidic in nature.
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Figure S1. NMR spectra (500 MHz, 298 K, [ds]-DMSO) for complex trans-1. a) COSY and b) NOESY.
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Figure S2. NMR spectra (500 MHz, 298 K, [de]-DMSO) for complex trans-1. a) HSQC and b) HMBC.
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Figure S3. 3C NMR spectra (125 MHz, 298 K, [ds]-DMSQ) for complex trans-1.
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Figure S4. NMR spectra (500 MHz, 298 K, [de]-DMSO) for complex cis-1. a) COSY and b) NOESY.
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Figure S6. 3C NMR spectra (125 MHz, 298 K, [ds]-DMSO) for complex cis-1.
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Figure S7. NMR spectra (500 MHz, 298 K, [d2]-D20) for complex trans-2. a) *H NMR and b) COSY.
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Figure S8. NMR spectra (500 MHz, 298 K, [d2]-D20) for complex trans-2 a) NOESY and b) HSQC.
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Figure S9. NMR spectra (500 MHz, 298 K, [d2]-D20) for complex trans-2. a) HMBC and b) 3C NMR
(125 MHz, 298 K, [d2]-D20).
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Figure S10. NMR spectra (500 MHz, 298 K, [d2]-D20) for complex cis-2 a) 'H NMR, and b) COSY.
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Figure S11. NMR spectra (500 MHz, 298 K, [d2]-D20) for complex cis-2. NOESY.
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cis-1 cis-[Ru(trpy)(pic)Cl]

Cl-Ru-N(gc): 173°
Cl-Ru-N(pic): 172°

trans-1 trans-2
0O(aquo)-Ru-O(qc): 177°

Cl-Ru-0: 176°

Figure S12. View of the trans angles for complexes, cis-1, cis-[Ru(trpy)(pic)Cl], trans-1 and trans-2.
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trans-2
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mean9atmi

cis-[Ru(trpy)(pic)Cl]

Figure S13. View of the distortion of the angle between trpy and qc planes in trans-2 (top) and cis-1
(middle) (57.1° and 76.2°, respectively) and for the trpy and pic planes in cis-[Ru(trpy)(pic)Cl] (87.6°,

bottom). It is clear that the picolinate ligand shows less distortion from the ideal 90° as compared to
the quinolinate ligand.
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Figure S14. Cyclic Voltammograms of 1 mM of trans-1 and cis-1 in CH3CN (0.1 M TBAH).
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Figure S15. DPVs of trans-2 (black), cis-2 (red), trans-3 (blue) and cis-3 (green) at pH 1.0.
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waves of trans-2. This indicates that cis-2 slowly converts to trans-2.
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Figure S17. Pourbaix diagram derived from electrochemical measurements on complexes. (A) trans-
[ Ru'(trpy)(pic)(OH2)]* and (B) cis-[Ru'(trpy)(pic)(OH2)]*. The pH-potential regions of stability for the
various oxidation states and their dominant proton composition are indicated by using abbreviations
such as Ru'"OH», for example, for trans-[Ru(trpy)(pic)(OH2)]*. The pKa values are shown by the
vertical line in the various E-pH regions. Redox potential value reported in this plot is vs SSCE (A.

Llobet, P. Doppelt, T. J. Meyer, Inorg. Chem. 1988, 27, 514.)

Figure S18. DPVs of trans-2 (light blue), cis-2 (red) at pH10.5 phosphate buffer. The conversion of

0.0

08 1.2
E (V) vs NHE

cis-2 to trans-2 over 1 h in aqueous solution.
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Figure S19. Grey solid line shows a CV of a) trans-2 (top, left), b) cis-2 (top, right), c) trans-3 (bottom,
left) and d) cis-3 (bottom, right) at pH 1.0. The black solid line indicates the data points used for the
FOWA. (Inset) i/ip vs. 1/{1+e [(E°-E)(F/RT)]} plot assuming a WNA mechanism and the used equation.
The fitting points for the extraction of rate constants at the foot of the waves are represented as a
black solid line in all graphs.
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Figure S20. ORTEP views of trans-2 to highlight the H-bond between the C-H group in ortho position
of the pyridine ring of qc ligand and the aquo ligand coordinated to the Ru' center.
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Figure S21. Plot of TOFi vs. time obtained from Manometry experiment trans-2 (blue), trans-3 (black)
and cis-3 (red). The experimental condition: 1 mM of complexes and 100 mM of Ce(IV) in 0.1 M triflic
acid (2 mL total volume) at 25°C.
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Figure S22. On-line mass spectrometry experiments of a catalysis experiment by trans-2
Experimental conditions: 1 mM of complex and 100 mM of Ce" in 0.1 M triflic acid (2 mL total

volume) at 25°C.
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Scheme S1. Mechanism pathway studied with Density Functional Theory of complexes trans-2 and

cis-2. See Table S1.
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Table S1. Summary of redox potentials and free energy calculated for the mechanistic scheme in
Scheme S1.
AG in kcal/mol, Ein V vs MO6-L MO06
NHE at pH O cis-2 Trans-2 cis-2 Trans-2
Eq 0.31 0.37 0.40 0.40
AG; 5.6 1.8 4.3 1.1
1% PCET AG: 16.1 14.5 15.5 14.5
Ez -0.14 -0.19 —-0.08 -0.19
Es 0.56 0.44 0.59 0.44
Es 1.17 1.26 1.48 1.57
AGy -5.8 -11.0 =7.7 -13.0
2" PCET AGs 29.3 28.9 33.2 33.5
Es -0.35 -0.47 -0.30 -0.45
Es 0.92 0.78 1.14 1.00
Ru“v=0 to Ru'=0 | E; 1.04 1.17 1.41 1.50
O-0Bond AGH underway underway underway underway
Formation AGs 25.4 228 15.8 14.9
Es 1.09 1.02 1.45 1.36
AGy -8.0 -0.8 -11.7 -2.5
3¢ PCET AGs | 132 16.6 145 18.2
Es 0.17 0.27 0.31 0.46
E1o 0.75 0.99 0.94 1.25
0; evolution AGg -1.2 -1.3 -1.4 -3.1
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Table S2. Selected crystallographic prameters for trans-1, cis-1, trans-2 and cis-[Ru'(trpy)(pic)Cl].

trans-1 cis-1 trans-2 cis-[Ru"(trpy)(pic)Cl]
emperical formula C29 H17 CI N4 04.50 Ru C25.10 H20.40 Cl0.90 | C25H21F6 N4 O4PRu C21.75 H16.50 CI2.50 N4
N4 03.60 Ru O2Ru
formula weight 629.99 568.63 687.50 555.58
crystal system Monoclinic Monoclinic Monoclinic Monoclinic
space group P21/c C2/c P21/c P2(1)/c
a(A) 7.5129(14) 17.9064(5) 13.1911(6) 16.0801(16)
b (A) 14.076(6) 25.1767(7) 14.2906(5) 18.0650(18)
c(A) 23.225(6) 13.8906(4) 14.5378(6) 7.8128(8)
o (deg) 90 90° 90 90
8 (deg) 93.58(2) 127.8524(6) 108.703(5) 100.736(2)
v (deg) 90 90 90 90
V(A% 2451.4(13) 4944.6(2) 2595.79(18) 2229.8(4)
Z 4 8 4 4
u (mm™?) 0.797 0.768 0.750 1.029
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7(K) 120(2) 100(2) 293(2) 100(2)
Dcalcd(g cm™) 1.707 1.528 1.759 1.655
F(000) 1264 2297 1376 1110
0 range(deg) 3.25t0 25.00 1.701 to 30.562 3.28t0 25.00 1.712 to 30.584°.
data/restraints/parameters | 4293 /0 /359 7414/ 1829/ 639 4558 /0/ 386 6669/ 225/ 363

R1, wR2 [1>20(1)]

0.0770, 0.1540

0.0539, 0.1517

0.0407, 0.0742

=0.0444,0.1188

R1, wR2(all data)

0.2122, 0.1960

R1=0.0769, wR2 =
0.1696

0.0857, 0.0805

0.0517,0.1239

GOF

0.822

1.035

0.816

1.074

largest diff. peak/hole,

(e A3

1.048 and -0.782

1.652 and -0.847

0.614 and -0.428

1.508 and -1.254
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Table S3. Selected structural parameters for trans-1, cis-1, and trans-2.

bond length (A)/ trans-1 cis-1 trans-2

bond angle (deg) X-ray X-ray X-ray

Ru-N1 2.083(10) 2.061(3) 2.085(3)
Ru-N2 2.082(11) 2.053(4) 2.064(4)
Ru-N3 1.924(11) 1.926(3) 1.942(4)
Ru-N4 2.060(10) 2.079(3) 2.058(3)
Ru-01 1.966(7) 2.085(3) 2.050(3)
Ru-Cl 2.311(3) 2.3934(12) -
Ru-03 ; - 2.094(3)
01-C1 1.287(13) 1.233(6) 1.278(5)
C1-02 1.237(13) 1.270(6) 1.233(5)
O1-Ru-N3 88.0(3) 174.91(3) 91.37(14)
N1-Ru-Cl 176.12(5) 172.93(10) 178.58(15)
N2-Ru-N4 159.6(5) 159.42(15) 159.26(13)
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Abstract

The tridentate meridional ligand pyridyl-2,6-dicarboxylato (pdc) has been used to prepare
complexes Ru"(pdc-x3-N*02)(DMS0),Cl], 1" Ru'(pdc-k3-N*0?)(bpy)(DMSO)], 2" and {[Ru"(pdc-
®3-N'0?)(bpy)]2(1-0)}, 5™ where bpy: 2,2’-bipyridine. All complexes have been fully
characterized through spectroscopic, electrochemical and single crystal X-ray diffraction
techniques. Compounds 1" and 2" show S=>0 linkage isomerization of the DMSO ligand upon
oxidation from Ru" to Ru" and thermodynamic and kinetic data have been obtained from
cyclic voltammetry experiments. Dimeric complex 5" is a precursor of the monomeric
complex [Ru'(pdc-x3-N'0O?)(bpy)(H20)], 4" which is a water oxidation catalyst. The
electrochemistry and catalytic activity of 4" has been ascertained for the first time and
compared with related Ru-aguo complexes that are also active for the water oxidation
reaction. It shows a TOFma.x = 0.23 st and overpotential of 240 mV in pH 1. The overpotential
shown by 4" is one of the lowest reported in the literature and is associated to the role of the
two carboxylato groups of the pdc ligand, providing high electron density to the ruthenium

complex.
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3B. 1. Introduction

Homogeneous molecular water oxidation catalysts based on transition metal complexes (Mn,
Ru, Ir, Co, Cu, Fe etc)'® have demonstrated that properties of ancillary ligands including
electronic parameters, flexibility and orientation can influence the catalytic activity and
robustness of catalysts. With the help of spectroscopic, electrochemical and analytical
techniques together with the valuable complementary information provided by
computational studies it is possible to have a detailed understanding of their mode of action
and mechanism.”? For all these reasons significant developments have been carried out
based on these type of complexes in terms of their catalytic performance and stability.
However, many challenges still remain, including high speed catalysis, robustness and
reduced overpotential in order to see molecular catalysts in water splitting devices to

generate solar fuels such as hydrogen.

The most extensively studied homogeneous water oxidation catalysts are based on
mononuclear ruthenium complexes containing flexible, adaptative, multidentate and
equatorial (FAME) ligands containing carboxylate groups that are the fastest water oxidation
catalyst reported in the literature®®**® with a TOFmax in the range of 10 to 10* st which exceed
by 1-2 orders of magnitude that of the oxygen evolving complex in the natural Photosystem
1.1 Ruthenium complexes are of special interest due to their crucial understanding of the
mechanistic pathways responsible for 0=0 bond formation’?° and the electronic perturbation

created by ligand environment can influence this pathways.

In the present work we report the synthesis, structural, spectroscopic and electrochemical
characterization of ruthenium complexes containing the 2,6 pyridinedicarboxylato ligand
(pdc?); [Ru"(pdc-k3-N'0?)(bpy)(DMSO)], 2" and {[Ru"(pdc-k*-N*0?)(bpy)]2(-0)}, 5™, where
bpy= 2,2’-bipyridine (Scheme 1), which are derivatives of the water oxidation catalyst
[Ru"(pdc-k3-N'0?)(bpy)(H20)]*, 4". The catalytic activity of 4" is studied and put in context of
the best WOCs reported to date.
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3B. 2. Experimental Section

Materials

RuCls-xH,0 was purchased from Alfa-Aesar. The precursor complex [Ru"(DMSO0)4Cl,] was
prepared according to the literature procedure.? The ligand precursor 2,6-
pyridinedicarboxylic acid (H.pdc) and other reagents and chemicals were obtained from
Aldrich and used as received. When required, solvents were dried by following the standard
procedures, distilled under nitrogen and used immediately. High purity de-ionized water used
for the electrochemistry experiments was obtained by passing distilled water through a
nanopure Milli-Q water purification system. For other spectroscopic and electrochemical

studies, HPLC-grade solvents were used.
Instrumentation and Methods

A Bruker Avance 500 MHz was used to carry out NMR spectroscopy. ESI-Mass spectra were
recorded using micromass Q-TOF mass spectrometer. Elemental analyses were carried out on
Perkin-Elmer 240C elemental analyzer. The pH of the solutions was determined by a pHmeter
(CRISON, Basic 20+) calibrated before measurements through a standard solutions at pH 4.01,
7.00 and 9.21. All electrochemical experiments were performed with an IJ-Cambria CHI-660
potentiostat using a three-electrode cell for cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) or two compartment cell for bulk electrolysis. E1/> values reported in this
work were estimated from CV experiments as the average of the oxidative and reductive peak
potentials (Eya+ Epc)/2 or from DPV. The Reference Electrode (RE) was Hg/Hg,SO4 (K2SO4

saturated) unless indicated and potentials were converted to NHE by adding 0.65 V.

Glassy carbon disk (¢ = 0.3 cm, S = 0.07 cm?), Pt disk and Hg/Hg,S04 (K2SO4 saturated) were
used as Working Electrode (WE), Counter Electrode (CE) and Reference Electrode (RE)
respectively, unless explicitly mentioned. Glassy carbon electrodes were polished with 0.05
um alumina (AlOs) and rinsed with water. CVs and DPVs were iR compensated by the
potentiostat in all the measurements unless indicated. Cyclic Voltammograms (CV) were
recorded at 100 mV-s™! scan rate, unless explicitly expressed. The DPV parameters were AE=
4 mV, Amplitude = 50 mV, Pulse width = 0.05 s, Sampling width = 0.0167 s, Pulse period = 0.5
s. The complexes were dissolved in dichloromethane (DCM) containing the necessary amount
of [(n-Bu)sN][PFe] (TBAH) as supporting electrolyte to yield a 0.1 M ionic strength (/) solution.
In aqueous solution the electrochemical experiments were carried out in 0.1 M triflic acid

solution for pH 1 and / = 0.1 M phosphate buffer solutions with desired the pH. For

94



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 3B

construction of the Pourbaix diagrams, the following buffers were used: dihydrogen
phosphate/phosphoric acid up to pH = 4 (pK. = 2.12), hydrogen phosphate/dihydrogen
phosphate up to pH = 9 (pK, = 7.67), hydrogen phosphate/sodium phosphate up to pH =13
(pKa=12.12) and also 0.1 M CFsSOsH for pH = 1.0. For routine bulk electrolysis experiments,
a Pt grid was used as a WE, another Pt grid as a CE and a Hg/Hg,S04 (K2SO4 saturated) as a RE.
Online manometric measurements were performed on a Testo 521 differential pressure
manometer with an operating range of 0.1-10 kPa and accuracy within 0.5% of the
measurements. The manometer was coupled to thermostatic reaction vessels for dynamic
monitoring of the headspace pressure above each reaction solution. The manometer’s
secondary ports were connected to thermostatic reaction vessels containing the same
solvents and headspace volumes as the sample vials. Each measurement for a reaction
solution (2.0 mL) was performed at 298 K. For manometric experiment, Control potential
electrolysis was carried out for 10 min with 1 mM complex of 5"" in pH 1. It was assumed
that upon breaking of dimeric complex 5™", it produced 2 equivalent of monomeric complex
4", that means concentration of 4" becomes 2 mM. This complex was diluted to half with

additional pH 1 solution to get 1 mM of 4",
Single Crystal X-Ray Structure Determinations

Crystal Preparation: Crystals of [EtsNH][Ru"(pdc-x3-N'0?)(DMSO0),CI], 1" [Ru"(pdc-®3-
N*0?)(bpy)(DMSO)], 2" and {[Ru"(pdc-k*-N?0*)(bpy)l2(n-0)}, 5"™" were grown by slow
evaporation of 1:1 methanol : benzene, 1:1 methanol : diethylether and 1:1 dichloromethane:
hexane respectively. The crystals used for structure determination were selected using a Zeiss
stereomicroscope using polarized light and prepared under inert conditions immersed in

perfluoropolyether as protecting oil for manipulation.

Data Collection: Crystal structure determination for compounds 1", 2" and 5" were carried
out using a Apex DUO Kappa 4-axis goniometer equipped with an APPEX 2 4K CCD area
detector, a Microfocus Source E025 luS using MoK, radiation, Quazar MX multilayer Optics as
monochromator and an Oxford Cryosystems low temperature device Cryostream 700 plus (T
=-173 'C). Crystal structure determination for samples Full-sphere data collection was used
with wand ¢ scans. Programs used: Data collection APEX-2%?, data reduction Bruker Saint?3

V/.60A and absorption correction SADABS.%

Structure Solution and Refinement: Crystal structure solution was achieved using the
computer program SHELXT.?® Visualization was performed with the program SHELXle.?®

Missing atoms were subsequently located from difference Fourier synthesis and added to the
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atom list. Least-squares refinement on F? using all measured intensities was carried out using
the program SHELXL 2015.%” All non-hydrogen atoms were refined including anisotropic

displacement parameters.

Comments to the Structures: [EtsNH][Ru"(pdc-k3-N10?%)(DMS0),Cl], 1": The asymmetric unit
contains two molecules of the metal complex (each coordinated to two DMSO molecules),
two triethylamonium cations, two water molecules and two benzene molecules. The benzene
molecules are disordered in two orientations. [Ru"(pdc-x3-N20?)(bpy)(DMS0)], 2": The
asymmetric unit contains one molecule of the metal complex (coordinated to a DMSO
molecule) and two molecules of water. {[Ru"(pdc-k*-N?0?)(bpy)]2(u-0)}, 5"": The asymmetric
unit contains two independent molecules of the metal complex and 5.1 molecules of
dichloromethane. The dichloromethane molecules are disordered in 11 positions with a ratio:

1.00:0.75:0.60:0.40:0.55:0.45:0.70:0.20:0.25:0.10:0.10.

Synthesis of [Ets3NH][Ru"(pdc-%x3-N'0?%)(DMSO0).CI]-H,0, 1". In a 100 mL two neck round
bottom flask, [Ru"(DMS0)4Cl] (450 mg, 0.93 mmol), 2,6-pyridine dicarboxylic acid (155 mg,
0.93 mmol) and triethylamine (0.2 mL) were dissolved in 30 mL of degassed methanol and
were reflux for 5 h under N, atmosphare. The resulting solution was filtered and the volume
was reduced to 5 mL. Then 30 mL of diethyl ether was added to obtain an orange precipitate.
The solid was filtered and washed with diethyl ether (3x20 mL) and dried under vacuum. Yield:

460 mg (0.82 mmol, 88%). The characterization data matches with reported complex.?®

Synthesis of [Ru"(pdc-x3-N10?)(bpy)(DMSO0)]-1.5H,0, 2". In a 100 mL two neck round bottom
flask, [EtsNH][RuU"(pdc-%3-N10?)(DMSO0),Cl], 1" (560 mg, 1 mmol) and 2,2 -bipyridine (156 mg,
1 mmol) were dissolved in 40 mL degassed methanol solvent and refluxed for 4 hours under
N, atmosphere. The mixture was then evaporated to dryness and the resulting solid dissolved
in CH,Cl, and purified over neutral alumina using a mixture of CH,Cl,/MeOH (100:2) as eluent.
The first orange-red fraction was collected an identified with complex 2". Yield: 60 mg (0.12
mmol, 12%). Anal. Calc. for (C1sH17N30sRuS-1.5H,0): C, 43.26%; H, 3.82%; N, 7.94%; S, 6.08%.
Found: C, 43.35%; H, 3.15%; N, 7.85%; S, 6.18%. *H-NMR (500 MHz, [d,]-DCM) é: 10.61 (d,
J=5.7 Hz, 1H), 8.29 (d, J= 8.4 Hz, 2H), 8.24 (d, J=7.7 Hz, 2H), 8.14 (t, J=7.8 Hz, 1H), 7.89 (tt, J=3.5
and 7.8Hz, 2H), 7.61 (t, J=7.3 Hz, 1H), 7.29 (t, J=6.6 Hz, 1H), 6.96 (d, J=5.6 Hz, 1H), 2.65 (s, 6H).
13C-NMR (125 MHz, [d,]-DCM) 6: 172.6, 158.3, 158.1, 157.4, 154.3, 148.7,138.4, 137.2, 136.6,
128.9, 127.1, 123.5, 123.1, 51.2 and 42.6. (ESI"-HRMS; MeOH) m/z: calc. for [M+Na]* :
523.9857, found m/z: 523.9830.
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Synthesis of {[Ru"(pdc-x3-N'0?)(bpy)]2(1-0)}-2H,0, 5", In a 100 mL two neck round-bottom
flask, [Ru"(pdc-k3-N'0?)(bpy)Cl]** (100 mg, 0.22 mmol) was dissolved in 40 mL of
acetone/water (3:1) followed by addition of triethylamine (0.20 mL) and stirred for 5 minutes
under N,. Then silver perchlorate (120 mg, 0.58 mmol) was added to the reaction mixture and
stirred for 30 minutes at 50°C. The precipitated AgCl was filtered through Celite®. The mixture
was then evaporated to dryness and the resulting solid was dissolved in CH,Cl; and purified
by chromatography with neutral alumina using a mixture of CH,Cl,/MeOH (100:4) as eluent.
The blue colour fraction was collected and evaporated to drynes to give complex 5"™!". Yield
37 mg (0.043 mmol, 20%). Anal. Calc. for (CssH22NsOsRu2-2H,0): C, 45.54%; H, 2.92%; N,
9.37%. Found: C, 45.31%; H, 2.50%; N, 9.26%. *H-NMR (500 MHz, [de¢]-DMSO0) 6: 8.75 (d, J= 8.1
Hz, 1H), 8.68 (d, J= 8.2 Hz, 1H), 8.07 (dd, J=7.6 Hz and 1.4 Hz, 1H), 7.98 (t, J=7.6 Hz, 1H), 7.87
(td, J= 8.95 Hz and 1.3 Hz, 1H), 7.72 (t, J= 7.75 Hz, 1H), 7.33 (t, J= 7.0 Hz, 1H), 7.29 (t, J-= 7.15
Hz, 1H), 6.89 (dd, J= 7.75 Hz and 1.4 Hz, 1H), 6.59 (d, J= 4.9 Hz, 1H), 6.54 (d, J= 5.3 Hz, 1H). 13C-
NMR (125 MHz, [de]-DMSO ) é: 173.2, 169.6, 164.6, 159.5, 158.6, 153.9, 152.3, 150.4, 140.9,
140.1, 139.9, 127.4, 125.4, 125.3, 124.8, 123.5 and 123.3. (ESI*-HRMS; MeOH) m/z: calc. for
[M+Na]*: 884.9492, found m/z: 884.9441.
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3B. 3. Results and Discussion

3B. 3. 1. Synthesis and Characterization of Complexes 1-5

The reaction of 2,6-pyridinedicarboxylic acid (Hzpdc) with the ruthenium precursor complex
[Ru(DMS0)4Cly] in the presence of EtsN as a base in MeOH under reflux gives complex 1",

which upon treatment with 1 equivalent of bpy gives complex 2"in 12% isolated yield (Scheme

1, top).
| N
0, N/ [0} ® \S,/O
[Et;NH] - o
OH OH \ | 0 1 =)
H,pdc
[RU”(DMSO)4C|2] L’ \//S—RLI\”—N / N—N»
MeOH, EtzN o I (o] MeOH, reflux
Cl o under Ny
[Et;NH][Ru"(pdc-x3-N102)(DMS0),Cl], 1" [Ru"(pdc-k3-N10?)(bpy)(DMSO)], 2"
Yield = 88% Yield = 12%
® (o) I O»J,'
cl H,0 ] N N

l _y‘o l 0 \/Oolf ’ W0

*N—RU—N AgClO,4 O:RUT /'Ru”'
I, _(_/ Acetone/H,0 —_— |‘N‘ o \\N O
. o 50°C AN, N N

| J U

[Ru"(pdc-k*-N'0?)(bpy)cCl], 3" [Ru"(pdc-«>-N"0?)(bpy)(H,0)], 4" {[Ru"(pdc-x3-N"0?)(bpy)l( #-O)}, 5"
Yield = 20%

Scheme 1. Synthetic strategy and labelling scheme used for the ligands and complexes described in
this work.

On the other hand, when RuCls is used as ruthenium source, the analogous complex [Ru"(pdc-
*3-N'0?)(bpy)Cl], 3" with a chlorido ligand instead of DMSO ligand is obtained as we recently
reported.’® The addition of AgClOs to a solution of 3" generates an ustable species identified
as complex [Ru"(pdc-x3-N'0?)(bpy)(OH,)], 4" that slowly converts to an oxo bridged dimer
5 (Scheme 1, bottom). This complex was purified by column chromatography and isolated

as a blue solid in 20% vyield.

Complexes 2" and 5" were structurally characterized in the solid state by single crystal X-ray
diffraction analysis and in solution by NMR spectroscopy. The ORTEP plots of complex 2" in
Figure 1b displays highly distorted octahedral geometry around the ruthenium metal due to
the strain imposed by the pdc?> meridional ligand with O-Ru-O angle of 158.1(5)° as opposed
to the 180° expected for an ideal octahedron. Bond distances and angles are very similar to
those of 3" and other related complexes reported in the literature.’>?42 The bpy ligand
occupies both axial and equatorial positions assuming the k-N'O?-pdc? ligand binds in the

equatorial plane.
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The crystal structure of dimeric complex 5"™" shows that both metal centers exhibit a
distorted octahedral geometry (Figure 1c). The Ru-Oox bond distances are 1.869 (4) A and
1.885 (4) A, which are in the range of reported Ru"-0-Ru" type of complexes.3033

a)

CHA D

@3,5%. RuA L
£

05A
S2A

Figure 1. ORTEP plots at 50% probability for a) [Ru"(pdc-x3-N10?)(DMSO0).CIT, 1"; b) [Ru"(pdc-3-
N*0?)(bpy)(DMSO)], 2" and c) {[Ru"(pdc-1*-N'0?)(bpy)la(p-0)}, 5™".

The angle defined by Ru-O-Ru in complex 5" is significantly bent with a value of 125.9(2)".
As reported before, this angle has a strong influence in the electronic configuration of the
molecule, which will be affected by the overlapping of the orbitals of the oxo ligand with those
of the Ruthenium centers (see molecular orbital scheme in Figure 2, where the Ru-O bond is
taken as z axis). For bent structures such as in 5" a high-energy gap between m* and m,*
orbitals is expected resulting in the following diamagnetic electronic configuration; (r:°)?
(112°)? (11™)? (112"°)? (1% )? (r2*)°.34%° In contrast, dinuclear oxo-bridged Ru" complexes with
Ru-O-Ru angles close to 180° display a paramagnetic behavior because their m;* and m,*
orbitals are either degenerate or very close in energy.3® The diamagnetic and symmetric
nature of 5" is clear from its 'H NMR spectrum in [de]-DMSO solution, which shows two

single set of resonances for the pdc?* and the bpy ligands, respectively (Figure 2).

Although bidimensional NMR experiments allowed as to unequivocally assign all the
resonances to the respective ligands, it was not possible to distinguish between the two

pyridine rings of the bpy ligand, which have been arbitrary labeled as a diamond (¢) and

square (M) symbols in the *H NMR spectrum in Figure 2 ( see also Figure S4-S6).

The *H NMR spectrum of complex 2" in [d2]-DCM shows a characteristic signal at low field (&
=10.61 ppm) for a proton deshielded by the through space interaction with the closest DMSO
ligand (Figure S1-53).36 Protons of the two methyl groups of the DMSO ligand are clearly visible
at high field (6 = 2.65 ppm) as expected.
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Figure 2. 'H NMR spectrum of complex {[Ru"(pdc-x3-N102)(bpy)]2(u-0)}, 5" in [ds]-DMSO (500
MHz, 298 K). Squares and symbols indicate the signals of the two independent pyridine rings in the
bipyridine ligand. Asterisks indicate unidentified signal.

The optical properties of complexes 2" and 5" were investigated by UV-vis spectroscopy in
DCM (Figure 3). Both compounds show m—rt* transitions due to the aromatic ligands below

350 nm and weaker metal to ligand charge transfer (MLCT) d-rt* bands showing between 350

and 500 nm. In addition, complex 5"™" has a prominent band at 617 nm that is typical of Ru"'-

O-Ru" type of complexes.?3”
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Figure 3. UV-vis spectra of 0.2 mM of complexes 2" (black) and 5™ (red) in DCM.
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3B. 3. 2. Electrochemistry in Organic Solvent

The redox properties of complexes 1, 2 and 5 were analysed by means of cyclic voltammetry
(CV) in DCM containing 0.1 M [(n-BusN)]PFs (TBAH) as supporting electrolyte. All redox
potentials reported in this work are referred to the NHE electrode, and all CV were run at a
scan rate of 100 mV/s unless explicitly mention. Glassy carbon disk was used as working

electrode, platinum disk as auxiliary electrode and Hg/Hg,SO, as reference electrode.
3B. 3. 2. 1. DMSO Linkage Isomerization of Complexes 1" and 2"

Complexes 1" and 2" are two new examples that show S>>0 DMSO linkage isomerization by
changing oxidation state of the Ru metal center from Il to Ill (Scheme 2). As shown in Figure
4 and Figure S8 complex 1" shows an irreversible wave with E%,, = 1.05 V and E%,.= 0.87 V
associated with the Ru"”"-S redox couple. After the anodic scan a new wave appears at £, =
0.19 V and EF%,, = 0.32 V assigned to the Ru"”"-O couple. This significant anodic shift in
potential due to the distinct coordination mode of the DMSO ligand has been observed before
and is attributed to the lower mr-accepting properties of the S-bonded ligand as compared to
the O-bonded DMSO ligand.® The peak intensity ratios [iyc]/[is.] depend strongly on the scan
rate for both redox couples as a result of the different kinetics of the isomerization processes
described in Scheme 2. In addition, the relative intensity of the two redox couples change
significantly if a quick controlled potential electrolysis (CPE) is carried out at-0.2Vorat 1.4V

(Figure 4 and Figure S8).

The equilibrium constant K'"oss for the Ru-O/Ru"-S reaction of the square mechanism
shown in Scheme 2 can be obtained from the CVs in Figure 4 (bottom), plotting the ratio
lipc1)/linc2] versus the inverse of the scan rate (v'!) and extrapolating for v - oo, where the
intensities of the waves correspond to the concentrations at the equilibrium.3® This

mathematical treatment results in K" 55 = 0.60 (Figure S8).

o]

Rul-O RWO _ Rul-O
Kl”O—>S K”O—>S
Rull-S =——= RuU!-S
E Ru-S

Scheme 2. Square mechanism associated with the S>0 DMSO linkage isomerization by changing
oxidation state of the Ru metal center.
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Figure 4. CVs of 1 mM of 1" in DCM containing 0.1 M TBAH starting at the open circuit potential (top)
and after leaving the potential at 1.4 V for 2 minutes before the scan. Arrows indicate initial scan
direction, color code denote scan rate (mV/s): Black: 50 mV/s, red: 70 mV/s, green: 100 mV/ s, blue:
200 mV/s, turquoise: 300 mV/s, pink: 400 mV/s, yellow: 500 mV/s, dark green: 600 mV/s, dark blue:
700 mV/s, purple: 800 mV/s and marron: 1000 mV/s.

I oxidation state can be

In addition, the kinetic constants for the isomerization in the Ru
calculated using the working curves for a chemical reaction preceding an electron transfer
proposed by Shain and co-workers®® that uses the ratio i/is where ik is the measured peak
current jpc1, of the CV starting at 1.4 V after a CPE of 2 min (Figure 4), and iy is the
corresponding diffusion current in the absence of a chemical reaction. As an estimated value

of iy, we used ipa1 Of the CV starting at -0.2 V after a CPE of 2 min (Figure S8). The values thus

obtained are k" 055 =5.52x10®%s and k" s50=9.21x10°%s™.

Assuming E° = E1; and knowing the value of K" s, the thermodynamic cycle in Scheme 2 can

be derived and used to calculate K"s50 = 5.89 x 10*1.
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The kinetic isomerization constant ko5 in the Ru' state was calculated from the dependency
of In(ia2/v*?) versus time® and gives a value of 9.39x 1072 s™* (Figure S8). The whole cycle is
completed by calculating the remaining constant k's5o with a value of 1.59 x 1073 ¢!

(equation 1).

K'o s = (1)

Analogously to complex 1", complex 2" also shows two electrochemically quasi-reversible
redox waves at F11,""" = 1.06 V (AE = 96 mV) and E?1,""" = 0.54 V (AE = 60 mV) corresponding
to Ru""-S and Ru"”"-0O redox couples respectively (Figure S9 and $S10). Following the same
mathematical methodology, we calculated all the equilibrium and rate constants associated
with the square mechanism of Scheme 2 for 2". All these data are summarized in Table 1
together with the results of 1" and other relevant compound reported in the literature.

Complexes 1" and 2" have the lowest Ru"”" oxidation potentials in Table 1 as a result of the
high sigma-donation of the carboxylate groups in the pdc ligand (compare entries 1 and 2 with

entries 3-7). Interestingly the complexes having only one DMSO, such as 2", show slower K"
_srate as compared to the complexes having two DMSO ligands such as 1" with the exception

of complex cis, trans-[Ru(HPhpp)(DMSO0),Cl;] in entry 5 (where HPpp is 2-(5-phenyl-1H-
pyrazol-3-yl)pyridine). Although it is not trivial to compare thermodynamic and kinetic values
of complexes with distinct coordination sphere and different relative disposition of chlorido

and DMSO ligands, a general trend is observed for all the complexes in Table 1; the values of
the linkage isomerization constants K'o_s are very high, in the order of 10-10%2, indicating

that Ru"-O species are much less stable and convert to the Ru'-S at low oxidation state. On

the other hand, the tendency to isomerize for Ru"-S to the corresponding Ru"-0O is less

favored for all complexes with equilibrium constants in the range of 0.13-1.7.
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Table 1. Thermodynamics and kinetics data for the S= O linkage isomerization process of complexes 1" and 2" and related compounds reported in the
literature.
trpy HPpp Hppc tbpy
Ligand labels for the Ru-DMSO complexes in the Table
Entr a a Ko I -1 I -1 I I -1 I -1
y Complex E1/2(Ru-S) E1/2(Ru-0) s K'oss[s™] K"so[s7Y Ko Ss) k'o Ss[s™ k's 5o[s7]
1 [Ru(pdc)(DMSO)CI, 1" 0.96 026 059 47x10% 71'8,’1‘ i'ogﬂ’i 91'6‘,2‘ 1.6 x 10723
2 [Ru(pdc)(bpy)DMSO), 2" 1.06 054 091 89x10% 91'(?,’1‘ 8.0x 1078 613,2‘ 12 %1010
40 out- -2 6.0 x +8 2.5 x 10
3 (Ru{HPop) v OMSO 1.22 0.65 013 7.7x10 ot 55x10 o1 4.6 x 10
a1 cis(in), cis(out)- 1 1.7 x 5.2 x 4.9 x 14
4 [Ru(HPpp) (DMSO)ChJ* 1.27 0.70 1.7 28x10 102 10+ 10 9.3x10
41 cis, trans- -2 2.2 X +8 8.7 x 10
5 [Ru(HPpp) (DMSO)ChJ* 1.22 0.63 0.20 5.7x10 102 5.3x10 10°2 1.6 x 10
36 cis(in), cis(out)- » 4.9 x 2.1x% 9.3 x 13
6 [Ru(Hppc)(DMSO0)>Cla]e 1.37 0.69 041 20x10 102 10+1 10°2 45x%x10
38 cis, cis, cis- 2.1 x 1.0 x 14
7 (Ru(tbpy ) (DMSONCLIE 1.51 0.79 0.63 1.2 1.9 o2 102 5.0 x 10

3potentials are given in volts versus the NHE electrode. CV experiments were performed in CH2Cl> /TBAH (0.1 M) solvent for all complexes except for
[Ru(tbpy)2(DMSO)2Cl2] in entry 7 that was analyzed in CH3CN/TEAP (0.1 M) where TEAP is tetraethylammonium perchlorate. ®This work. °HPpp: 2-(5-phenyl-

1H-pyrazol-3-yl)pyridine. “Hppc: ethyl 3-(pyridin-2-yl)-1H-pyrazole-5-carboxylate. ¢tbpy: 4-(tert-butyl)pyridine.

104



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 3B

3B. 3. 2. 2. Redox Behavior of Dimeric Compound 5""""!

The oxo bridged dinuclear complex 5"™" shows two one-electron reversible waves at
ENVVAL ) = 0.86 V (AE = 84 mV) and EVVVV, = 1,75 V (AE = 105 mV) in trifluoroethanol
solvent containing 0.1 M TBAH (Figure 5). The high reversibility of both redox processes
highlight the stability of the dimeric structure of 5, that doesn’t rearrange or react upon

oxidation in organic solvents.

8 IV-IAV-IV
4. IV-1h/i-1m
<
3
0-
-4 T T T
0.4 0.8 1.2 1.6 2.0

E (V) vs NHE

Figure 5. CV of 0.5 mM of 5" in trifluoroethanol containing 0.1 M TBAH.
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3B. 3. 3. Electrochemistry of 5"""" in Aqueous Solution
3B. 3. 3. 1. Conversion of 5""" into 4"

The redox properties of the oxo-bridged dimer 5" in aqueous solution were analysed in pH
1 triflic acid solution (Figure 6). It shows a one-electron oxidation wave at E1, = 0.85 V (AE =
67 mV) associated with the Ru-O-Ru"/Ru"-O-Ru" redox couple, that is consistent with that
observed in organic solvents in Figure 5. A subsequent cathodic scan all the way down to 0.05
V shows a chemically irreversible wave at E, = 0.30 V, that we attribute to a 2e”/1H* transfer
as reported for similar complexes that also contain a dinuclear oxo-bridged motive, which is
prone to protonation upon reduction.?® This proton couple electron transfer (PCET) process
is followed by the breaking of the resulting Ru-OH-Ru bridge and the formation of the
corresponding mononuclear complex [Ru"(pdc-k3-N*0?)(bpy)(H20)], 4" as shown in Scheme 1
and indicated in equations 2-4. Upon repetitive CV cycles in the potential range from 0.05 V
to 0.95 V, a new redox wave appears at £'""1/, = 0.52 V with concomitant disappearance of
the redox couples associated with 5" (Figure 6, top). This can be further prove by a quick
control potential electrolysis. It was carried out at Eapp = 0.05 V for 10 min. As can be seen

from Figure 6 (bottom) all the starting complex 5" completely converts to the new complex

4",
Ru' —0—-Ru" — 1e" > Ru"-0—-Ru"Y E; =085V (2)
2
Ru' — 0 — Ru™ (5™ 4 fe” + 1H* - Ru'l — (OH) —Ru"' E; = 0.3V 3)
2
Ru'l — (OH) — Ru' + H,0 + 1H* - 2Ru! — OH, (4" (4)
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Figure 6. Top) Repetitive CV experiments of 1 mM of 5""" in pH 1.0 triflic acid solution showing the
generation of the new complex 4" after breaking the oxo-bridge (see equations 2-4 in main text); 1°
cycle (black), 2™ to 49" cycles (grey) and 50" cycle (red), vertical black arrows indicate
disappearance of the waves associated with 5"!" and red vertical arrow indicates appearance of the
redox waves with 4". Bottom) CV of complex 5"""" before (black) and after (red) a CPE at Eapp = 0.05

FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES
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V, showing clean conversion to complex 4",

3B. 3. 3.2. Electrochemistry of 4" and Water Oxidation Catalysis

Complex 4" is a mononuclear Ru-OH; type of complex that has been previously proposed to
act as a water oxidation catalyst but it has never been prepared in pure form due to the low
stability upon work up procedures from the reaction starting with the chlorido precursor 3"
(Scheme 1).%° Thus, the in situ generation of 4" from the dimeric complex 5™" is a useful,

alternative methodology to isolate this complex in solution and to fully analyze its
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electrochemical behavior as well as the kinetic data associated with their capacity to oxidize
water.

As shown in Figure 7, compound 4" shows two one-electron waves at E1» = 0.52 V (AE = 130
mV) and E,, = 1.19 V corresponding to the IlI/1l and IV/Ill redox couples respectively. Both
waves are pH dependent as expected for a Ru-aquo type of complex that is involved in PCET
(Figure S11). The Ru" wave is not reversible because it is partially overlapping with a third

irreversible wave that is pH independent and that we attribute to the Ru"/"v

couple followed
by electrocatalytic oxidation of water. A manometry experiment using a 1 mM solution of 4"
and 100 mM of (NH4)2[Ce(NOs)e] as sacrificial electron acceptor in pH 1 shows the evolution
of gas with a calculated turnover number of TON = 1.2 (Figure S12). The poor catalytic activity
observed under this chemical oxidation is consistent with the limited catalytic current
observed in the CV of Figure 7, which hardly exceeds the current intensity equivalent to one-
electron transfer.

The Pourbaix diagram of complex 4" in Figure 7 is fully consistent with reported data®® and
reveals that the [Ru"-OH]/[Ru"-OH.] and [Ru"Y-O]/[Ru"-OH] redox processes each changes by
approximately 59 mV per pH decade over a large pH range (11 > pH > 4). The oxidation of 4"
at pH < 4 is not associated with the loss of a proton based on the pH-independent behavior
of the [Ru"-OH,]/[Ru"-OH,] redox couple. Consequently, the higher oxidation step is
accompanied with the loss of two protons (i.e. [Ru-0]/[Ru™-OH,]) in strongly acidic medium.
This assignment is corroborated by the slope of -118 mV/pH below pH 4.0 for 4". At pH > 11,
the potentials for the Ru"”" become pH independent as a consequence of a loss of a proton
from [Ru'-OH,] with pK, = 11. The [Ru¥-O]*/[Ru"V-O] redox couple remains relatively constant
at ~1.41 V over the whole pH 0-13 range. The pK." value for the [Ru"-OH] derived from 4" is
higher as compared to other Ru-aquo complexes with neutral ligand such as
[Ru(trpy)(bpy)(OH,)]** (pKa"" = 4 and 1.7 respectively),*? mainly due to the presence of two
negatively charged carboxylate groups around the ruthenium center, that makes the complex

more basic in nature as expected.
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Figure 7. Electrochemical characterization of 4" in pH 1 generated in situ from 5" after a CPE at
Eapp = 0.05 V for 10 min. Top) CV and foot of the wave analysis (FOWA) of 4". Asterisks indicate
unidentified species. Bottom) Pourbaix diagram of 4"; black solid lines indicate the redox potentials
for the different redox couples at varying pH, whereas the dashed vertical lines indicate pKa values.
The zone of stability of the different species are indicated only with the Ru symbol, its oxidation
state, and the degree of protonation of the aquo ligand. For instance, [Ru'V-0] is used to indicate the
zone of stability of complex 4" [Ru"(0)(pdc-k3-N*0?)(bpy)].

A “foot of the wave analysis” (FOWA) of the CV in Figure 7 allowed us to calculate the
apparent rate constant for the water oxidation catalytic process. Assuming a unimolecular
mechanism, this method developed by Sdveant and coworker®*#* consists of using the

relationship in equation 5,

109



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 3B
i 4%2.24% /% (5)
O
1+exp( RS )

Where kobs is the unimolecular apparent rate constant or maximum turnover frequency
(TOFmax), i is the current intensity in the presence of substrate, iy is the current intensity in the
absence of substrate (we approximate this current to the current associated with the Ru"/"
couple), E%q is the standard potential for the redox couple where the catalysis starts (1.41 V
for 4" extracted from the DPVs in Figure S11), F is the faraday constant, v is the scan rate, and
Ris 8.314 J mol™ K™

From the plot of i/i, versus 1/{1 + exp[(F/RT)(Ep/q — E)]} shown in Figure 7 a TOFmay = 0.23 s7¢
is obtained. This value is comparable to the catalytic rates of relevant ruthenium-aquo
complexes reported in the literature, that are believed to follow a mechanistic pathway where
the 0-O bond formation through a nucleophilic attack of a water molecule to the Ru¥=0
species is the rate determining step of the reaction (Table 2, entries 1-6). Importantly, the
overpotential of the catalytic reaction at pH 1, dictated by the Ei, (Ru"/"), is only 240 mV,
being one of the lowest ever reported in the literature. This is a consequence of the two
carboxylate groups in the pdc ligand that provide high electron density to the ruthenium
center, allowing to reach higher oxidation states within a narrow potential range. This record
value of overpotential is only overcome by complex [Ru"(bda)(4-Pic),(0)] in Table 1 and its
derivatives (compare entries 8 and 9, where bda is [2,2'-bipyridine]-6,6'-dicarboxylato and 4-
Pic is 4-picoline), that also contain two carboxylate groups in the bda ligand framework, but
also the possibility to reach seven coordination intermediate species that give extra-
stabilization of the high valent ruthenium intermediates involved in the catalysis.'” In
contrast, catalyst 4" undergoes a catalytic pathway where only six coordinated species are

involved, as suggested in a previous reported work.®
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Table 2. Electrochemical and water oxidation catalytic data of 4" and selected complexes reported in the literature at pH 1.

N N N N
Og o %o
py 4-pic 2-pic pdc
S |N, S S
| _N ~ N/ \ ~ N/ o]
2NN LN N %
N |
trpy bpy bpc Bda
Ligand labels for the Ru-complexes in the Table
E1a (RU"") Eja (RUM") E1a (RUYY) TOF® TOFmax®
Entry Complex N°® . .
(V) (V) (V) (s (s7)
142 [Ru"(trpy)(bpy)(H20)]* 0 1.06 1.22 1.92 0.01 d
2% [Ru"(bpc)(bpy)(H20)]* 1 0.81 1.29 1.57 0.16 d
346 cis-[Ru"(trpy)(qc)(H20)]* 1 0.82 1.36 1.71 d 6.8
446 trans-[Ru"(trpy)(qgc)(H20)]* 1 0.67 1.20 1.62 0.68 4.2
5% cis-[Ru'(trpy)(2-pic)(H20)]* 1 0.86 1.31 1.67 0.11 0.3
646 trans-[Ru"(trpy)(2-pic)(H20)]* 1 0.76 1.09 1.60 0.24 1.2
710 [Ru"(bda)(4-Pic)(0)] 2 0.61 1.1 1.35 33¢ 11¢
8f [Ru'(pdc)(bpy)(H20)]*, 4" 2 0.52 1.19 1.41 0.01 0.23

N?: number of carboxylate groups in the ligand framework, that are coordinated to the ruthenium center. PTOF: stands for initial Turn Over Frequency in s*. These
values are extracted for the catalytic reactions involving 1 mM Cat/100 mM Ce" in a 0.1 M triflic acid solution with a total volume of 2 mL. “TOFmax: stands for
Maximum Turn Over Frequency reported in s; values extracted from Foot of the Wave Analysis of CV and DPV experiment in pH 1, “Not available. A bimolecular
mechanism involving two seven coordinated Ru=0 species is ruling the water oxidation catalysis by [Ru'Y(bda)(4-Pic)2(0)]. fThis work.
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3B. 4. Conclusion
In this work, the synthesis of two ruthenium complexes containing the meridional 2,6-
pyridinedicarboxylato (pdc) ligand [Ru"(pdc-k3-N'0?)(bpy)(DMSO)], 2" and {[Ru"(pdc-x3-
N'0?)(bpy)]2(-0)}, 5" has been described. Both complexes have been fully characterized by

spectroscopic, single crystal x-ray diffraction and electrochemical techniques.

Complex 2" and its precursor [Ru"(pdc-x3-N'02)(DMSO0),CI];, 1" show Ru-DMSO linkage
isomerization process (Ru-S/Ru-0) upon oxidation. Cyclic voltammetry experiments allowed
us to quantitatively describe all the thermodynamic and kinetic constants involved in this
process for both compound and the values have been compared with related Ru-DMSO

complexes reported in the literature. A general trend observed from this comparison is that
the linkage isomerization constants at oxidation state Ru" (K"o_s) are all very high, in the order

of 108-10%, indicating that Ru"-O species was unstable and immediately isomerizes to the Ru'-

S.

The dimeric complex 5" is characterized by a bridging oxo group, whose Ru-O-Ru angle of
126° determines a diamagnetic electronic configuration (r1°)2(72°)%(rt1™)?(rt2™) (1t * ) (12*)°,
allowing to analyze this complex with NMR techniques. Upon reduction in pH 1 aqueous
solution, compound 5" converts to the monomeric derivative 4" [Ru"(pdc-®3-
N'0?)(bpy)(OH2)], a Ru-aquo complex that is active for the water oxidation catalysis with an
overpotential of only 240 mV in acidic pH due to the presence of two carboxylates groups

connected to the ruthenium with TOFmax = 0.23 s,
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Figure S1. NMR spectra (500 MHz, 298 K, [d2]-DCM) for complex 2". a) IH NMR and b) COSY.
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Figure S2. NMR spectra (500 MHz, 298 K, [d2]-DCM) for complex 2"; a) NOESY and b) HSQC.
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Figure S8. CV experiments o
the calculation of k"o s and

f 1 mM of 1" in DCM containing 0.1 M TBAH [n-BusNPFs] and plots for
k"'s 0. Top) Scan rate dependence of the CV after leaving the potential

at -0.2 V for 2 minutes before the scan. Black: 50 mV/s, red: 70 mV/s, green: 100 mV/ s, blue: 200
mV/s, turquoise: 300 mV/s, pink: 400 mV/s, yellow: 500 mV/s, dark green: 600 mV/s, dark blue: 700
mV/s, purple: 800 mV/s and marron: 1000 mV/s. Middle) Anodic and cathodic CV scans after leaving

the potential at 1.4 V (red)

and -0.2 V (black) for 2 minutes at a scan rate of 200 mV/s used to

calculate k"o s and k" s 0. Arrows indicate the initial scan direction. Bottom) Plot of ip.c1/ipc2 Vs. V'
! plus its linear fitting extrapolating v—oo to obtain K0 —s) for complex 1" (left) and Plot of In(ia2/v*/?)
vs. AE/v (with AE = 1 V) to obtain kr of Ko —s) for complex 1" (right).
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Figure S9. CV experiments of 1 mM of 2" in DCM containing 0.1 M TBAH [n-BusNPFs]. Top) left, CV
at 100 mV scan rate. Right, CVs at different scan rates after leaving the potential at 0.14 V for 2
minutes before the scan. Arrows indicate initial scan direction. Colour code denote scan rate (mV/s).
Black: 50 mV/s, red: 70 mV/s, green: 100 mV/ s, blue: 200 mV/s, turquoise: 300 mV/s, pink: 400
mV/s, yellow: 500 mV/s, dark green: 600 mV/s, dark blue: 700 mV/s, purple: 800 mV/s, marron: 900
mV/s: and grassy green: 1000 mV/s. Bottom) CVs at different scan rates after leaving the potential
at 1.44 V for 2 minutes before each scan. Black: 50 mV/s, red: 70 mV/s, green: 100 mV/ s, blue: 200
mV/s, turquoise: 300 mV/s, pink: 400 mV/s, yellow: 500 mV/s, dark green: 600 mV/s, dark blue: 700
mV/s, purple: 800 mV/s, marron: 900 mV/s: and grassy green: 1000 mV/s. Asterisks indicate side
products formed after applying anodic potential (1.44 V), that do not appear when applying
reductive potential (0.14 V).
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Figure S10. CV experiments of 1 mM of 2" in DCM containing 0.1 M TBAH [n-BusNPFs] and plots for
the calculation of k"o s and k"' s 0. Top) Anodic and cathodic CV scans after leaving the potential
at 1.44 V (red) and 0.14 V (black) for 2 minutes at a scan rate of 200 mV/s used to calculate k"'o -s
and k" s 0. Arrows indicate the initial scan direction. Bottom) Plot of iy c1/ip.c2 vs. V%, plus its linear
fitting extrapolating v—oo to obtain K"(o s) for complex 2" (left) and plot of In(ia2/vY/?) vs. AE/v (with
AE =1 V) to obtain kr of K0 -»s) for complex 2" (right).
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Figure S12. Gas evolution profile obtained for a water oxidation catalytic mixture containing 4" and
Ce" as sacrificial electron acceptor. Experimental conditions: 1 mM of 4" and 100 mM of Ce"
ammonium nitrate in 0.1 M triflic acid (2 mL total volume) at 25°C.
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Chapter 4

We report the synthesis, characterization and water oxidation activity of Ru complexes
containing the pyridine dicarboxylate ligand. Under high anodic potentials, they evolve
towards the formation of Ru-aquo complexes that are powerful and rugged water oxidation
catalysts. These complexes operate water oxidation catalysis with active species that
involve six coordination and seven coordination for the Ru centers. The present work
uncovers and highlights the complexity involved in water oxidation catalytic processes when
transition metal complexes are exposed to high oxidation potentials needed for the

catalysis.
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Abstract

The synthesis, purification and isolation of mononuclear Ru complexes containing the
tridentate dianionic meridional ligand pyridyl-2,6-dicarboxylato (pdc*) of general formula
[Ru"(pdc-k3-N10?)(bpy)Cl], 1" and [Ru"(pdc-k%-N0%)(bpy).], 2" (bpy is 2,2’-bipyridne) are
reported. These two complexes and their derivatives have been thoroughly characterized
based on spectroscopic (UV-vis, NMR), electrochemical (CV, DPV and Coulometry) and three
of them by single crystal X-ray diffraction techniques. Under a high anodic applied potential
both complexes evolve towards the formation of Ru-aquo derivative species namely,
[Ru"(pdc-k3-N'0?)(bpy)(OH2)]*, 1-0 and [Ru"(O)(pdc-k%-N'0!)(bpy).], 2-O. These two
complexes are active catalysts for the oxidation of water to dioxygen reaction and their
catalytic activity is analyzed based on electrochemical techniques. A TOFmax = 2.4-3.4 x103 572,

has been calculated for 2-0.
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4. 1. Introduction

Water oxidation (WO) catalysis is one of the key process involved in the light induced water
splitting (WS) reaction. This process generates hydrogen as a clean fuel from an inexhaustible
source of energy, sunlight.! The overall reaction is depicted in Eq. 1, that can be split in the
respective two half reactions in Eq. 2 (WO) and Eq. 3 for proton reduction (PR).? Given the
beneficial impact of such a sustainable process on our society, the development of efficient
catalysts to perform the WO reaction has experienced increasing interest.>> Among the most
efficient catalysts described to date, ruthenium coordination complexes containing flexible,
adaptative, multidentate and equatorial (FAME) ligands have shown to perform remarkably
well.*® Another key feature of the best performing WO catalysts is the presence of
carboxylate groups in the coordination sphere of the metal center, providing stability to the
metal high oxidation states and lowering the overpotential of the reaction.”* In addition, the
presence of dangling carboxylate group, strategically situated so that it can intramolecularly
accept a proton at the water nucleophilic attack stage, significantly reduces the energy of

activation at this step and thus greatly increases reaction rate.3”%°

2H20+4hl)9 2H, + O, (1)
2H,0 + > 0, + 4H" + 4e” (2)
4H* + 4 > 2H, (3)

Ruthenium complexes have also been crucial to understand the mechanistic pathways
responsible for the 0O-0'®*® bond formation and how the coordination sphere around the
metal center influence these pathways. Other factors such as the pK, of ruthenium aquo (Ru-
OHy) intermediate species have also been shown to strongly impact the performance of the
water oxidation catalysts.’®2° All these insights are of paramount importance because they
have allowed the rational design of catalysts that nowadays can perform as fast as 7,900 s

at neutral pH.?®

In this work, we explore the water oxidation catalytic activity of Ru complexes containing the
meridional tridentate dianionic ligand 2,6-pyridinedicarboxylato (pdc*), which can show
different coordination modes.?! For instance, it can coordinate in a tridentate k-N!O?
meridional fashion and provide a strong sigma donation to the metal center?:2 but also it can
bind in a bidentate k-N'O* mode leaving a pendant carboxylate.?! We report the preparation,
purification and isolation of two new Ru complexes [Ru"(pdc-x3-N?02)(bpy)Cl], 1" and
[Ru"(pdc-k%-N10Y)(bpy).], 2" shown in Scheme 1, that in addition to the pdc? ligand also
contain one or two neutral bidentate 2,2’-bipyridne (bpy) ligands respectively. We have

studied the spectroscopic, redox and structural properties of these two complexes and we
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have also shown that they are precursors to Ru complexes capable of catalytically oxidize
water to dioxygen. The activity of the catalysts are evaluated based on electrochemical

techniques.

4. 2. Experimental Section

Materials

RuCls-xH,0 was purchased from Alfa-Aesar. The precursor complex [Ru(DMSO)4Cl;] was
prepared according to a reported procedure.?* 2,6-pyridindicarboxylic acid (H.pdc) and other
chemicals were obtained from Aldrich and used as received. Solvents were dried with a SPS®
system and degassed by bubbling nitrogen before starting the reactions. High purity de-
ionized water used for the electrochemistry experiments was obtained by passing distilled
water through a nanopure Mili-Q water purification system. For other spectroscopic and

electrochemical studies, HPLC-grade solvents were used.
Instrumentation and Methods

A Bruker Avance 500 MHz were used to carry out NMR spectroscopy. ESI-Mass spectra were
recorded using micromass Q-TOF mass spectrometer. Elemental analyses were carried out on
Perkin-Elmer 240C elemental analyzer. The EPR experiments were carried out at 4 K on frozen
solutions by using a X-band spectrometer (Bruker ELEXYS E580). The pH of the solutions was
determined by a pHmeter (CRISON, Basic 20*) calibrated before measurements through
standard solutions at pH 4.01, 7.00 and 9.21. Oxygen evolution was analyzed with a gas phase
Clark type oxygen electrode (Unisense Ox-N needle microsensor) and calibrated by the
addition of small quantities of oxygen (99%) at the end of the experiment. All electrochemical
experiments were performed in an |J-Cambria CHI-660 potentiostat using a three-electrode
one compartment cell for cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
or two compartment cell for bulk electrolysis. E1/2 values reported in this work were estimated
from CV experiments as the average of the oxidative and reductive peak potentials (Ep. +
Epc)/2 or from DPV. The Reference Electrode (RE) was Hg/Hg.S0O4 (K;SO4 saturated) and
potentials were converted to NHE by adding 0.65 V. Glassy carbon disk (¢ = 0.3 cm, S = 0.07
cm?), Pt disk and Hg/Hg,S04 (K.SO, saturated) were used as Working Electrode (WE), Counter
Electrode (CE) and Reference Electrode (RE) respectively, unless explicitly mentioned. Glassy
carbon electrodes were polished with 0.05 um alumina (Al,O3) and rinsed with water. CVs and
DPVs were iR compensated by the potentiostat in all the measurements. CVs were recorded

at 100 mV-s scan rate. DPV parameters were AE = 4 mV, Amplitude = 50 mV, Pulse width =

131



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 4

0.05 s, Sampling width = 0.0167 s, Pulse period = 0.5 s. The complexes were dissolved in
dichloromethane or acetone containing [(n-Bu)sN][PF¢] (0.1 M) as supporting electrolyte. In
aqueous solution the electrochemical experiments were carried out in / = 0.1 M phosphate
buffer solutions with desired pH. The Pourbaix diagrams were built using the following
buffers: sodium dihydrogen phosphate/phosphoric acid up to pH = 4 (pK, = 2.12), sodium
hydrogen phosphate/ sodium dihydrogen phosphate up to pH = 9 (pK, = 7.67), sodium
hydrogen phosphate/sodium phosphate up to pH = 13 (pK,= 12.12) and also 0.1 M CFsSOsH
for pH=1.0. For routine bulk electrolysis experiments in figure 4C, a Pt grid was used as a WE,
another Pt grid as a CE and a Hg/Hg,S0,4 (K2SO4 saturated) as a RE. For the bulk electrolysis
experiment for oxygen detection, a glassy carbon rod (S = 8.2 cm?) was used as a working

electrode and Ag/AgCl (sat. KCl) as a RE.

For Figure S11, to generate [Ru"(pdc-x3-N'O?)(bpy)(OH,)]*, 1-O complex from 1 mM of
[Ru"(pdc-k3-N10?)(bpy)Cl], 1" bulk electrolysis experiment was carried out in three-electrode
one compartment cell for 5 min at E5pp = 1.6 V without stirring. A glassy carbon disk was used
as a WE, Pt disk as a CE and a Hg/Hg,S0, (K2SO4 saturated) as a RE. For Figure S15, to see the
coordination of DMSO, [Ru"(pdc-k%-N0!)(bpy)(dmso)Cl], to the complex [Ru"(pdc-k3-
N1O?)(bpy)Cl], 1" bulk electrolysis experiment was carried out in three-electrode one
compartment cell for 2 min at Espp = 0 V without stirring. A glassy carbon disk was used as a
WE, Pt disk as a CE and a Hg/Hg>S04 (K,SO, saturated) as a RE. iR compensation by the

potentiostat was not applied in this technique.
Single Crystal X-Ray Structure Determinations

Crystal Preparation: Crystals of [Ru"(pdc-x3-N10?)(bpy)Cl], 1", was obtained from reaction in
methanol solvent. [Ru"(pdc-x>-N'0')(bpy).], 2" and [Ru"(Hpdc-k*-N'0)(bpy).]**, 2™ were
grown by slow evaporation of methanol:hexane and water:acetonitrile respectively. The
measured crystals were prepared under inert conditions immersed in perfluoropolyether as

protecting oil for manipulation.

Data Collection: Crystal structure determination for compounds 1", 2" and 2" were carried
out using a Rigaku diffractometer equipped with a Pilatus 200K area detector, a Rigaku
MicroMax-007HF microfocus rotating anode with MoK, radiation, Confocal Max Flux optics
and an Oxford Cryosystems low temperature device Cryostream 700 plus (T = -173 "C). Full-

sphere data collection was used with @ and ¢ scans. Programs used: Data collection and
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reduction with CrysAlisPro?® V/.60A and absorption correction with Scale3 Abspack scaling

algorithm.?®

Structure Solution and Refinement: Crystal structure solution was achieved using the
computer program SHELXT.?” Visualization was performed with the program SHELXle.?
Missing atoms were subsequently located from difference Fourier synthesis and added to the
atom list. Least-squares refinement on F? using all measured intensities was carried out using
the program SHELXL 2015.% All non-hydrogen atoms were refined including anisotropic

displacement parameters.

Comments to the Structures: [Ru"'(pdc-k3-N20?)(bpy)Cl], 1": The asymmetric unit contains
one molecule of the metal complex and one methanol molecule. [Ru"(pdc-k2-N*0Y)(bpy).], 2"
: The asymmetric unit contains one molecule of the metal complex and two molecules of
water. [Ru"(Hpdc-k*-N'0?)(bpy),]**, 2": The asymmetric unit contains one molecule of the
metal complex, 1 % PFs-anions, 1.75 molecules of acetonitrile and 0.25 molecules of
dichloromethane. In this metal complex one of the carboxylates is protonated with 0.5
occupancy (although hydrogen atoms can only be localized with difficulties, the distances
indicate unambiguously that one of the oxygen atoms is protonated). In one of the solvent
position, an acetonitrile and a dichloromethane molecule are sharing its position by disorder

with a ratio of respectively 75:25.

Synthesis of [Ru"(pdc-k3-N'0?)(bpy)Cl], 1". In a 100 mL two neck round-bottom flask,
RuCls.xH,0 (262 mg, ca. 1 mmol) and LiCl (42 mg, 1Immol) were dissolved in 20 mL of degassed
methanol. Then, a 10 mL degassed aqueous solution of 2,6-pyridine dicarboxylic acid (167 mg,
1 mmol) and sodium carbonate (106 mg, 1mmol) were added slowly to the reaction mixture.
After 20 minutes of stirring at room temperature, 10 mL of a degassed methanol solution of
2,2 -bipyridine (156 mg, 1 mmol) was added slowly and refluxed for 4 h under N, atmosphere.
The resulting orange-red crystalline solid was filtered and washed with methanol and diethyl
ether (320 mg, 0.70 mmol, Yield: 70 %). Single crystals were selected from this batch to
perform single crystal X-ray diffraction analysis. Anal. Calc. for (Ci7H1:CIN3O4Ru-CH30H): C,
44.13%; H, 3.09%; N, 8.58%; S. Found: C, 43.95%; H, 2.76%; N, 8.58%. ESI*-HRMS (MeOH) m/z
calc. for [M+Na]* : 480.9406, found m/z: 480.9376.

Synthesis of [Ru"(pdc-k%-N!O?)(bpy)(DMSO)CI] in situ. In a NMR tube or in a UV-Vis
spectroscopy cell, 20 uL of triethylamine were added to a solution of 0.5 mL [Ru"(x*-
pdc)(bpy)Cl] in [ds]-DMSO for the NMR and DMSO for the UV-vis. *H-NMR (500 MHz, [ds]-
DMSO + triethylamine) &: 9.31 (d, J = 4.9 Hz, 1H), 8.48 (d, J = 5.05 Hz, 1H), 8.29 (t, J = 8.35 Hz,
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2H), 7.88 (t, J = 7.55 Hz, 1H), 7.81 (m, 3H), 7.38 (dd, J = 12.2 Hz and 5.05 Hz, 2H), 7.05 (dd, J =
7.1 Hz and 2.1 Hz, 1H). 3C-NMR (125 MHz, [ds]-DMSO + triethylamine) &§: 172.3, 167.8, 164.3,
161.4, 161.2, 155.4, 152.9, 150.3, 137.2, 134.9, 134.7, 1245, 123.8, 123.7, 122.9, 121.9 and
121.4.

Synthesis of [Ru"(pdc-x3-N'0?)(bpy)(OH>)] in situ, 1-0. In a 100 mL two neck round-bottom
flask, [Ru"(pdc-k3-N'0?)(bpy)Cl] (100 mg, 0.21 mmol) and AgClO4 (50 mg, 0.24 mmol) in 40
mL of a mixture of acetone: water (75:25) were heated at reflux under N, atmosphere for 3
h. The color of the solution changed from orange red to green. A CV analysis of the reaction
crude mixture shows almost complete conversion of the starting material to a new species
with a Ru"™" couple consistent with the corresponding Ru-OH, complex (Figure S14 in the
supporting information). After several attempts to purify this compound, it was not possible
to isolate it in a pure form due to the formation of higher nuclearity oxo-bridged species as
suggested by UV-Vis spectroscopy, which showed typical absorptions in the range of 650-800

nm.

Synthesis of [Ru"((pdc-x2-N10Y)(bpy).]-3H,0, 2". In a 100 mL two neck round bottom flask
[Ru"(pdc-k3-N10?)(Cl)(DMS0)2]% (560 mg, 1 mmol) and 2,2 -bipyridine (312 mg, 2 mmol) were
dissolved in degassed methanol (40 mL) and refluxed for 4 h. The mixture was then
evaporated to dryness and the resulting solid dissolved in CH,Cl, and purified by column
chromatography with neutral alumina using a mixture of CH,Cl,/MeOH (100:5, v/v) as eluent.
A red color fraction was collected giving a solid identified as the product (350 mg, 0.60 mmol,
Yield: 60 %). Single crystals were grown by slow evaporation of the complex in a 1:1 mixture
of methanol:hexane. Anal. Calc. for (C;7H19NsO4Ru -3H,0): C, 51.31%; H, 3.63%; N, 11.02%.
Found: C, 51.26%; H, 3.98%; N, 11.07%. *H-NMR (500 MHz, [d;]-MeOD) &: 8.67 (d, J = 5.7 Hz,
1H), 8.60 (d, J = 5.6 Hz, 1H), 8.58 (d, J = 8.1 Hz, 1H), 8.56 (d, J = 8.2 Hz, 1H), 8.48 (d, J = 8.1 Hz,
1H), 8.33 (d, J = 8 Hz, 1H), 8.09-8.06 (m, 3H), 7.97 (t, J = 7.7 Hz, 1H). 7.85 (td, J = 1.4 and 7.9
Hz, 1H), 7.75-7.70 (m, 2H ), 7.62 (t, J = 6.5 Hz, 1H ), 7.56 (t, J = 6.4 Hz, 1H), 7.39 (d, J = 5.1 Hz,
1H), 7.34 (dd, J = 1.5 and 7.7 Hz, 1H), 7.21 (t, J = 6.6 Hz, 1H), 7.06 (t, J = 6.7 Hz, 1H). 3C-NMR
(125 MHz, [d4]-MeOD) 6: 175.6, 170.7, 165.8, 160.9, 160.4, 160.0, 159.4, 155.5, 154.8, 152.9,
152.5,150.6,139.2,137.8,137.7,137.5,136.3,127.9,127.4,127.4,126.6,126.4, 126.4, 124.5,
124.3, 124.3 and 123.8. (ESI*-HRMS; MeOH) m/z calc. for [M]*: 580.0585, found m/z:
580.0563.

Synthesis of [Ru"(Hpdc-x?-N'0?)(bpy)2](PFe)z, 2". In a 25 mL round bottom flask, a solution

of cerium(lV) ammonium nitrate (21 mM, 1.05 eq, 1 mL in pH 1) was added dropwise to a
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solution of [Ru'(pdc-k*-N'0?)(bpy),] in water (2.0 mM, 10 mL) and the mixture was stirred at
room temperature for 15 minutes. A green color precipitate was obtained when a saturated
aqueous solution of KPFs was added. The solid was filtered and washed with water, methanol
and diethyl ether (10 mg, 0.0135 mmol, Yield: 65%). Single crystals were obtained from slow

evaporation of a solution in a mixture of water and acetonitrile.

Synthesis of [Ru"(pdc-k3-N'0?)(bpy).]**, 2". Inside a NMR tube, a solution of cerium(IV)
ammonium nitrate (42 mM, 2.1 eq, 0.1 mL in pD 1) was added dropwise to a solution of
[Ru"(pdc-k%-N10)(bpy).] in deuterated water (2 mM, 1.0 mL) and the mixture was stirred for
5 minutes. *H-NMR (500 MHz, [d,]-D,0) &: 8.85 (t, J = 7.7 Hz, 1H), 8.77 (d, J = 8.1 Hz, 2H), 8.72
(d, J=8.2 Hz, 2H), 8.59 (d, /= 7.7 Hz, 2H), 8.52 (t, J = 7.9 Hz, 2H), 8.31 (t, /= 7.9 Hz, 2H), 7.87-
7.83 (m, 4H), 7.64 (t, J = 6.8 Hz, 2H). 7.58 (t, J = 6.7 Hz, 2H). 3C-NMR (125 MHz, [d,]-D,0) 6:
168.1, 155.1, 151.5, 149.9, 148.9, 147.7, 147.1, 144.8, 142.9, 133.9, 129.9, 128.5, 127.2 and
126.6.
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4. 3. Results and Discussion

4. 3. 1. Synthesis, Spectroscopic and Structural Characterization

The complex 1" was synthesized by slow addition of an aqueous solution of sodium 2,6-
pyridindicarboxylate to a MeOH solution of the ruthenium precursor RuCls-xH,0 followed by
addition of 1 equivalent of bpy also in MeOH as indicated in Scheme 1. The final solution was
refluxed for 4 h and on cooling an orange-red crystalline solid of the desired complex
precipitates with 70% vyield. Crystals suitable for single crystal x-ray diffraction studies were

obtained and its molecular structure is shown in Figure 1 A.

i 1. pdc® i 3.N102 fHle o 3.N1O2 ._2.DMsSQ I 2.N101 -
RuCly — = [Ru"!(pdo-x®-N'0%)(bpy)C] [Ru(pdc-3-N102)(bpy)(CH —22M5S [Rul(pdc-2-N'0")(bpy)(DMSO)CI]
- bpy

qm

(o}

\ K
_ N—Ru'"-N.

dmso’g

pde® 2eq.b Ce(lV.
[Ru'(DMS0),Cl,] ———[Ru'(pdc-x*-N'02)(DMSO),CI] — 5 [Ru“(pdc-KZ-N1o1)(bpy)z]#» [Ru"(Hpdc-x®-N"0")(bpy),I2*
2!l +H pAll

Ce(IV)
® H

N
7\ |\o
~_N

o [Ru™(pd--N'02)(bpy),J2*
IN I \ 2V
PLEAV r =

Scheme 1. Synthetic scheme and labelling.

It has a highly distorted octahedral geometry due to the strain imposed by the pdc*
meridional ligand with O-Ru-O angle of 157° as opposed to the 180° expected for an ideal
octahedron. It shows similar bond distances and angles to those reported for related

complexes. 23

Reduction of 1" in DMSO with NEts, generates a new complex, [Ru'(pdc-x3-
N0 (bpy)(DMSO)CIT, where the pdc?* changes its coordination mode from tridentate k-N10O?
to bidentate k-N'O! as evidenced by NMR spectroscopy and Cyclic Voltammetry (CV)
experiments (Figures S1 and S15 in the Sl). As a consequence of the DMSO coordination the

complex loses its Cs symmetry and thus all pdc? proton resonances are different.
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On the other hand, complex 2" was prepared in 60% yield by reacting the ruthenium precursor
[Ru"(k3-N10?)(Cl)(DMSO0),] % dissolved in MeOH with 2 equivalents of bpy ligand under reflux.
The *H NMR spectrum of the product shows the non-symmetric nature of the complex with
two sets of resonances for the bpy ligands as well as the corresponding non symmetric
resonances for the pdc? protons, in agreement with the bidentate k-N'O? coordination mode
of the latter (Figure 2 and Figures S3-S4 in the Sl). Upon oxidation with 1 equivalent of

cerium(lV) ammonium nitrate (Ce'), the corresponding Ru'"' derivative, [Ru"(Hpdc-x2-

N*0Y)(bpy)2]*, 2" was isolated.

Single crystals of both the Ru" and Ru" species were obtained and their ORTEP structures are
shown in Figures 1B and 1C, respectively. Complex 2" displays the typical slightly distorted
octahedral geometry around the ruthenium, as expected for low-spin d® Ru" ion.3%32 The bpy
ligands occupy both axial and equatorial positions assuming the ®k-NO-pdc? ligands binds in

the equatorial plane, with a dangling carboxylate not bonded to Ru.

Figure 1. ORTEP plots at 50% probability for [Ru"(pdc-k3-N'02)(bpy)Cl], 1" (A), [Ru"(pdc-k2-
N0Y)(bpy)2], 2" (B) and [Ru"(Hpdc-k?>-N'0?)(bpy)2]%*, 2" (C).

The one electron oxidized Ru", 2" shows a very similar structure with the Hpdc™ ligand also
coordinating in a bidentate k -N'0! mode but with the nonbonding carboxylate protonated.
The Ru-O bond distance of the Ru"' compound is slightly shorter than that of its parent Ru'"

complex, average 2.00 (1) A vs. 2.08 (1) A, respectively, as expected.

The addition of two equivalents of Ce"V to a solution of 2" generates the Ru"“ derivative,
[Ru"(pdc-k3-N10?)(bpy).]?*, 2" which slowly converts to the Ru" compound over time as
monitored by NMR spectroscopy (see Figures S7 in the Sl), hindering the formation of high
quality crystals suitable for single crystal X-ray diffraction. However, it was possible to fully
characterize the Ru" species by NMR and UV-Vis spectroscopy (Figure 2, Figures S6 and S9 in

the Sl). All the analysis are consistent with a diamagnetic compound, corresponding to a low-
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spin d* Ru" center with a (dx ,d;)* electronic configuration and pentagonal bipyramidal
geometry.'>?? [Ru"(pdc-x3-N'0?)(bpy)2]** shows less number of resonances in the 'H NMR
spectrum compared to its Ru" derivative [Ru"(pdc-k>-N!0%)(bpy).] in agreement to the
symmetry increase (Figure 2). In addition, they are shifted to lower field in accordance with

the higher oxidation state of the Ru center.

[Ru(pdc-x3-N*0?)(bpy),]** L

(1

W
___J“\J‘ Vi JU L)

[Ru"(pdc-k2-N'0?)(bpy),]

I T 1 T T T T 1 T 1 T T

T
8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 ppm

Figure 2. 'H NMR (500 MHz, 298 K, [d2]-D20) of [Ru"(pdc-k2-N'0?)(bpy)2], 2" (black, bottom) and
[Ru"(pdc-%3-N*0?)(bpy)2]?*, 2"V (magenta, top). The Crystal Field Splitting of d-orbitals and electronic
configuration under 6-coordination-octahedral (On) or 7-coordinated pentagonal bipyramidal (Dsh)
geometries are indicated next to each spectrum.

Complex 2" is low spin d° with an unpaired electron. As a consequence, all resonances in the
'H NMR spectrum are broadened and highly shifted with regard to the Ru" analogue (Figure
S5a in the Sl). On the other hand, it exhibits typical EPR features of unsymmetrical Ru"
complexes with g« = 2.69, g, = 2.42, g, = 2.04 (Figure S5c in the Sl). The large g anisotropy and
the deviation of the average g factor from the free electron value of 2.0023 point to significant
contributions from the heavy metal with its high spin—orbit coupling constant to the spin
distribution.?*3* The Ru" chlorido complex 1" also shows a characteristic signal of the
corresponding unpaired electron, but with a broader signature (Figure S5e in the SI).3! Both

Ru'"and Ru" derivatives, 2" and 2", are EPR-silent as expected for complexes with no unpaired

electrons.

The UV-vis spectra of complexes 2", 2" and 2"V were recorded in 0.1 M triflic acid aqueous
solutions (pH 1.0) (Figure S9 in the supporting information). Typical Ru-bpy metal to ligand

charge transfer (MLCT) bands are observed in the 380-550 nm range for the Ru'" compound,
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" which

where as a single transition at 360 nm is observed in that range of the spectrum for Ru
is essentially featureless for Ru'. Analogous spectra could be obtained by spectrophotometric
redox titration of 2" with Ce", exhibiting isosbestic points as displayed in the Figure S10 in the

Sl.
4. 3. 2. Electrochemical Characterization and Catalysis

The electrochemical behavior of complexes 1" and 2" were analyzed by cyclic voltammetry
(cv), differential pulse voltammetry (DPV) and bulk electrolysis experiments in
dichloromethane (DCM) containing 0.1 M of [(n-Bu)4N][PFs] (TBAH) and 0.1 M ionic strength
buffered aqueous solutions at different pHs. All redox potentials reported in this work are

referred to the NHE electrode.

In DCM complex 1" shows a reversible redox wave at E1,=0.31 V (AE = 75 mV) attributed to
the Ru"" couple (Figure 3, left). On the other hand, complex 2" shows two chemically
reversible and electrochemically quasi-reversible waves at E1,=1.05V (AE = 62 mV) and Ey»
= 1.32 V (AE = 120 mV) attributed to the Ru"”/" and Ru'" couples respectively (Figure 3,
right).3® The relatively easy access to the IV/Ill redox potential at only 270 mV above the lil/1I
is a clear indication of the 7 coordinated nature of the oxidized compound, as already been

proven by NMR spectroscopy (Figure 2).

12
10+ Ru"/Ru"
8 Ru/Ru"
54 Ru"/RY"
— — 44
< o 3
= ol
-5
-4
-104
T T T T T T -8 T T T T T T
00 02 04 06 08 10 06 08 10 12 14 16 18
E (V) vs NHE E (V) vs NHE

Figure 3. Cyclic voltammetry experiments in dichloromethane-0.1 M [(n-Bu)sN][PFs] of a 1 mM
solution for [Ru"(pdc-k3-N10?)(bpy)Cl], 1" (left) and [Ru"(pdc-k2-N10?)(bpy)2], 2" (right). WE: glassy
carbon disk; CE: platinum disk; RE: Hg/Hg2S0a. Scan rate = 100 mV/s.
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The chlorido complex 1" in aqueous solution at a pH 7 phosphate buffer (phbf), shows a Ru""
redox wave at Ei; = 0.44 V (AE = 65 mV) (Figure S11 in the SI) and a second wave at 1.45 V
which is chemically irreversible. It thus indicates that Ru'v-Cl complex is not stable and
undergoes oxidative Ru-Cl degradation to form most likely Cl, (g) as has been proposed for
related complexes. This produces the in situ generation of the Ru-OH, complex, [Ru'(pdc-x3-
N02?)(bpy)(H20)] that can act as a water oxidation catalyst. Indeed, a bulk electrolysis
experiments of 1" at 1.6 V for 5 minutes at pH 7 involved a charge of 7.2 mC, which implies
0.05 mols of electrons per mol of 1". The shape of the current vs. time is in agreement with
the in situ generation of a water oxidation catalyst (Figure S11a in the Sl). A CV and DPV
analysis of the solution after the bulk electrolysis experiment reveals the generation of three
new waves at E=0.27 V, E=0.80V and £ = 1.41 V that can be tentatively assigned to the llI/II,
IV/IIl and V/IV couples of [Ru"(pdc-k3-N10?)(bpy)(H.0)] respectively (Figures S11b and 11c in

the Sl). The latter one being responsible for the catalytic phenomenon.

On the other hand, the CV of complex 2" at pH 7 shows two pH independent redox waves at
E12=0.89 V (AE =90 mV) and 1.23 V (AE = 70 mV) associated with the llI/Il and IV/Ill couples
as can be observed in Figure 4A. Figure 4B shows the effect of carrying out 100 repetitive CV
within the potential range 0-1.6 V at the same pH. As can be observed in the inset as the
number of cycles increases new small waves appear that are indicated with blue arrows

together with the presence of a large electrocatalytic wave at 1.4-1.6 V.

In order to get more insights into the new species formed upon cycling, bulk electrolysis
experiments at Espp = 1.45 V for 2 h were conducted (Figure 4C) which involved a charge of
7.93 C and 4.8 mols of electrons per mol of initial Ru" clearly indicating the presence of an
electrocalytic process. The solution generated under these conditions was analyzed by DPV
experiments that are shown in Figure 4D. The DPV shows that the waves associated with the
initial complex have drastically decreased and a set of new waves appearat E=0.25V, E =
0.46 V, E=0.73 Vand E=1.03 V. Further as shown by DPV at different pH all these waves are
pH dependent and therefore involving proton coupled electron transfer (PCET) processes that
in turn indicate the presence of Ru-OH, groups in the new species generated (Figure S13 in
the Sl). Finally, a very large and intense wave can be observed at approximately 1.35 V

attributed to the catalytic oxidation of water to dioxygen.
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Figure 4. A, CV of a pH 7 phbf solution of 1 mM of 2". B, 100 consecutive CV cycles. Inset, enlargement
of the 0-0.8 V range. The blue arrows indicate small new waves growing. C, bulk electrolysis of a pH
8 phbf solution of 2 mM of 2" at Eapp = 1.45 V for 2 h. D, DPV of a pH 7 phbf solution of 2 mM of 2"
(black) and of the solution obtained after the bulk electrolysis in C adjusted to pH 7 (red).

Itisimportant to note that waves at 0.25 and 0.73 V assigned to [Ru"(pdc-x3-N'0?)(bpy)(H20)],
1-0, species generated from the coulometry of 1" coincide with those generated by the
coulometry of 2", meaning that one of the transformation processes involves bpy ligand loss
as indicated in path A of Scheme 2. Further by checking the potential as a function of pH we
were able to generate a Pourbaix diagram that is presented in the Figure 5A. The pK,
calculated from the slope changes are 4 for Ru" and 11 for Ru'" and are gathered in Table 1

together with similar data for related complexes previously described in the literature.

The strong sigma donating effect of the pyridyldicarboxylato ligand can be clearly observed
on the increase of pK.'s (10 = 11 (lI); 2 = 4 (Il)) and reduction of the V/IV redox couples

when comparing for instance with [Ru(trpy)(bpy)(H20)]** (entry 1).3°
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Figure 5. Pourbaix diagrams of [Ru-OH;] species derived from bulk electrolysis of 2". A) 1-O and B)
2-0. The black solid lines indicate the redox potentials for the different redox couples, whereas the
dashed vertical lines indicate the pKa. The zone of stability of the different species is indicated only
with the Ru symbol, its oxidation state, and its degree of protonation of the aquo ligand. For
instance, “Ru¥-0” is used to indicate the zone of stability of [RuY(0)(pdc-k3-N10?)(bpy)]* for the 1-0
derived species (A) and [RuY(0)(pdc-k2-N10?)(bpy):]* for the 2-O derived species (B).
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On the other hand, the waves at 0.46 and 1.03 V are assigned to a new species where one of
the carboxylate arms of pdc? is substituted by an oxo group generating the seven coordinated

species [Ru"Y(O)(pdc-x2-N'0?)(bpy).], 2-0 (Scheme 2, path B).

The Pourbaix diagram obtained for this complex is presented in Figure 5B. Here the I/l redox
potential is significantly higher than for [Ru"(pdc-x3-N'02?)(bpy)(H.0)], 1-O, since in the
present complex the pdc? ligand acts in a k-N*O* mode and thus only one of the two anionic
charges is directly felt by the Ru center. In sharp contrast the V/IV redox potentials are similar
which is due to the cancelling effect of CN7 vs. CN6 1 vs. 2 anionic charges, a phenomenon

that has been previously described for related Ru-aquo complexes.>37:38
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Scheme 2. Generation of water oxidation catalytically active species from 2.

The water oxidation catalytic cycles proposed for 1-O and 2-0 are presented in Scheme 2. The
main differentiating feature for the two cycles is that for 2-O the high oxidation state species
are CN7 and a dangling carboxylate is ready for an intramolecular proton transfer at the 0-O
bond formation step that is generally the rds, and thus radically decreases the energy of

activation at this step as has been previously shown for related complexes.

143



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 4
450
4 60 y = 264.9x + 6.2712
350 1 ;.
2250 1~ 20 - /
53: - -
~150 {4 o+—m—F——
-0.1 0.1 0.3 0.5
1/ (1+e((E*-E)-F/RT))
50 -
50 r r T T T T T T
0.0 0.4 0.8 1.2 1.6
E (V) vs NHE

Figure 6. CV of a mixture of 0.92 mM of [Ru"(pdc-x3-N'0?)(bpy)(H20)], 1-O and 1.08 mM of
[RuM(0)(pdc-k2-N'0Y)(bpy)2], 2-0 at pH 7.0 phbf. Inset: FOWA plot of the catalytic current. The gray
line represents the experimental data used for the FOWA analysis, and the black solid line shows the
experimental data used for the extraction of TOFmax.

Indeed, a FOWA analysis 3°*! of the catalytic current (see Figure 6) for the mixture of 1-0 and
2-0 gives a TOFnax Value for the catalytic process of 2.4-3.4 x 10° s, for 2-0 assuming that

the initial current at the foot is solely due to the fastest WOC.

Finally, an analysis of the gas phase of a bulk electrolysis experiments of 1 mM of 2" at an
applied potential of 1.45 V for 1.2 h (4.25 C; 15 mols of electrons/mols of 2"; 3.5 turnover
numbers) confirms the evolution of O, gas with a Faradaic efficiency of 90%. (see Figure S16

in the SI).
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Tablel. Thermodynamic and catalytic data for Ru-pdc and for related Ru complexes described in the literature at pH = 7.0.

Ei/2 (V) vs NHE pKa
Entry Complexes® V/IV W11 /i PAE Ru"-OH, Ru"-OH, Ru-OH TOFd
1% [Ru(trpy)(bpy)(H:0)]** 186  0.83 0.72 110 98 1.7 - 1.5% 10°
2% cis-[Ru(trpy)(pic)(H.0)]* - 0.80 0.62 180 10.0 3.7 - -
3% trans-[Ru(trpy)(pic)(H.0)]** - 0.69 0.45 240 10 2.0 - -
4% out-[Ru(Hbpp)(trpy)(H20)]2* - 0.85 0.52 370 111 2.8 - -
544 [Ru(bpc)(bpy)(H20)]* - - 0.56 - 10.6 2.6 - 1.6x 10?
6 [Ru(pdc)(bpy)(H.0)]** 141 0.73 025 480 11 4 -
7% Ru(bda)(isq)2(H20)] 1.11 0.88 0.55 330 5.5 12.9 - 3.0x 102
8L [Ru(tda)(py)20H] 1.43 0.87 0.70 170 - - Ru" (5.5) 8.0x 103
9e [Ru(pdc)(bpy)20H] 1.47 1.03 0.46 570 - - Ruv(5.0) 3.4x 103

aligand abbreviations: trpy = 2,2’:6’,2”-terpyridine, bpy = 2,2’-bipyridine, pic = 2-picolinate, Hbpp = 3,5-bis(2-pyridyl)pyrazole, bpc = 2,2'-bipyridine-6-
carboxylate, pdc = 2,6-pyridinedicarboxylate, bda = 2,2’-bipyridine-6,6’-dicarboxylate, tda = 2,2":6’,2"-terpyridine-6,6"-dicarboxylate, py = pyridine. PAE=
E(IV/IN)-E(111/11). °TOF stands for initial Turn Over Frequencies in cycles per second. These values are extracted for the catalytic reactions involving 1.0 mM
Cat/100 mM Ce" in a 0.1 M triflic acid solution with a total volume of 2 mL (entry 1, 5 and 7). “TOF stands for Maximum Turn Over Frequencies per second. This

value has been extracted from Foot of the Wave Analysis of CV and DPV experiment in pH7 (entry 8 and 9). © this work.
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4. 4. Conclusion

In conclusion, two new Ru complexes [Ru"(pdc-x3-N*02)(bpy)Cl], 1", [Ru"(pdc-k>-N10)(bpy).],
2" and their reduced and oxidized species are reported. Under high anodic potentials they
evolve towards the formation of Ru-aquo complexes [Ru"(pdc-x3-N?02)(bpy)(OH,)]*, 1-0 and
[Ru(O)(pdc-k>-N10)(bpy).], 2-O that are powerful and rugged water oxidation catalysts.
These two complexes operate water oxidation catalysis with active species that involve six
coordination for the Ru center in 1-O and seven coordination in 2-0. The present work
uncovers and highlights the complexity involved in water oxidation catalytic processes when
transition metal complexes are exposed to high oxidation potentials needed for water

oxidation catalysis.

146



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 4

4. 5. References

(2) Lewis, N. S.; Nocera, D. G. Proc. Natl. Acad. Sci. 2006, 103, 15729.

(2) Berardi, S.; Drouet, S.; Francas, L.; Gimbert-Surinach, C.; Guttentag, M.; Richmond, C.;
Stoll, T.; Llobet, A. Chem. Soc. Rev. 2014, 43, 7501.

(3) Matheu, R.; Garrido-Barros, P.; Gil-Sepulcre, M.; Ertem, M. Z.; Sala, X.; Gimbert-
Surifiach, C.; Llobet, A. Nat. Rev. Chem. 2019, 3, 331.

(4) Blakemore, J. D.; Crabtree, R. H.; Brudvig, G. W. Chem. Rev. 2015, 115, 12974.

(5) Cao, R.; Lai, W.; Du, P. Energy Environ. Sci. 2012, 5, 8134.

(6) Llobet, A.; John Wiley & Sons, Molecular water oxidation catalysis: a key topic for new
sustainable energy conversion schemes, 2014.

(7) Garrido-Barros, P.; Gimbert-Surifiach, C.; Matheu, R.; Sala, X.; Llobet, A. Chem. Soc.
Rev. 2017, 46, 6088.

(8) Tong, L.; Thummel, R. P. Chem. Sci. 2016, 7, 6591.

(9) Xie, Y.; Shaffer, D. W.; Concepcion, J. J. Inorg. Chem. 2018.

(10) Savini, A.; Bellachioma, G.; Bolafo, S.; Rocchigiani, L.; Zuccaccia, C.; Zuccaccia, D.;
Macchioni, A. ChemSusChem. 2012, 5, 1415.

(12) Bucci, A.; Savini, A.; Rocchigiani, L.; Zuccaccia, C.; Rizzato, S.; Albinati, A.; Llobet, A,;
Macchioni, A. Organometallics 2012, 31, 8071.

(12) Savini, A.; Bucci, A.; Nocchetti, M.; Vivani, R.; Idriss, H.; Macchioni, A. ACS Catal. 2015,
5, 264.

(13) Menendez Rodriguez, G.; Bucci, A.; Hutchinson, R.; Bellachioma, G.; Zuccaccia, C.;
Giovagnoli, S.; Idriss, H.; Macchioni, A. ACS Energy Lett. 2017, 2, 105.

(14) Macchioni, A. Eur. J. Inorg. Chem. 2019, 2019, 7.

(15) Matheu, R.; Ertem, M. Z.; Benet-Buchholz, J.; Coronado, E.; Batista, V. S.; Sala, X.;
Llobet, A. J. Am. Chem. Soc. 2015, 137, 10786.

(16) Shaffer, D. W.; Xie, Y.; Szalda, D. J.; Concepcion, J. J. Inorg. Chem. 2016, 55, 12024.
(17) Keidel, A.; Lopez, I.; Staffa, J.; Kuhlmann, U.; Bozoglian, F.; Gimbert-Surifiach, C,;
Benet-Buchholz, J.; Hildebrandt, P.; Llobet, A. ChemSusChem. 2017, 10, 551.

(18) Wasylenko, D. J.; Ganesamoorthy, C.; Henderson, M. A.; Koivisto, B. D.; Osthoff, H. D.;
Berlinguette, C. P. J. Am. Chem. Soc. 2010, 132, 16094.

(19) Matheu, R.; Ertem, M. Z.; Gimbert-Surifiach, C.; Benet-Buchholz, J.; Sala, X.; Llobet, A.
ACS Catal. 2017, 7, 6525.

(20) Matheu, R.; Ertem, M. Z.; Gimbert-Surifiach, C.; Sala, X.; Llobet, A. Chem. Rev. 2019,
119, 3453.

(212) Xie, Y.-F.; Zhu, H.; Shi, H.-T,; Jia, A.-Q.; Zhang, Q.-F. Inorg. Chim. Acta 2015, 428, 147.
(22) Duan, L.; Xu, Y.; Gorlov, M.; Tong, L.; Andersson, S.; Sun, L. Chem.: Eur. J 2010, 16,
4659.

(23) Daniel, Q.; Duan, L.; Timmer, B. J. J.; Chen, H.; Luo, X.; Ambre, R.; Wang, Y.; Zhang, B.;
Zhang, P.; Wang, L.; Li, F.; Sun, J.; Ahlquist, M.; Sun, L. ACS Catal. 2018, 8, 4375.

(24) Evans, I. P.; Spencer, A.; Wilkinson, G. J. Chem. Soc., Dalton Trans. 1973, 204.

(25) Data collection and reduction with CrysAlisPro 1.171.39.12b (Rigaku OD, 2015).

(26)  Empirical absorption corrrection using spherical harmonics implemented in Scale3
Abspack scaling algorithm, CrysAlisPro 1.171.39.12b (Rigaku OD, 2015).

(27) Sheldrick, G. M. Acta Cryst. A 2015, 71, 3.

(28) Hilbschle, C. B.; Sheldrick, G. M.; Dittrich, B. J. Appl. Crystallogr. 2011, 44, 1281.

(29) Sheldrick, G. M. Acta Cryst. C 2015, 71, 3.

(30) Matheu, R.; Ghaderian, A.; Francas, L.; Chernev, P.; Ertem, M. Z.; Benet-Buchholz, J.;
Batista, V. S.; Haumann, M.; Gimbert-Surifiach, C.; Sala, X.; Llobet, A. Chem.: Eur. J 2018, 24,
12838.

(312) Singha Hazari, A.; Ray, R.; Hoque, M. A.; Lahiri, G. K. Inorg. Chem. 2016, 55, 8160.

147



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 4

(32) Neudeck, S.; Maji, S.; Lépez, |.; Dechert, S.; Benet-Buchholz, J.; Llobet, A.; Meyer, F.
Inorg. Chem. 2016, 55, 2508.

(33) Kaim, W.; Lahiri, G. K. Angew. Chem. Int. Ed. 2007, 46, 1778.

(34) Mandal, A.; Hoque, M. A.; Grupp, A.; Paretzki, A.; Kaim, W.; Lahiri, G. K. Inorg. Chem.
2016, 55, 2146.

(35) Kaveevivitchai, N.; Kohler, L.; Zong, R.; El Ojaimi, M.; Mehta, N.; Thummel, R. P. Inorg.
Chem. 2013, 52, 10615.

(36) Takeuchi, K. J.; Thompson, M. S.; Pipes, D. W.; Meyer, T. J. Inorg. Chem. 1984, 23,
1845.

(37) Mognon, L.; Benet-Buchholz, J.; Llobet, A. Inorg. Chem. 2015, 54, 11948.

(38) Maiji, S.; Lopez, |.; Bozoglian, F.; Benet-Buchholz, J.; Llobet, A. Inorg. Chem. 2013, 52,
3591.

(39) Costentin, C.; Drouet, S.; Robert, M.; Savéant, J.-M. J. Am. Chem. Soc. 2012, 134,
11235.

(40) Costentin, C.; Drouet, S.; Robert, M.; Savéant, J. M. Science 2012, 338, 90.

(412) Matheu, R.; Neudeck, S.; Meyer, F.; Sala, X.; Llobet, A. ChemSusChem. 2016, 9, 3361.
(42) Llobet, A.; Doppelt, P.; Meyer, T. J. Inorg. Chem. 1988, 27, 514.

(43)  Sens, C.; Rodriguez, M.; Romero, |.; Llobet, A.; Parella, T.; Benet-Buchholz, J. Inorg.
Chem. 2003, 42, 8385.

(44) Tong, L.; Inge, A. K.; Duan, L.; Wang, L.; Zou, X.; Sun, L. Inorg. Chem. 2013, 52, 2505.
(45) Duan, L.; Bozoglian, F.; Mandal, S.; Stewart, B.; Privalov, T.; Llobet, A.; Sun, L. Nat.

Chem. 2012, 4, 418.

148



UNIVERSITAT ROVIRA I VIRGILI
A JOURNEY TOWARDS EFFICIENT MOLECULAR WOCS: FROM MONONUCLEAR TO POLYNUCLEAR COMPLEXES

Md Asmaul Hoque

Chapter 4

4. 6. Supporting Information
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Figure S1. a) *H NMR spectra (500 MHz, 298 K, [de]-DMSO) of [Ru'(pdc-k2-N*0?)(bpy)(DMSO)CI]-, 1"
by in situ reduction with excess of triethylamine; b) COSY and c) NOESY.
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Figure S2. a) 3C NMR spectra (125 MHz, 298 K, [ds]-DMSO) of [Ru'(pdc-k2-N'0)(bpy)(DMSO)CI]-, 1"
by in situ reduction with excess of triethylamine; b) HSQC and ¢) HMBC (500 MHz, 298 K, [ds]-DMSO).
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Figure S3. a) *H NMR spectrum (500 MHz, 298 K, [da]-MeOD) of [Ru"(pdc-k2-N10?)(bpy)2], 2"; b) COSY
and c) NOESY. Triangles and stars indicate set of bpy ligands.
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Figure S4. a) 13C NMR spectra (125 MHz, 298 K, [d4]-MeOD) of [Ru"(pdc-x2-N*0?)(bpy)2], 2"; b) HSQC
and ¢) HMBC (500 MHz, 298 K, [d4]-MeOQD).
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Figure S5. a) *H NMR spectrum (500 MHz, 298 K, [d2]-D20) of [Ru'"(Hpdc-k?-N'0Y)(bpy).]*, 2"; b and
c) ChemDraw structure and EPR spectrum of [Ru"(Hpdc-k>-N'0?)(bpy)]*, 2" measured at 4 K. The
compound was prepared in situ by adding one equivalent of Ce"V to a solution of [Ru'(pdc-k2-
N0 (bpy)2], 2" in water. d) and e) ChemDraw structure and EPR spectrum of [Ru"(pdc-x3-
N10?)(bpy)Cl], 1" in DMSO solvent measured at 4 K.
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