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CHAPTER I

General introduction

This chapter has the main objective of providing the motivation for the research
presented in this thesis and place the reader in the field of study. General aspects about
natural and artificial photosynthesis are presented. The processes involved in a typical
water splitting device, water oxidation and hydrogen evolution reactions, are also
introduced. Moreover, an analysis of the water oxidation and hydrogen evolution
catalysts most relevant for this work are introduced, and the features that control their
catalytic performance discussed.
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1.1 The energy problem of humanity

Over the past century and especially over the past decades humanity has based the
industrial revolution mostly on fossil fuels. Our economic model has relied on
consumption of coal, petroleum and gas to satisfy the global energy demand (Figure 1).
However, reserves are decreasing at the same time that energy demand continues
increasing.! Nevertheless, their indiscriminate use is clearly related with the increase of
carbon dioxide emissions to the atmosphere that is well known to be the major

contribution to greenhouse effect and global warming in our planet.?

100
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Figure 1. Structural change in world primary energy (in percentages) over the period
1850 — 2008, illustrating the substitution of traditional biomass (mostly non-commercial)
by coal and later by oil and gas. The emergence of hydro, nuclear and renewable energy
is also shown.®

Therefore, it is clear that a new, clean, sustainable and cheap energy source is
necessary for supporting a society in continuing growth. Nowadays, approximately 80%
of the global energy consumption is satisfied by fossil-based fuels (Figure 2, left). Nuclear
plants could be a good alternative due to the low impact on CO> production, but they
generate radioactive residues that must be stored, and serious problems related with the
safety have been made clearly patent (for example nuclear accidents in Chernobyl and

Fukushima).
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Figure 2: (Left) Percentage of energy consumption by fuel source and (Right) percentage
of renewable consumption by type (2016). Source: Annual Energy Review, Energy
Information Administration. Department of Energy, US. September, 2016.

Taking into account the criteria mentioned above, renewable resources including
biomass, hydroelectric, geothermal, wind power and solar energy are good candidates for
replacing fossil fuels as primary energy sources. Particularly interesting and promising in
this regard is solar energy, since the earth receives an almost unlimited energy flow from
the sun. Despite the fact that one hour of sunlight is comparable to the energy that
humankind uses in one year, sunlight only provides 6% of all renewable energies used

nowadays, as shown in Figure 2.

Due the fact that solar energy is a clean, abundant, sustainable and safe energy
source, many researches have paid attention in this field during the last 50 years.*
However, so far most of the studies have focused on the direct conversion of solar energy
into electricity using solar cells that, due to the inherent problems in the storage and
transport of electricity, are strongly dependent on sunlight power stability.® In
consequence, ulterior transformation of electricity into more useful forms is necessary,
such as liquid or gas fuels, which can be easily stored and moved to different places.
Plants have been performing a similar process for millions of years, storing the solar
energy in the form of chemical bonds thanks to photosynthesis. They are capable to use
water, sunlight and CO> to form sugars and other carbohydrate molecules, which can be

later consumed as fuels for their mitochondrial respiration or used for their growth.

Inspired in photosynthesis, during the last decades the scientific community has
been trying to emulate the behavior of green plants by developing artificial photosynthetic
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systems. In these schemes, the cleavage of a water molecule by means of sunlight energy
to produce electrons, protons and dioxygen is always the starting reaction. The generated
current can be used for reducing protons, N2 or CO2 and generate H or other useful fuels

that can be stored and burned afterwards, producing heat and energy in a clean manner.®

1.1.1 Natural photosynthesis

As a general description, the photosynthesis is the process by which green plants,
algae and cyanobacteria store the energy from the sun in the form of chemical bonds. In
this process, the energy of sunlight is employed to oxidize water into Oz, which is released
to the environment as side product, generating a gradient of protons and electrons that are

later combined with CO2 to form biomass in the form of carbohydrates (Equation 1).’
6C0, + 12H,0 — C4H;,0, + 60, + 6H,0 Eq. 1

Nature solves the thermodynamic and mechanistic barriers associated with the
amount of electrons involved in this process —up to four in the case of water oxidation
(WO)- and the number of bonds that must be broken and formed through the catalytic
conversion of water to protons and dioxygen in the chloroplasts of the higher green plants,
cyanobacteria and algae.® The oxidation of water takes place in a series of protein
systems, named photosystem Il (PSII) and, particularly, in the Oxygen Evolving Centre
(OEC), a catalytic cluster responsible of accumulating the four oxidative charges needed.
These systems are situated along the thylakoid membrane together with Cytochrome bef,
photosystem | (PSI) and ATP synthase, which are the responsible of using the released
electrons to form NADPH and ATP (Figure 3).
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Figure 3. Representation of the electron-proton transport along the thylakoid membrane
and the role of the different protein systems involved in this process.

The process of photosynthesis starts with the absorption of sunlight by chlorophyll
P680 and other pigments. The excited P680* species induces an electron transfer to
pheophytin (pheo), generating a charge separation that generates the high oxidizing
species P680°". This species oxidizes a tyrosine residue (), located between the OEC
and the PSII reaction center, which is the responsible of abstracting one electron from the
OEC. The above process has to be repeated four times for oxidizing H20, since four
electrons need to be removed from two water molecules in order to release one oxygen
molecule. After water oxidation at the OEC, an electron transport chain brings the
released electrons through cytochrome bef to PSI. Here is where, with the help of solar
energy, reduced NADPH (Nicotinamide Adenine Dinucleotide Phosphate) as a hydrogen
carrier is produced from NADP™, as well as the energy vector molecule ATP (Adenosine
Triphosphate). Afterwards, NADPH and ATP will be used for fixing atmospheric CO2in

the stroma of the chloroplast.

Several X-Ray Diffraction (XRD), X-ray Absorption Spectroscopy (XAS) and
Differential Functional Theory (DFT) studies have been performed in order to study and
determine the structure of the OEC, responsible for the oxidation of water in green
plants.®% A X-ray structure resolved at 1.95 A by Suga et al. is shown in Figure 4.° The
core of the OEC comprises a Mn4CaOs cluster where three Mn atoms and one Ca atom
are linked by oxo groups forming a cubane like structure. The Ca and 3 out of the 4 Mn

atoms, bridged by oxo species, constitute the cubane structure, whereas a fourth Mn atom
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is located outside the cubane and linked to two other Mn atoms of the cubane through a
di-p-oxo bridge. The surrounding area is formed by amino acid residues and water

molecules, which provide a coordination framework around the cluster.

. 2.6
DI-N298
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i26
Tyrosine
DI-H190
25
.29 wa
\ jolg T
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977 3.0%, ®
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Figure 4. Structure of the Mn4CaOs cluster of the OEC from PSII. (Left) Distances (A)
between metal atoms and oxo bridges or water molecules.® (Right) Representation of the
environment around tyrosine residue (Y, D1-Y161) involved in the oxidation of the
MnsCaOs cluster.l% Colour code: Mn, purple; Ca, yellow; O bridge, red; O (H20),
orange.

1.1.2 Artificial photosynthesis

Inspired by nature, artificial photosynthesis deals with the use of sunlight in order
to oxidize water with the aim of using the released H* and e" for reducing either H*, CO>
or N2 into Ho, hydrocarbons or NHz3, and therefore at the end of the day storing the energy

of light in the form of chemical bonds.

From the above processes, the splitting of two water molecules to produce
hydrogen as energy carrier (so-called water splitting, equation 4), is the result of two
coupled half-reactions, the oxidation of the water (equation 2) and the reduction of the
generated protons to molecular hydrogen using the released electrons (equation 3). The
separate study of both half-reactions allows a rational tuning of specific catalysts for each

case as well as the design of a device capable to perform the whole water splitting process.

2H,0 - 0, + 4H* + 4e~ Eq.2
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AH* + 4e~ - 2H, EQq.3
2H,0 - 0, +2H, Eq.4

During last years, artificial photosynthetic devices have been designed following
mainly three different approaches:!! the generation of photovoltaic electrolyzer cells
(PV/Electrolyzer), of photo-electrochemical cells (PECs) and the use of mixed colloid

devices (Figure 5).1?

vAg
< |
2

PV/Electrolyzer PEC mixed colloid

Figure 5. Schematic drawing of three different devices for the light driven water splitting
process.

The PV/Electrolyzer design consists in the use of a commercial PV cell as light
absorber, which is connected to the catalysts located in the anode and the cathode. Its
main advantage is the large amount of PV cells and heterogeneous catalysts that are
available. However, one of the main problems for large-scale applications is the high cost
of PV cells. An opposite design is found in the mixed colloid cells, where the light
absorbers and the catalysts are integrated in single particles and suspended in the
electrolyte, building a simple and low-cost water splitting device. However, these systems
are currently not competitive enough and still in a proof-of-concept stage, and
improvements in terms of stability and solar-to-hydrogen efficiencies are still necessary.
Finally, PECs represent a compromise between the efficiency and feasibility of

PV/electrolizer cells and the simplicity of mixed colloid cells. These cells consist in
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individual photoanodes and photocathodes connected by a solid/ionic-conductor junction
(Figure 6).

This design is usually composed by:

1) An anode compartment containing an electrode with:
e Photosensitive material capable of absorbing photons from sunlight and
provoke a charge separation (n-type).
e A water oxidation catalyst (WOC), based on metal oxides or anchored
molecular catalysts.
2) A junction to physically separate both compartments and allow the flow of
protons.
3) A cathode compartment containing an electrode with:
e Photosensitive material (p-type).

¢ A hydrogen evolution catalyst (HEC).
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Figure 6. Schematic drawing of a water splitting photo-electrochemical cell (PEC).

The process starts with the absorption of a photon by the photosensitive material,
which excites an electron from the valence band to the conduction band creating an
electron-hole pair. This is regenerated by the WO catalyst, which accumulates oxidative
equivalents. When four oxidative equivalents are accumulated, the WO reaction can take
place. At the same time, electrons excited in the cathode by sunlight are used for reducing

the protons to hydrogen by the hydrogen evolution catalyst. For avoiding charge
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accumulation, the excited electrons of the n-type light absorber must pass through the
wire for regenerating the electron-hole pair created in the p-type absorber, and the protons

generated go through the conductor junction to the cathode.

In an ideal case, these setups would be used for testing the catalytic water
oxidation and hydrogen evolution activities. However, to allow a fast screening of new
designed catalysts, both reactions are normally studied independently by using sacrificial
electron donors and acceptors. These sacrificial compounds trigger the catalytic reaction,
supplying the electron-transfer requirements for these processes, accepting or donating
electrons without the need for a full artificial photosynthetic device. The most common
sacrificial oxidants are cerium ammonium nitrate (CAN), [Ru(bpy)s]®*, potassium
periodate or potassium peroxymonosulfate (OXONE)!* for water oxidation, and ascorbic
acid or trimethylamine (TEA) are the most common sacrificial reductants for the
hydrogen evolution reaction (HER).'® Furthermore, electrochemically-triggered WO and
HER processes have also been extensively studied during the last years, providing fast

and simple setups for analyzing the catalytic performance of new catalysts.

1.2 Water oxidation catalysis

The oxidation of two molecules of H2O requires the transfer of four electrons, the
breakage of four O-H bonds and the formation of an O-O bond. Thus, because of its
mechanistic complexity, this half reaction is currently the bottle-neck process for
developing an efficient and sustainable artificial overall water splitting device. Moreover,
its unfavorable thermodynamic potential (E° = 1.23 V vs. NHE at pH = 0)*° is associated
with a high activation barrier for this half-reaction. Thus, a catalyst capable of
accumulating four oxidative charges and operating close to the thermodynamic WO
potential is necessary. Besides, an ideal WO catalyst must be able to interact with
photosensitizing materials and be stable in water at high oxidation states in order to avoid

degradation during catalysis.!’

Several examples of homogeneous and heterogeneous systems have been reported
as WOCs. However, due to the work carried out during this PhD Thesis, we will focus
our attention in the molecular complexes, which usually are complexes of transition

metals SUCh as CU,18'19’20’21’22 Fe,23 |r’24 Mn,25 C026,27,28 or RU.29’30’31
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1.2.1. Mechanism of water oxidation catalysis

An important factor to consider for the rational design of molecular complexes for
water oxidation catalysis is the mechanism that takes place during the formation of O..
Extensive studies have focused towards elucidating and understanding the different steps
involved in this process combining kinetics, 80 labelling and DFT calculations.
Basically, two different mechanisms have been proposed for the formation of an O-O
bond®? (Figure 7). The water nucleophilic attack (WNA), in which one molecule of water
acts as a nucleophile, attacking an electrophile M-O species, favoring the breakage of the
M-O bond and the subsequent formation of an hydroperoxide species, which after a
posterior oxidation process releases the oxygen molecule. In contrast, in the bimolecular
mechanism (12M) two M-O units are involved in the formation of the O=0 bond. In both
cases, the formation of the O=0 bond is the rate-determining step of the whole process,

and this needs to be taken into consideration during the rational design of new catalysts.

WNA )
(v)—©

e
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w=0 - @

H)

I\ J
(12m N

.(@:@ + @:@ _; ..‘o" B : Z:t@ + @:@
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Figure 7. Schematic representation for the two most commonly proposed O-O bond
formation pathways in WO catalysis.

Most of the mechanistic knowledge about molecular complexes for WO catalysis
comes from studies carried out with Ru complexes.®?* However, this information can be

made extensive to the rest of molecular catalysts based on other transition metals.

10
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1.2.2 Ru-based molecular complexes

Ruthenium is a metal located in the second transition metal series of the Periodic
Table. Its electronic configuration [Kr] 4d’ 5s! gives access to the widest variety of
oxidation states, from (+8) in RuOa4to (-2) in [Ru(C0)4]?, which correspond to d° and d*°
electronic configurations, respectively. When combined with polypyridyl ligands,
ruthenium complexes are generally stable at high oxidation states and its octahedral
geometry allows a tailor-made fine-tuning of their redox potentials. All these properties
make ruthenium polypyridyl complexes promising candidates as catalysts for oxidation
reactions, including water oxidation as well as the oxidation of other organic and

inorganic substrates.

A particularly interesting redox behavior can be found when a water molecule is
directly bonded to the metal centre, which allows the possibility to simultaneously
exchange electrons and protons giving rise to the proton coupled electron transfer (PCET)
effect. This redox behavior was first described in 1970 by Thomas J. Meyer,3**® and has
been extensively studied for the case of ruthenium aqua complexes. However, it also
happens in aqua complexes of other transition metals, facilitating the four electron-
transfer necessary for oxidizing water. As shown in Scheme 1, the loss of each electron
is linked to the loss of one proton, which is facilitated by the increase of the acidity of the

aqua ligand due to its ligation to an acidic transition metal.*

< -H' < H v
Ru'—OH, =< =~ Ru'—OH = = Ru'Y=0
+e +H" +e”+H

Scheme 1. Schematic representation of the proton coupled electron transfer process in
ruthenium aqua complexes.

PCET allows that the total charge of the complex remain constant throughout the
process, thus avoiding the formation of high-energy intermediates due to charge
accumulation,®” which translates in a decrease of the necessary potentials to obtain highly
oxidized species. On the other hand, the dependence of the E1/» redox potentials with pH
follows the Nernst equation; thus, for a one e/one proton transfer process the redox
potential diminishes 59 mV per pH unit. This dependence is graphically represented in

the so-called Pourbaix diagrams.
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The effect of PCET in the potentials can be easily observed by comparing the
Latimer diagrams for complex [Ru(bpy)2(Cl).] and its analog containing a pyridine (py)
and an aqua ligand [Ru(bpy)2(py)(OH2)]?* (Scheme 2). In this example, the changes in
the electronic content occur in the drt levels and not in the o-bonding framework, which
explains the coordinative stability after two consecutive oxidation processes for the latter.
Thus, for the case of the bis chlorido complex, the first oxidation (Ru"'/Ru"" takes place
at lower potentials (0 V), and the increase of the total charge of the complex provokes the
shift of the second oxidation potential (Ru'/Ru"") up to 1.7 V. Contrastingly, when one
molecule of pyridine and one molecule of water are coordinated to the metal centre, a
significant increase in 0.67 V of the oxidation potential for the Ru"'/Ru" couple takes
place®®3® and a much smaller increase in potential is observed for the Ru'V/Ru'" couple
(0.11 V) compared to the 1.7 V increase for the bis chlorido complex. These data make
clearly evident the drastic stabilization of the Ru'V=0 state in the aqua-containing
coordination environment through drnry-2pme multiple bonding,*® causing the near overlap

of the Ru""/Ru'"" and Ru'V/Ru"" redox couples.

1.7V 0.0V

cis-[Ru'"'(bpy),(CD,]"

cis-[Ru" (bpy),(C1),]** cis-[Ru'(bpy),(C1),]° M

dr* dr’® dn®

cis-[Ru™ (bpy)o(py)O)** 078 V' cis-[Ru"(bpy)(py)(OH)],*" 967V cis-[Ru''(bpy),(py) OH)T*  (2)
dn* dr’ dn®

Scheme 2. Latimer diagram for complexes [Ru(bpy)2(Cl)2] (1) and

[Ru(bpy)2(py)(OH2)]?* (2). Potentials referenced vs. NHE at pH 7.

The properties of molecular complexes are influenced by the ligands. This is
clearly manifested in the redox properties of ruthenium polypyridyl complexes, where the
Ru"'/Ru" and Ru'V/Ru'""'redox couples are strongly influenced by the ligands surrounding
the metal centre. Table 1 shows a variety of complexes and their redox potentials, where

the strong ligand effect can be appreciated.*°
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Table 1. Electrochemical properties of Ru-aqua complexes in H20 at pH=7.0.

E1z2 (V vs NHE)®

Entry Complex?

Ru"™  RuVM A Eyf
1 [Ru(NHs)(H20)]%" 009 059 068
2 cis-[Ru(bpy)2(py)(H20)]?* 067 078 011
3 cis-[Ru(bpy)2(PPhs)(H20)1%* 074 100  0.26
4 Ru(trpy)(4,4™-Me2bpy))(H0)7- 071 085 014
5 Ru(trpy)(4.4’-((CO:Et):2bpy))(H0)* 090 104 0.14
y [Ru(trpy)(bpy) (H20)]%* 073 086 013
/ [Ru(trpy)(acac)(H20)]* 0.43 0.80 0.37
8 [Ru(trpy)(C204)(H20)] 0.40 0.69 0.29

Abbreviations: bpy = 2,2’-bipyridine; py = pyridine, PPhs triphenylphosphine; trpy =

2,2’;6°,2”-terpyridine; acac = acetyl acetomate anion. °Ey; values for Ru"'-OH/Ru"-OH, and Ru'V=0/Ru'""'-
OH. CAEl/Z: E1/2 Ru(IV/11) _ El/zRu(“"“).

As can be seen in Table 1, the Ru(l1I/11) redox couple is strongly affected by the
ligands. Thus, in entries 2 to 6 the Ru(Il) state is stabilized by Ru d=- ligand n* back-
bonding interactions thanks to the presence of @ electron-rich systems, while in entries 7
and 8 Ru(lll) state is clearly stabilized by the electron-donating characteristics of the
oxygen-containing ligands, that diminish the necessary potential to reach the Ru(l11) state.
In the case of the Ru(I\V/111) redox couple, this is less sensitive to ligand modifications in
comparison with the Ru(l11/11) couple. This phenomenon is due to the control on the -
binding properties exerted by the oxo ligand of the Ru'V=0 species through a dnru-po

interaction.

In conclusion, the ability to accumulate high oxidation states in a narrow range of
potentials due to PCET and the high moldable redox properties thanks to the potential
variability of the ligands make aqua complexes excellent candidates for their application

in WO catalysis.
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The first molecular complex capable of accumulating four oxidative charges and
oxidizing water was reported in the 80s by Meyer and coworkers.**? This was the
dinuclear Ru complex cis,cis-[(bpy)2(H20)Ru"!(u-O)Ru(H20)(bpy)2]** (1) (Chart 1),
commonly named as the “blue dimer”. These studies shed light on the difficult
multielectron oxidation of H>O to Oz and proved that was indeed possible. The first
studies revealed a moderate catalytic activity, with a 13.2 turnover number (TON) and a
4.2 x 102 s turnover frequency (TOF) when Ce'v was used as sacrificial oxidant.?
Ulterior extensive kinetic studies** and DFT calculations* showed that the cause for the
low catalytic activity of the “blue dimer” is related to the instability of its p-0xo bridge,
which can breakdown under catalytic conditions, giving rise to inactive monomeric

complexes.

\ \\\\0 flfﬂt
== N i Yt
A

Chart 1. Structures of 1, 2, 3, 4 and 5 able to catalyze the WO reaction. Drawing of the
X-ray structure of catalyst 5 has been taken from the corresponding reference.*® Color
code: Ru, yellow; O, red; Si, blue; W, white.

Llobet and co-workers prepared a modification of the blue dimer (complex 2,
Chart 1) bearing a more rugged 3,5-bis(2-pyridyl)pyrazolate (bpp-) bridging ligand, where
the two Ru-OH> groups are placed in close proximity favoring their coupling at high
oxidation states (12M mechanism) and a better electronic communication between both

metal centres through the conjugated bridge. Despite the TOF was increased by a factor
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of 3 (Table 2)*” complex 2 still showed moderate catalytic performance, with a maximum
TON of 17.5, and displayed a relatively low efficiency with respect to the employed
sacrificial oxidant (70%). This behavior was attributed to the oxidation of the CH group
of the pyrazole moiety present in the bridging ligand. The introduction of an extra methyl
group in the pyrazole ring (complex 3, Chart 1) stabilizes the complex under WO
conditions, showing better efficiencies up to 90%.*® Later on, in 2015 Llobet and Meyer
reported a new efficient and rugged Ru dinuclear catalyst for WO (complex 4). 4 This
complex was also based on the bpp~ framework, incorporating two strongly anionic
carboxylic moieties, which allow affording an impressive TOF of 1.4 s when Ce'" was

used as oxidant.

In order to avoid the degradation of the ligands due to the strong oxidative
conditions necessary for WO catalysis, several research groups focused their efforts in
the development of polyoxometalates (POMS) as catalysts for this transformation. These
systems provide a robust all-inorganic framework environment coordinating the metal
core, which makes them promising for applications in WO.*® A relevant example,
RuVa(u-0)a(u-OH)2(H20)4(y-Si-W10036)2]'%, (see 5 in Chart 1 and Table 2) was
independently reported in 2008 by the groups of Bonchio® and Hill.* The prepared
system was able to oxidize water to dioxygen with a 90% efficiency with respect to the
added sacrificial oxidant (CAN) and a TOF value of 0.125 s%, and was also found to be

active in neutral conditions using [Ru(bpy)s]** as sacrificial oxidant.

An interesting turn in the field of WO occurred in 2005, when Thummel et al.
reported for the first time that the four-electron transfer necessary for oxidizing water
could occur on a single-site metal complex.>252 This group published the first family of
mononuclear complexes bearing the  tridentate polypyridyl ligand
2,6-di(1,8-naphthyridin-2-yl)pyridine capable of catalyzing WO, although with moderate
performances (see complexes 6-8 in Chart 2 and Table 2). However, it was not until 2008
that Meyer and co-workers reported a thorough mechanistic study that demonstrated the
mononuclear nature of the catalysis.3*> The proposed catalytic cycle has been later

adapted for several catalysts, which are proposed to follow a WNA mechanism.5*°6:5

Scheme 3 shows a schematic drawing of the proposed WNA mechanism. In this
process, the Ru(ll)-H2O species is sequentially oxidized by two sequential H*/1e

processes up to Ru(IV)=0 at pH 1 (1). An additional one-electron oxidation allows
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reaching the Ru(V)=0 species (2), which contains a highly electrophilic oxo group able
to react with a water molecule, generating the corresponding hydroperoxide species
Ru(l11)-O0H (3). The formation of this intermediate is accompanied by a two-electron
reduction of the metal centre. At this point, an additional oxidation is necessary to activate
the catalyst and form Ru(IV)-OO (4), which is the rate-determining step (rds) for this
system. In 0.1 M HNOs, two electrons are transferred to the metal centre from the
peroxide bonded ligand, closing the catalytic cycle, while one molecule of oxygen gas is
released (5). In 1 M HNOs an additional oxidation is necessary to activate the system,
reaching Ru(V)-0OO0 (6), which releases oxygen (7) and re-enters in the catalytic cycle as
Ru(l11)-OH.

o
RuV-00 ) v
(8) Ru'™“=0

Ru¥-00 Ru''-OH

Y 2

H+, e H+ + 02 Hzo

Ru"-O0H Ru'=0

W
H+ HZO

Scheme 3. Schematic drawing of the proposed WNA mechanism for water oxidation by
mononuclear Ru complexes in 0.1 M HNO3.>* The blue arrows represent the alternative
pathway in 1 M HNO:s.

Since then, new Ru mononuclear WO catalysts were synthesized and tested in
WO (such as complexes 9-12 shown in Chart 2 and Table 2), although in terms of
efficiency and catalytic performance they did not exceed those of the previous dinuclear
complexes.>®>° However, the discovery of single-site water oxidation catalysis offered
the possibility of straightforward ligand/complex design, synthesis and characterization

and therefore allowed a rapid expansion of the field.
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Table 2. Summary of catalytic WO data for dinuclear and mononuclear Ru complexes
discussed along the text.

Complex Cone. Cat CeVeqg. TOF (s1)? TON 0-O Mechanism  Ref.
(mM)

1 0.31 100 0.004 13.2 WNA 43
2 1 100 0.014 17.5 12M a7
3 1 100 0.07 22.6 (211)° WNA 48
4 0.1 100 14 - ; 49
5 0.004 400 0.0125 - WNA 50.60
6 0.067 5000 0.0015 20 WNA 53
7 0.067 5000 0.014 260 WNA 53
8 0.067 5000 0.0033 35 WNA 53
9 0.067 5000 0.00051 320 WNA 58
10 2.9 30 0.00074 7.5 WNA 30.54
11 - - - - WNA 30.54
12 1 100 0.000052 14 WNA 59
13 0.015 35800  120.4 (303)° 8360 12M 31
14 0.0024 150000 1000 24000 I2M 64
15 0.0024 150000 780 11300 12M 64
16 0.00093 390000 380 101000 I2M 64
17 0.00093 390000 530 61300 12M 64
18 - - 50000¢ - WNA 65

2 Initial turnover frequency. ® Turnover number when decreasing the concentration of catalyst to 0.1 mM.
¢ Maximum turnover number obtained when [Cat.] = 0.21 mM and Ce'V/Cat = 2250/1. ¢ TOFnax obtained by
electrochemical methods using foot of the wave (FOWA) analysis.
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R= NMe,, (6) X=CH,Y
R= Me, (7) X=CH,Y
R= CF, (8) X=N,Y=CH, (11) 12
:[\ \j
Z
N
7N 7N
=N, | N= o
o O—’TU‘-O o (0]
N
a
e
X
13 X=FY=H,14 18
X=H,Y=H,15
X=Br,Y=N, 16
X=H,Y=N,17

Chart 2. Structure of relevant mononuclear Ru complexes able to perform WO catalysis.

From 2009 onwards Sun and co-workers have reported a series of mononuclear
complexes based on the bda® ligand (H.bda is [2,2"-bipyridine]-6,6'-dicarboxylic
acid).3*®! From these, complex 13 shown in Chart 2 showed the best catalytic activity
reported so far, achieving the impressive TON and TOF values of 8360 and 303 s,
respectively (Table 2), when triggered with Ce'V. The strong electron-donating ability of
the carboxylate moieties present in the bda® ligand,®? the expansion to a Ru
7 coordination number®! during catalysis and the highly efficient bimolecular (12M) O-O
bond formation assisted through m-stacking interactions among the axial ligands®® are

considered the main reasons for this high catalytic performance.
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Scheme 4 shows a schematic drawing of the proposed I12M mechanism for
mononuclear complexes containing the bda? ligand. In this particular case, the catalytic
cycle starts similarly to that of WNA, reaching a Ru(V)=0 species from Ru(ll)-H-O
through mainly PCET processes (1-3). Then, the equilibrium between the Ru(V)=0 and
Ru(IV)=0°® species (4) allows the dimerization of the complex, forming the
corresponding peroxide intermediate Ru(IV)-O-O-Ru(1V) (5), which is highly favored by

n-stacking interactions between the axial pyridyl ligands.®® The next step is the reductive

elimination of the bridging peroxido ligand to form dioxygen (6), which is the rds and

closes the catalytic cycle.

N X o
Ao )|( 0--0_ |/°‘_ (2)
(5) 0//Ru._r:|/

HY e
RuIV=O' X R |V_o
X = picorisoq u-=
\ RuV=0 (3)
HY, e

Scheme 4. Schematic drawing of the proposed 12M mechanism for water oxidation for
mononuclear complexes 13-17 triggered with Ce'V at pH 1. Abbreviations: pic =
4-Methylpyridine; isog = Isoquinoline

In a follow up study, Sun et al. took advantage of the bda® framework and tuned
the axial ligands, developing a new set of complexes (14-17, Chart 2).54 Still with Ce'V as
sacrificial oxidant, a high reaction rate (TOFs of 380-1000 s™) and elevated TON values
(11300-101000) were achieved (Table 2).

Recently, Llobet, Sala and co-workers synthetized and tested a new Ru
mononuclear complex based in the ligand tda®> ([2,2":6',2"-terpyridine]-6,6"-
dicarboxylate), shown as complex 18 in Chart 2.%° Its catalytic performance was
measured by electrochemical methods, achieving the impressive TOF values of 8000 s

and 50000 s at pH 7.0 and 10.0, respectively, according to foot of the wave analysis
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(FOWA).% This represents the best results ever reported for molecular water oxidation
catalysis. The high catalytic activity is mainly assigned to two factors: a) the easy access
to high oxidation states and stabilization of a seven coordination environment for Ru,
provided by the anionic ligand tda?", and b) the presence of a pendant base, which acts as
a proton acceptor and has a key role during the critical O-O bond formation step. In
contrast with the 12M mechanism identified for Ru-bda® complexes, Ru-tda® forms the
O-0 bond through the nucleophilic attack of a water molecule to a M-O species (WNA).
Given that this pathway is not affected by the restricted mobility of the catalyst, this fact
has been found particularly relevant when targeting to the generation of efficient anodes®’
and photoanodes®® by grafting this molecular complex at the surface of an electrode

material.

1.2.3 Copper-based molecular complexes

Copper-based WO catalysts have lately attracted the attention due to the high
abundance and low cost of this metal and the potential simplicity in the synthesis of these
systems. Thus, the application of copper-based molecular catalysts for WO is a novel and
emerging research area. The first homogeneous copper WOC was [(bpy)Cu(u-OH)]2%*,
reported by Mayer et. al. in 2012.%8 It was observed that a simple bypiridine copper
complex can be assembled giving rise the formation of an active copper dinuclear dimer,
which at high pH exhibits an equilibrium with its monomeric [(bpy)Cu(OH)] form (19
in Chart 3), the real responsible for the whole catalytic activity -a high TOF of 100 s*
was achieved at 750 mV overpotential at pH 12.5 (Table 3).

In a follow up study, Meyer and co-workers developed complex 20 (Chart 3),
containing a triglycylglycine macrocyclic ligand (HsTGG), which was able to
electrocatalytically oxidize water diminishing the overpotential down to 520 mV at pH
11.%° This complex displayed stable catalytic activity for at least 5 hours, with moderate
TON ~13 and a 99% Faradaic efficiency (Table 3).
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Chart 3. Structure of the most relevant molecular copper-based WO catalysts.

Recently, Lin et. al. developed a “biomimetic” copper-based WOC (21 in Chart 3
and Table 3).2° This work was the first example of the use of non-innocent ligands, which
can facilitate the PCET events and influence the catalytic activity of the complex.
Subsequently, Llobet and co-workers prepared a new family of Cu complexes (22-25)
capable of oxidizing water containing tetradentate amidate redox active ligands?! capable
of oxidizing water. By exchanging the substituents of the ligand, the overpotential can be
drastically reduced until a value of only 170 mV when the phenyl ring is substituted with
two methoxy groups (25) (Table 3). It is generally accepted that redox-active ligands in
all these complexes avoid the problematic formation of Cu(IV)=0O/Cu(lll)-O*®
intermediates thanks to the formation of highly electrophilic -OH moieties that avoid the
need to reach the Cu(IV) state.®®

Finally, a robust Cu complex was recently reported by Brudvig and co-workers
(26 in Chart 3), which is capable of oxidizing water over 12 h with only ~20% of catalyst
degradation, obtaining a TON above 30.7° However, this complex operates at much

higher overpotential (520-580 mV) compared to complex 25 (Table 3).
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Table 3. Summary of catalytic WO data for Cu complexes discussed along the text.

Complex pH n (V)2 TON Kobs, P Ref.
19 12.5 ~750 - 100 18
20 11.0 ~650 - 33 19
21 12.4 ~540 400 0.4 20
22 11.5 600 1947 3.56 21
23 115 400 - 3.58 21
24 11.5 270 - 0.43 21
25 115 170 - 0.16 21
26 10.4-13.3  ~520-580 ~30 ~0.7 70

2 Measured by DPV for complexes 21-24 and from the initial foot of the half-peak potential of electrocatalytic
wave (CVs) for the rest. ® Measured by FOWA in complexes 21-24 and other methodologies for the rest.
4 TOFmax Obtained by electrochemical methods using foot of the wave (FOWA) analysis.

1.2.4 Other transition metal complexes as WO catalysts

Ru and Cu WO catalysts have been carefully discussed in the previous sections
given their central role in this PhD Thesis. However, as mentioned before, other metals
have attracted interest in this field due to their high abundance and low prize and/or their
high catalytic activity. The following is a short summary of the most representative

examples of each relevant transition metal.

1.2.4.1 Iridium

Despite the fact that it is not an earth abundant metal, iridium molecular
complexes have gained popularity as WOCs during the last years. The first family of
homogeneous iridium WO catalysts was reported by Bernhard et al in 2008 (27a-e in
Chart 4).”* These new family of complexes bearing cyclometalated phenylpyridine
ligands (ppy), achieved catalytic activity for several days, demonstrating the promising

future of Ir as WO catalysts.
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R,=R,= H, 27a 28 29 30
R,= Me, R,= H, 27b

R,= Me, R,= Ph, 27¢

R,= Me, R,=F, 27d

R,= Me, Ry= Cl, 27¢

Chart 4. Structure of relevant Ir complexes able to perform WO catalysis.

Inspired by the work of Bernhard, Crabtree and co-workers reported a new family
of iridium-based WO catalysts containing the pentamethylcyclopentadienyl (Cp*) ligand
and cyclometalated N,N-bidentate ligands.”? The best results were obtained with 28,
which achieved an initial TOF of 0.24 s and a TON ~320 at pH 0.87 when Ce(IV) was
used as sacrificial oxidant. In a follow up study, Albrecht et. al. prepared a wide variety
of Ir complexes containing carbene-type ligands, which significantly improved the
performance in WO catalysis, obtaining for 29 a TON of ~10000 at pH ~1.”% Despite the
long-term activity obtained with Ir-based complexes, full characterization of the active
species is not straightforward due to the partial or complete oxidation of the ligands under
the strong oxidizing conditions used,”* or decomposition forming IrOx materials.”
Moreover, several studies indicate that some of these complexes are only the precursors
of the real active catalysts.”® A recent example is the transformation of the precursor
[Cp*Ir(pyalk)CI] in the real active species (30 in Chart 4). This behavior difficults the
understanding of their catalytic performance and the rational design of improved iridium-
based WO catalysts.”®

1.2.4.2 Cobalt

Compared to other first-row transition metals such as manganese and iron,
molecular cobalt-based WO catalysts have evolved very fast. Berlinguette et al. reported
in 2011 the first example of a Co complex which was capable of electrochemically
oxidize water via a PCET mechanism at a pH range of 7.6-10.3 (31 in Chart5).”’

However, the real nature of the active species was further discussed after subsequent
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studies, which highlighted how small quantities (1-2%) of free Co(ll) ions dissociated

from the parent complex are capable of catalyzing the oxidation of water.®
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Chart 5. Structure of most relevant Co, Mn and Fe complexes able to perform WO
catalysis. Drawing of the X-ray structure of 33 has been taken from the corresponding
reference.*® Color code: Co, green; O, red; Si, blue; W, white.

In follow up studies, a wide variety of Co molecular complexes bearing corroles,
porphyrines,® salen-base ligands,® polyoxometalates,®>® and the bpp~ ligand?” were
synthetized and tested in water oxidation catalysis. Despite Co-based molecular
complexes show promising activities and are based on a relatively abundant metal, their
stability under catalytic conditions and, therefore, the real nature of the active species,
have been a matter of debate. A recent example of the instability of these systems has
been reported for a Co porphyrin 32 (Chart 5), which was initially described to act in a
molecular manner but that recent Synchrotron-based studies have showed the formation
of heterogeneous CoOx as active species.?* Another example is the Co-based POM 33,
reported in 2010 by Hill et. al., which achieved a good catalytic performance when
triggered either electrochemically (E = 1.3 V vs. NHE, pH 8),%2 chemically ([Ru(bpy)s]**
as sacrificial oxidant),® or photocatalitically ([Ru(bpy)s]** as photosensitizer).®
However, ulterior studies showed again that the nature of the real catalyst and the
evolution of the POM to cobalt oxide was strongly dependent of the catalytic conditions.®
Despite the identification of the real active species is not always straightforward in these
systems, important progress in the development and application of Co-based POMs in

WO catalysis have been made during the last years.
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1.2.4.3 Manganese

The use of manganese in WOCs is specially attractive due to the high natural
abundance and low cost of this metal and also because this is the metal which catalyzes
WO in the OEC of PSII. In 1999 Crabtree developed the first dinuclear manganese
complex capable of oxidizing water into molecular oxygen (34 in Chart 5).8 In ulterior
studies, several manganese-based catalysts have been reported and tested in WO
catalysis.® However, isotopic labeling studies confirmed that part of the O, formed during
the catalysis was derived from the sacrificial oxidant. Finally, Akermark and co-workers
reported new manganese molecular complexes bearing imidazole and carboxylate groups,
which lower the oxidation potential of the metal complex (35 in Chart 5).8° This decrease
in the potential allows their compatibility with oxygen-free sacrificial oxidants such as
[Ru(bpy)s]®*. To sum up, despite the intrinsic interest in using Mn complexes in WO
catalysis, the catalytic performance of the available complexes is in general relatively
modest, and often doubts about the origin of the produced oxygen — water or

decomposition of the sacrificial oxidant employed — arise.

1.2.4.4 Iron

The low cost, low toxicity and high natural abundance have made iron a promising
metal to be used in molecular WO catalysis. In 2010, Bernhard and co-workers reported
the first family of iron molecular complexes capable of oxidizing water into oxygen,
achieving moderate turnover numbers TOFs (>1.3 s) when Ce'V was used as sacrificial
oxidant (36 in Chart 5).° Soon afterwards, Lloret-Fillol, Costas et al. reported a wide
variety of Fe molecular complexes bearing tetradentante ligand frameworks, which
catalyzed WO. The best results were reported with complex 37, which achieved a TON
of 360 and a TOF of 0.23 s and a TON ~1050 and a TOF of 0.06 s** when using Ce'V
and NalOs as sacrificial oxidants, respectively.®® Again, in the case of iron serious
concerns about the real molecular nature of the active species present during the catalytic

WO cycle have been reported.®*
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1.3 Hydrogen evolution catalysis

As mentioned previously, the typical water splitting device consists in two half
reactions taking place in two different compartments: water oxidation at the anode, which
releases four protons, four electrons and one molecule of oxygen, and the hydrogen
evolution reaction at the cathode, using the protons and electrons released in the WO
reaction, producing Hz, an attractive clean and highly energetic fuel that only produces

water as by-product when burnt under O in an electrochemical hydrogen fuel cell.

Analogously to WO, HER requires a cheap, efficient and robust catalyst which
operates at low overpotential with respect to the thermodynamic potential (E°=0 V vs.
NHE at pH = 0).°2 In terms of activity and efficiency, the best catalyst for HER is
undoubtedly platinum, which operates near to the thermodynamic potential.*® However,
this non-abundant and expensive metal is not available in high amounts® and hampers
the future large-scale industrial applications. Nature uses hydrogenases, which are
capable of catalyzing the reversible reaction 2H* + 2e” <> H, using mainly Fe and Ni as
catalytic sites.®® Therefore, chemists, inspired by nature, have sought the design of new
and effective catalysts for the hydrogen evolution reaction (HER) based in abundant

transition metals.

During the last decades, several coordination metal complexes of Ni,% Fe,%” Co%
and Mo capable of reducing protons into molecular hydrogen have been reported.
However, due to the work carried out during this PhD Thesis, we will focus on the use of
heterogeneous materials as catalysts for the HER, which have been usually based on Ni,

Co, Mo, Fe, Pt or Ru or mixtures of them.

1.3.1 Benchmarking methodology for heterogeneous materials for HER
catalysis

During the last decades, efforts have focused in the development of efficient and
robust heterogeneous materials for their application in HER. Interestingly, a standard
benchmarking protocol for comparing the different catalysts was developed in 2015 by
Jaramillo et al.*® In this work, the authors evaluate the WO and HER catalytic activity
and stability of a family of noble and non-noble metal materials in strong acid and basic
conditions. The benchmarking methodology is depicted in Figure 8, which through the

combination of a series of electrochemical techniques allows straightforward, cheap and
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preliminary evaluation of the catalytic activity of metals and metal oxides in HER and
WO.

Deposition on the

electrode
Characterization Catalytic activity Stability Faradaic efficiency
X-Ray Photoelectron Rotating Disk Chronopotentiometry eI::tI::JrIOIs:su\::i::tH
Spectroscopy (XPS) Voltammetry (RDV) 2h at-10 mA/cm? p‘r’ube =
Determination of Chronopotentiometry | | Chronopotentiometry
ECSA and RF by “Steps” 24h at-10 mA/cm?
Chronoamperometry
by “Steps”

Figure 8. Schematic representation for the benchmarking protocol of heterogeneous
catalysts for HER reported by Jaramillo and co-workers.%

The characterization of the catalyst is performed by the combination of two
different techniques. First, the elemental composition of the material deposited in the
electrode is determined by XPS. Second, the Electrochemically Active Surface Area
(ECSA) and the so-called Roughness Factor (RF) are estimated by the double-layer
capacitance measurement of the system from their cyclic voltammograms (CV) in a non-
Faradaic region according to the following equations, where i, is the current assumed to
be due to the double-layer charging, Cp; is the double layer capacitance, v is the scan
rate, S is the surface of the electrode and Cs is the specific capacitance based on typical
values reported for metal electrodes in different aqueous solutions previously reported in

the literature.1%t
iC = UCDL Eq 5
ECSA = 2L Eq.6
Cs

RF = —ECSS“‘ Eq. 7
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Finally, the catalytic activity of the systems is measured using a combination of
Rotating Disk Voltammetry (RDV), controlled current chronopotentiometric experiments
by “steps” and controlled potential chronoamperometric experiments by “steps”. From
these experiments, the benchmarking overpotential (n)) necessary to achieve a current
density of 10 mA/cm?, which is the current density expected at the cathode for a 10%

efficient solar water- splitting device, is obtained.'*1%

Furthermore, the stability of active catalysts is evaluated by controlled current
chronopotentiometric experiments during 2 h, while their Faradaic Efficiency (FE) can
be determined after a controlled potential electrolysis by determining the amount of

hydrogen formed using a Hz-sensitive Clark probe.

Figure 9 shows the m measured using this methodology to achieve a 10 mA/cm?
current density for several metals and metal alloys at acidic and basic pH. The results
show that NiMo-(a) and NiMoCo achieved a similar activity than Pt-based catalysts, with
overpotentials (7,9 ma/cm?) close to -0.05 V at acidic pH. In case of basic pH values,
several non-noble materials showed similar activity than platinum at basic pH, including
NiMo-(a), NiMoCo, CoMo, NiMo-(b), NiFe-(a) and NiMoFe-(a), showing a reasonable
stability under a constant operating current density of 10 mA/cm?. However, a larger
loading of catalyst (~100 times larger) is still required for achieving similar overpotentials

than those of Pt-based cathodes.

Z
=
o
9
o
b &
D
X

Figure 9. Overpotential necessary to achieve a current density of 10 mA/cm? after two
hours of controlled current electrolysis for different metal films and alloy films. The
measurements in basic conditions were performed at pH = 14 and those under acidic
conditions at pH = 0.1

1.3.2 Mechanistic considerations of HER catalysis driven by heterogeneous
catalysts

The mechanism generally accepted for HER in basic media is depicted in Figure

10.1% The first step consists in the so-called VVolmer or discharge step, where a single
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electron transfer takes place between the heterogeneous catalyst and the water molecules,
provoking the adsorption of hydrogen atoms on the surface and the release of OH" to the
media. After the generation of the adsorbed hydrogen atoms, the reaction can proceed by
two different pathways, either recombination of two adsorbed hydrogen atoms (Tafel
mechanism) or protonation of an adsorbed hydrogen atom coupled with an electron

transfer (Heyrovsky mechanism), finally provoking the release of H, molecules.

0-0

N R
© /
@ B @ ©) @ Tafel

| Heterogeneous HEC I

@‘®\® @? \® step
©© @ vl I ¢ 7 © oo
| Heterogeneous HEC I ————4 l Heterogeneous HEC I C'DI @ ’.\

Heyrovsky
’—plllol © & @
step terogeneous HEC

Figure 10. Schematic representation of the Volmer-Tafel and Volmer-Heyrovky
mechanisms for heterogeneous catalytic HER in neutral-basic media.

Mechanistic information can be easily extracted from the representation of the
overpotential (1) vs. the logarithm of the current density, the so-called Tafel diagrams. A
Tafel slope of approximately 100 mV indicates that the discharge (Volmer) step is the
rate limitting step. On the other hand, lower values of Tafel slope are characteristic of rate

limiting Tafel and Heyrovsky steps,103:104

As could be expected, the strength of the metal-adsorbed hydrogen interaction
plays a determining role in the catalytic activity of the different materials. The
relationship between the logarithm of the exchange current densities (jo) for HER in acidic
media vs. AG of hydrogen adsorption (AGh+) is usually represented in the so-called
Volcano-type diagrams.®® Recently, computational studies have provided support for the
interpretation of Volcano-type diagrams by calculating AGn= for a number of metal

surfaces (Figure 11).104.108
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Figure 11. Volcano type diagram for different polycrystalline ( A) and Single-crystal (o)
metal surfaces and their electrocatalytic activity towards catalytic HER in acidic media.
The log of the experimentally obtained current density (io) is plotted versus the calculated
free energy for hydrogen adsorption interaction (AGn+) for each metal surface.%

The two branches of the volcano curve diagram represented in Figure 11 can be
understood in the following way: the metals located in the left branch of the volcano
diagram with negative AGn~ show strong M-H" interactions, which facilitates the VVolmer
step but retards the Tafel and Heyrovsky steps. On the other hand, metals situated at the
right-hand branch, with large positive AGu+, show weak M-H” interactions, thus favouring
the Tafel and Heyrovsky steps but significantly retarding or hampering the Volmer
step.1%41% Thus, a compromise between both tendencies, finding an equilibrium between
a favourable adsorption and an easy recombination/protonation step as well, is desirable
in order to get a potential fast heterogeneous HER catalyst. As first suggested by
Parsons,'%’ the optimum value should be around AGu= = 0. The noble metals Rh, Ir and
Pt possess a AGn+ value close to 0, and therefore high HER catalytic activities are
expected. However, we are interested in designing efficient and robust HER catalysts, not
entirely constituted by expensive and limited precious metals. Non-noble metals such as
Ni, Co, W or Mo, despite a bit far from the center of the volcano plot, have shown to be

good candidates for this purpose.
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1.3.3 Heterogeneous non-noble HER catalysts

During the last years, some efforts have focused in the combination of Pt with
non-noble metals in order to reduce the noble metal loading through the supporting of Pt
monolayers on low-cost materials such as Mo.C® or WC or by developing PtsNi

110

nanostructures,*” obtaining good results in terms of stability and activity towards HER

catalysis. However, the final objective is to completely avoid the use of Pt in the cathodes.

Nanoparticulate systems are promising materials as they provide high surface
areas with relatively small catalyst loadings!!' and an easy synthesis/characterization
compared with films and other heterogeneous materials.!'?> These characteristics have
converted NPs into a matter of great interest as electrocatalysts for water splitting. An
example based on non-noble metals can be found with MoS2 NPs, which achieves a
moderate electrocatalytic activity (0.18 mA/cm?, at | = -150 mV) at pH 0.24.1*® The
catalytic activity for MoS» towards HER catalysis has been extensively studied through
the design of diverse materials such as mesoporous structures'** or MoS, NPs deposited
onto reduced graphene oxide,'*® obtaining higher current densities than 10 mA/cm? at

overpotentials as low as -150 to 230 mV.

Also, electrocatalytic active Ni-based materials have been reported, such as Ni2P
NPs, showing good activity and stability in acidic aqueous media, with current densities
of 20 mA/cm? at = -130 mV at acidic pH and n = -205 mV under basic conditions.!!®
More recently, Ni-C-N nanosheets have also been developed and their catalytic activity
has been tested, reaching overpotentials as low as -60.9 mV for obtaining 10 mA/cm?
current densities, close to the ideal overpotential shown by Pt in acidic media, and

displaying also long term stability (active after 70 h).’

Finally, the mixture of non-noble metals has been also tested electrochemically in
HER, including Ni-Mo,'*® Fe-Ni-S (INS)!'° and Ni-Co-S,*?°® which display a higher
electrocatalytic activity than their monometallic counterparts, showing how combining
the properties of two catalytically active metals helps improving the efficiency of the

resulting materials.

1.3.3.1 Cobalt nanoparticles as heterogeneous HER catalysts

Due to the low price and significant catalytic activity towards HER catalysis,

cobalt-based materials have emerged in the past decades, consolidating their presence in
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the field. In particular, as we mentioned before, nanoparticulated materials are promising
candidates for this reaction. To date, several examples of electrocatalytically active Co
NPs towards HER can be found in the literature. Table 4 summarizes the HER catalytic

performances of some Co-derived NP systems.

A clear example of good catalytic performance can be found with CoP NPs, which
can be easily synthetized from [Co2(C0)s].1?* CoP NPs can be supported on Ti, achieving
catalytic currents of 10 mA/cm? at relatively low overpotentials (-75 mV), showing high
stability in acidic solutions and no evidence of degradation over 24 h of catalysis (entry
1, Table 4).

In order to improve the dispersibility and increase the catalytic surface area, Co
and Co/CoOx NPs have also been immobilized on N-doped carbon structures such as
nanotubes'?? and graphitic carbon,'?® achieving 10 mA/cm? at n = -314-210 mV (entries
2-4, Table 4), working both at basic and acidic pH values. Moreover, the introduction of
these C-based structures improves the electron transfer and mass transport while
preventing the aggregation of the NPS, enhancing therefore their stability during
catalysis.*®* Other structures, such as nanofibers'?® and nanopolyhedrons?® bearing
cobalt-based NPs have been also reported as HER catalysts, reaching good catalytic

performances (entries 5 and 6, Table 4).
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Table 4. Summary of HER catalytic data for Co-derived NPs and other Co-based
nanomaterials discussed along the text

Overpotential®

Entry System pH Comments Ref.
(mV)
1 CoP/Ti 75 0 CoP NPs supported onto Ti 121
electrodes
-210 0

Co NPs emdebbed in N-
2 Co@NCNT Doped Carbon Nanotubes -2

-250 13
Co NPs encapsulated inside
3 Co@Co-N-C -314 13 Co-N-doped carbon 123a
Co/CoO@Co— Co NPs inmobilizaed on
4 N-C -280 13 Co-N-doped carbon 123
5 Co@CNF 1196 14 CoNPsintegrated in carbon
nanofibers
5 Co-P/NC 154 14 CoP/Co2P NPs embedd_ed in o6
N-doped carbon matrices
Co NPs formed by
7 Co NPs -540 7 decomposition of a Co 128
complex
8 Co(OH)2/C3Ns  Photocatalysis - CO(OH)Zn'i\ItEZén carbon 130
9 Co-IONR Photocatalysis - Co NPs on a-Fe;0s 131
nanorings
Co-P films deposited on
10 Co-P -94 14 GCE 132
11 Co/CoO NWs .35 14 Co/CoO nanowire array on 4o
Ni foam
12 CoP/CC 67 0 CoP nanowire array on 134
carbon cloth
13 CoS, NWs 145 0 CoS, nanowires supported 135
on a graphite disk
Tetsubo-like i Co(OH) supported in
14 Co(OH):NRs 69 14 MECN 136
Co(OH)@PA Co(OH) supported by Ni
5 OO 65 g OOz supROredbYNI
NI HNSs foam containing PANI

& Overpotential necessary to achieve a current density of 10 mA/cm?. Abbreviations: MECN =
macroporous electrically conductive network; PANI = Polyaniline, PPhs triphenylphosphine.
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The formation of Co NPs from the decomposition of molecular complexes under
oxidative or reductive stress must also be taken into account. Several examples can be
found in the literature for cobalt-based molecular complexes tested for WO catalysis, %’
but also for HER catalysis. An example of this was reported in 2012 by Savéant et al.*?®
when testing the HER catalytic activity of the molecular Co complex [Co(dpg)s(BF)2]*
(Figure 12). After application of modest cathodic potentials (E = -0.75 V vs. NHE) in
MeCN solutions containing HCIO4, Co NPs where formed and deposited onto the glassy
carbon electrode, which resulted good HER electrocatalysts when placed in a clean pH 7
solution (Figure 12 and entry 7, Table 4). In this scenario, the coordination environment
around the metal centre plays a key role in the morphology and degree of dispersion of

the formed NPs.12°

\Q‘ I (mA/em?)
——
E=-0.75V 10]
MeCN + HCIO, Co NPs
Blank

Figure 12. Schematic representation of the degradation of [Co(dpg)s(BF)2]" (Left) under
reductive stress forming Co NPs deposited onto the GC working electrode (Center),
which are electrocatalytically active in HER at pH 7 (Right).

Co NPs have also been used as co-catalysts implanted on graphitic carbon nitride
(9-C3N4)** and a-Fe,03 nanorings®®! in photocatalytic HER, improving the efficiency of

these systems (entries 8 and 9, Table 4).

1.3.3.2 Other cobalt-based materials and nanostructures as HER catalysts

Although cobalt NPs are good candidates for HER catalysis, simple
electrodeposited Co-P films deposited onto glassy carbon electrodes are also capable of
reducing protons into hydrogen raising catalytic currents of 10 mA/cm? at overpotentials
of 94 mV under basic conditions (entry 10, Table 4).1*?

In follow up studies, several examples of nanostructurated cobalt-based materials
have been reported and their catalytic activity has been tested in HER. These
nanomaterials include Co/Co0,**3 CoP,'** CoS; nanowires,** Co(OH). nanorods**® and

Co(OH)2 nanosheets,**” which can be grown in different kind of supports such as Ni foam,
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carbon cloth or graphite disks, forming 3D electrodes with high surface areas and a clear

improvement of their overpotentials (entries 11-15, Table 4).
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CHAPTER Il

Objectives

According to the state-of-the of the field of artificial photosynthesis presented in
Chapter 1, the main objectives of this thesis are exposed in the present chapter.
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CHAPTER Il

General

One of the most exiting objectives of the scientific community during the last years has
been the design of efficient and robust catalysts for water splitting, where the
characterization and understanding of their catalytic pathways plays a key role in their
rational design. Therefore, the general aim of this PhD Thesis is the study of the structural,
electrochemical and catalytic properties of new homogeneous and heterogeneous WO
and HER catalysts based on Ru, Cu and Co. This general aim can be divided into three

specific objectives.

Objective 1

During the last decades, Ru aqua complexes have been extensively studied in the field of
catalytic WO. In particular, pentadentate ligands from the Pys family could be promising
candidates for this reaction; their chelate effect provides a robust first coordination sphere
while allowing the coordination of one aqua ligand at the sixth coordination position.
Thus, the first target of this first project is the synthesis, structural and electrochemical
characterization of new mononuclear Ru complexes bearing the bpy2PY Me scaffold and
its analogs bpy(bpyMe)PY Me and bpy2PY OMe. The study of the catalytic performance
of the prepared complexes towards WO and the unraveling of their mechanistic pathways

is also proposed.

R =H, X =Me; bpy2PYMe
R =Me, X = Me; bpy(bpyMe)PYMe
R =H, X =0Me; bpy2PYOMe

Objective 2

Finding an efficient, cheap and “green” alternative to the noble metal-based molecular
catalysts for WO has become one of the main challenges for scientists during the last
years in the field of artificial photosynthesis. With this purpose on mind, molecular
copper-based complexes have gained interest in this field. On the other hand, it is well
known that tetradentate bipyridine-based ligands stabilize the coordination sphere around
the copper center forming a square planar geometry, and that negatively charged
deprotonated amide groups would have a drastic effect in the redox potential of the

cu"'/Cu" couple, thus decreasing the potentials necessary for achieving high oxidation
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Objectives

]

states. Within this context, the synthesis of two new tetradentate ligands (p-L and o-L) is
envisaged, as well as the preparation and thorough characterization of their corresponding
Cu complexes. The aim of this study is to analyze the effect of the relative disposition of
the Cu centre and the sulfonate groups onto the electrocatalytic performance of the
corresponding complexes in WO and comparison of the latter with other copper-based

catalyst reported previously in the literature.

N 7N\ N/ N\
/
I - \ / \—
(0] o) 0 O
NH N HO,S NH HN SO3H
HO3S SO3H oL

H
p-L

Objective 3

During the past decade, the scientific community have focused its efforts towards
developing new catalysts for the Hydrogen Evolution Reaction based on earth-abundant
metals. In this field, a large amount of Co-based homogeneous and heterogeneous
catalysts have been prepared and extensively studied for this purpose, showing good
activities at relatively low overpotentials. Within this scenario, the Co-based multinuclear
cluster ([CogNa,(L),(OH),(CO,),(py),,I(BF,),) (1), reported in 2015 by G. Aromi and co-

workers, could be a promising candidate for catalyzing this reaction. Consequently, the
third goal of this PhD Thesis is to study the electrochemical behavior and stability of 1
under reductive stress and its electrocatalytic performance towards HER. In case of
deactivation and consequent formation of Co-based materials under turnover conditions,
the composition, morphology and catalytic activity towards HER of the formed species

will be analyzed.

[CogNa,(L),(OH),(CO5),(py);,l(BE,)
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CHAPTER I1I

Ruthenium Complexes Bearing Pentadentate Ligands:
Isomerization Processes and Water Oxidation
Catalysis.

As presented in Chapter I, Ru polypyridyl complexes are specially interesting for
applications in water oxidation catalysis becoming subject of study during the last
decades. In this chapter we report the synthesis of a new family of Ru complexes
bearing pentadentate polypyridyl ligands and their application in water oxidation
catalysis.

In the first subchapter, we focused our attention in the structural and electrochemical
characterization of the complexes. The isomerization equilibria over Ru" and Ru'"" are
also studied in detail. Finally, a comparison with other Ru complexes containing
pentadentate ligands is also presented.

In the second subchapter, we focus our attention in the reactivity towards water
oxidation. Detailed spectroscopic and kinetic studies are reported, which allowed the
identification of new species formed after a series of substitution reactions at different
oxidation states. The catalytic activity of these complexes is also discussed, showing
how the different substitution kinetic constants between the complexes are critical for
their catalytic performance.

This chapter consists in the following papers:

Paper A Gil-Sepulcre, M.; Axelson, J. C.; Aguilo, J.; Sola-Hernandez, L.; Francas,
L.; Poater, A.; Blancafort, L.; Benet-Buchholz, J.; Guirado, G.; Escriche, L.; Llobet, A.;
Bofill, R.; Sala. X. Inorg. Chem. 2016, 55, 11216-11229.

Paper B Gil-Sepulcre, M.; Schilling, M.; Bohler, M.; Bozoglian, F; Bachmann, C.;

Scherrer, D.; Fox, T.; Spingler, B.; Gimbert-Surifiach, C.; Alberto, R.; Bofill, R.; Sala,
X.; Luber, S.; Richmond, C. J.; LIobet A. ChemSusChem 2017, 10, 4517-4525.
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PAPER A: Synthesis and Isomeric Analysis of
Ru'' Complexes Bearing Pentadentate Scaffolds

Gil-Sepulcre, M.; Axelson, J. C.; Aguilo, J.; Sola-Hernandez, L.; Francas, L.; Poater, A.;
Blancafort, L.; Benet-Buchholz, J.; Guirado, G.; Escriche, L.; Llobet, A.; Bofill, R.; Sala.
X. Inorg. Chem. 2016, 55, 11216-11229.
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Abstract: A Ru'-pentadentate polypyridyl complex [Ru'(x-N°-bpy2PYMe)CI]* (1%,
bpy2PYMe = 1-(2-pyridyl)-1,1-bis(6-2,2’-bipyridyl)ethane) and its aqua derivative
[Ru"(1-N>-bpy2PYMe)(H20)]** (22*) have been synthesized and characterized by
experimental and computational methods. In MeOH, 1" exists as two isomers in different
proportions, cis (70%) and trans (30%), which are interconverted under thermal and
photochemical conditions by a sequence of processes: chlorido decoordination,
decoordination/recoordination of a pyridyl group and chlorido recoordination. Under
oxidative conditions in dichloromethane, trans-1>* generates a [Ru"'(x-N*-
bpy2PYMe)Cl.]* intermediate after the exchange of a pyridyl ligand by a CI- counterion,
which explains the trans/cis isomerization observed when the system is taken back to
Ru(I1). On the contrary, cis-12* is in direct equilibrium with trans-12*, with absence of the
k-N*-bis-chlorido Ru''-intermediate. All these equilibria have been modeled by DFT
calculations. Interestingly, the aqua derivative is obtained as a pure trans-[Ru'(ic-N°-
bpy2PYMe)(H20)]?* isomer (trans-22*), while the addition of a methyl substituent to a
single bpy of the pentadentate ligand leads to the formation of a single cis isomer for both
chlorido- and aqua-derivatives, [Ru"(k-N°-bpy(bpyMe)PYMe)CI]* (3*) and [Ru'" (1c-N°-
bpy(bpyMe)PY Me)(H20)]%* (42*), due to the steric constraints imposed by the modified
ligand. This system has also been structurally and electrochemically compared to the
previously reported [Ru"(PY5Mez)X]™ system (X=CI, n=1 (5); X=H20, n=2 (6%")),
which also contains a -N°-Ru'! coordination environment, and to the newly synthesized
[RU"(PY4Im)X]™ complexes (X=CI, n=1 (7%); X=H:0, n=2 (8%")), which possess an
electron-rich x-N*C-Ru' site due to the replacement of a pyridyl group by an imidazolic
carbene.
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Introduction

Transition metal complexes containing polypyridyl ligands have been extensively
used in catalytic oxidation systems due to their stability and synthetic versatility.! Among
these, Ru-aqua polypyridyl complexes are particularly interesting because of both their
easily accessible high oxidation states through proton-coupled electron transfer (PCET)

processes and the inertness of the polypyridyl ligands bonded to the Ru metal center.?

Pentadentate ligands that coordinate metals in a square pyramidal fashion are able
to both enforce an octahedral geometry around the metal center as well as restrict the
metal substitution chemistry to a single coordination site.® An archetypical example is the
PY5R; family (PY = pyridine, R = H, Me, OH, OMeg, etc., Chart 1), which usually binds

the metal ion through one axial and four equatorial positions.*

bpy(bpyMe)PYMe (L2)
+
<X <
|

~N N_~ ~N H N ~
Z ( > v ( >
~N\ In,, i O N A N A\

PY5Me, (L3) PY4Im (L4)

Chart 1. Schematic drawing of the ligands discussed in this work.

Recently, several works have emerged taking advantage of the interesting
properties of this scaffold. For instance, Berlinguette et al. have reported the first
tetravalent Co complex stabilized by proton coupled electron transfer (PCET) processes
by employing the PY5R: ligand (R = H).® This pentadentate ligand ensures: (a) one single
free coordination site in an octahedral type of geometry to accommodate the aqua ligand,
thus allowing PCET processes, (b) a rugged coordination environment non-susceptible to
oxidative decomposition, and (c) the stabilization of the coordination site trans to the M-
O bond, preventing in consequence decomposition via ligand dissociation. Other
examples of the PY5R; family include the PY5Me: ligand (R = Me),® whose Ru''-OH

complex has been recently reported by Kojima et al. to oxidize substrates such as
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hydroquinones in water.” In addition, P'Y5Me.-related compounds containing Co(11)® and
Mo(I1)® have been proven to be active in electrocatalytic water reduction. Also, in 2010,
Long and co-workers reported a series of first row metal complexes containing the PY4Im
ligand, in which the axial pyridine of the PY5R: scaffold was replaced by a N-heterocyclic
carbene (NHC) moiety.'® Finally, the same group reported in 2013 a series of first row
metal complexes containing the related pentapyridyl ligand bpy2PY Me, which in the case

of Co(ll) has been show to be an active catalyst for the proton reduction reaction.t®*

An important issue to be considered during redox catalysis employing polypyridyl
transition metal complexes is the potential presence of several isomers due to the
flexibility of the polydentate ligand, which can hamper a rational analysis of their
behavior.!? Furthermore, it is also fundamental to assess the stability of a given isomer
when the central metal ion experiences the gain or loss of an electron. Within this context,
we present the synthesis and isomeric analysis by spectroscopic, electrochemical and
theoretical (DFT) methods of two Ru(ll) complexes bearing 1-(2-pyridyl)-1,1-bis(6-2,2’-
bipyridyl)ethane ligand scaffolds (L1 and L2 in Chart 1), and the comparison of their
structural and electronic properties with those of related Ru(Il) complexes containing the
pentadentate ligands L3 and L4 (Chart 1).

Results and discussion

Synthesis and Characterization of 1(Cl), 2(PFs)2, 3(Cl) and 4(PFé)..

For the synthesis of bpy2PYMe (L1), the two-step procedure reported by Long and co-
workers*! involved reacting 2-ethylpyridine with MeLi and 6-bromo-2,2’-bipyridine and
mixing the isolated intermediate with BuLi and another equivalent of 6-bromo-2,2-
bipyridine. However, in this study the route was simplified to a one-pot reaction of 2-
ethylpyridine with LDA (lithium diisopropylamide) and 6-bromo-2,2’-bipyridine,
obtaining L1 as a yellow oil in 70% yield (a detailed description of the synthesis can be
found in the Supplementary Material). The synthetic strategy followed for the preparation
of the respective chlorido and aqua complexes 1(Cl) and 2(PFs)z2 is depicted in Scheme

1 and in the Experimental Section.
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L1/L2
EtOH

[Ru(p-cym)(Cl)2]> MW (300 W)
150 °C, 1h

k-N3-cis-[Ru'(L)CI]* + x-N5-trans-[Ru(L)CI]*
L=L1 (1%), 70:30 cis/trans; L=L2 (3%), 100:0 cis/trans

1. H;0 reflux 2 days
2. Sat. sol. NH4PF5

k-N5-trans-2*" / «-N5-cis-4*"
trans-[Ru'(L1)(H,0)1?* / cis-[Ru"(L2)(H,0)]%

Scheme 1. Synthetic pathway for the preparation of the chlorido complexes 1" and 3" and
the aqua complexes 2%* and 4%*.

For the synthesis of the chlorido complex 1, the *H NMR spectrum of the reaction

mixture in ethanolic solution showed the presence of two compounds, which could be

separated by fractionated precipitation through sequential exposure to EtOH followed by

DCM (see the Experimental Section for further details). With this method, two pure
isomers were obtained, which have been called trans-1" and cis-1%, respectively,
depending on whether the pyridyl moiety is positioned trans or cis with respect the CI

ligand (Scheme 1 and Figure 1).
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Figure 1. Plot of the DFT calculated structures of cis-1* (left) and trans-1* (right). Atom
color code: blue, nitrogen; light green, chlorine; dark green, ruthenium; light grey, carbon.
All Ru-X calculated distances (X=CI, N) are shown in A. Hydrogen atoms have been
omitted for clarity.
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The experimentally obtained cis:trans ratio is approximately 70:30, and both

individual compounds have been characterized by NMR (Figure 2 and Figures S1 and
S2), UV-vis spectroscopy (Figure S13) and ESI-TOF and MALDI-TOF MS (Figure S9).
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Figure 2. 'H NMR spectra including the assignment of signals for trans-1* (400 MHz,
298 K, d3-MeNO,) (a) and cis-1* (600 MHz, 298 K, d3-MeNO,) (b). A zoom of the
aromatic region is shown in the insets.
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The higher symmetry of the trans isomer, which belongs to the Cs point group,
compared to the Cy point group of the cis isomer can be confirmed in the NMR spectra;
whereas the former only shows 12 *Hand 17 *3C resonances (Figure 2a and Figure S1a),
the latter displays 19 'H and 27 *3C resonances (Figure 2b and Figure S2a). The
unequivocal assignment of the respective cis and trans isomers is also clear when
observing the integrals of the down-field doublets corresponding to H19, H1 and H16
(1:1:1) and H1 and H12 (2:1), respectively.

Complexes cis-1" and trans-1* are both stable in a DCM solution in darkness at
RT. However, at 0 °C in the presence of light (100 W incandescent white light bulb)
trans-17 is partially converted into cis-1* as monitored by NMR. In sharp contrast, cis-1*
remains stable in DCM under irradiation. Interestingly, the behavior of both isomers is
completely different in MeOH. In this case both isomers are interconverted under
irradiation at 0 °C and under heating (RT or 50 °C) in darkness, with faster
interconversion rates observed for the photo-induced case. For example, under irradiation
at 0 °C pure cis-1" is converted into a cis-1*:trans-1* (73:15) mixture and pure trans-1*
is converted into a cis-1":trans-1" (63:19) mixture within 30 hours (Figure S20).
Furthermore, an additional minor species has been detected by NMR (12% abundance for
the former case and 18% for the latter), in which at least one MeOH solvent molecule is

coordinated to the Ru ion.

To obtain additional information regarding the potential mechanism of
isomerization between trans-1* and cis-1*, density functional theory (DFT) calculations®®
in MeOH and DCM were carried out (Figure 3). In both solvents, the calculations tend to
show a slightly higher stability of the cis isomer by 0.1 kcal/mol in MeOH and by 0.4
kcal/mol in DCM. The isomerization may be understood as a stepwise equilibrium
involving three steps: (1) decoordination of the chlorido ligand, (2) isomerization of one
pyridyl group in the decoordinated species, and (3) recoordination of the chloride ion (see
Figure 3). Light-induced Ru-Cl bond breakage should not be surprising, since breakage
of Ru-X bonds (e.g. X =N, S, O) in Ru(ll)-polypyridyl complexes upon light irradiation
has been previously described elsewhere.* Interestingly, in our case the DFT calculations
have determined that reaching the equilibrium starting from a single form depends on the
polarity of the solvent, as has been experimentally observed. In MeOH, the chlorido

decoordination step from the trans-1" and cis-1* forms costs 12.7 and 13.5 kcal/mol,
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respectively, and the barrier involving the ligand isomerization step is 19.7 kcal/mol.
Therefore, the isomerization is energetically possible in MeOH at RT, and the equilibrium
between the cis and trans forms can be established. In contrast, in DCM the
decoordination, isomerization and decoordination sequence has a barrier of 32.1 kcal/mol
due to the lower polarity of the solvent, which disfavors the separation of charges that
occurs during this process. Although there is a concerted transition state linking the two
isomers of 17 in DCM, this path is not viable energetically because it has a barrier of 37.4
kcal/mol relative to trans-1* (see coordinate data sets and absolute energy for DFT
optimized complexes in the Supplementary Material). Thus, the cis and trans isomers are

kinetically trapped under these conditions, and no isomerization occurs at RT.

i MeOH: =—— Ru'"-singlet = Ru'"-triplet
Ru''-triplet

. DCM:

Ru''-singlet

trans-1"-S, __L—rmns-lz*-INTl-sn — cis-1>"-INT1-S, L— cis-17-8,

Figure 3. Energy diagram (B3LYPd3/TZVP-D95+~sdd//B3LYPd3/SVP~sdd) for the
thermal and photo-induced isomerization processes for 1" in MeOH and DCM. Red curve
denotes the singlet spin surface, and blue curve denotes the triplet spin surface in DCM,
whereas black and green curves denote the singlet and triplet spin surfaces in MeOH,
respectively. All Gibbs energies are calculated relative to cis-1" and are reported in
kcal/mol (transition state energies in brackets). So = ground state, T1 = first excited triplet
state.
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The cis-trans isomerization in the photo-excited triplet state also follows the
chlorido decoordination/recoordination mechanism according to the calculations, which
are in agreement with the experimentally observed behavior (Figure 3). Under these
conditions, isomerization from the trans to the cis isomer occurs in both solvents. The
calculations show that the chlorido decoordination step is exothermic in MeOH by 8.6
kcal/mol, while it is only slightly endothermic in DCM (by 4.0 kcal/mol). The different
endothermicity of the reaction in the ground and excited state explains why trans-1* is
stable in DCM in the dark, but not under irradiation. The situation is different for the
triplet-state isomerization in the cis to trans direction, which occurs only in MeOH. The
decoordination reaction starting from cis-1" follows a stepwise mechanism which goes
through an intermediate, T1-INT-1%, where the chlorine atom is partially dissociated (Ru-
Cl distance of 4.0 A) and the ligand has a quasi-trans conformation. The barrier for this
step is low in both solvents (3.7 kcal/mol). At T1-INT-17, the energy gap between the
triplet and ground state is small, 5.1 kcal/mol in DCM and 5.6 kcal/mol in MeOH.
Therefore, when the molecule is at T1-INT-1%, it can decay from the triplet to the ground
state instead of completing the dissociation. In the ground state, this is followed by re-
association of the chloride ion to the complex and regeneration of the cis-1" species
without isomerization. The calculations suggest that this process will be more favorable
in DCM, where the energy gap is smaller, and this might explain why the light-induced
isomerization from the cis form is suppressed in this solvent, but not in MeOH. Such non-
adiabatic processes are common in the photoreactivity of transition metal complexes®
and organic molecules,® and involvement of a singlet/triplet crossing has been previously

postulated in the photoisomerization of Ru(Il) monoaquo complexes.t’

The computational results also indicate that the minor species (12-18%) detected
in the NMR experiments in MeOH are the trapping products of the decoordinated
intermediates. This corresponds to a stepwise replacement of the chlorido ligands by
MeOH. The relative energy of the MeOH-coordinated products is 5.2 and 5.9 kcal/mol
with respect to trans-1" and cis-1%, respectively. The alternative structures where MeOH
replaces one of the pyridyl ligands instead of a chloride are less favorable energetically;
from trans-1" the cost of dissociating the pyridyl ligand trans to CI" (25.0 kcal/mol, Figure
S33) is higher than that of the chloride dissociation, and the concerted substitution of the

pyridyl ligand by MeOH is 6.4 kcal/mol even higher in energy.
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The electrochemical behavior of the cis-1" and trans-1" isomers has also been

studied in DCM, a non-coordinating solvent, at different scan rates (Figure 4).
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Figure 4. Cyclic voltammogram for trans-1" (a) and cis-1" (b) in DCM + 0.1 M n-
BusNPFs at different scan rates. Glassy carbon electrode is used as working electrode
(diameter: 1 mm). The redox potentials are determined vs. SCE. Red circle denotes
formation of [Ru"""(ic-N*-bpy2PYMe)Cl,]”* intermediate.

Typical cyclic voltammograms (CVs) for trans-1* show a one-electron pseudo-
reversible wave at 0.829 V vs. SCE.* In the corresponding cathodic counter scan and in
a second scan a new reversible wave appears at 0.241 V vs. SCE, indicating the formation
of a new electroactive product through a chemical reaction linked to the Ru'/Ru'"" electron
transfer process (Figure 4a and Figure S25, red). A closer look at the CVs reveals that the
peak currents are of the same order of magnitude as those expected for a one electron
transfer reaction for a diffusing solution species in DCM.® The analysis of the peak
current values (and their dependence on concentration and scan rate), the peak potential
values (and their dependence on concentration) and the potential width values provide a
window into the nature of the electrochemical mechanism and the values of the kinetic
constants coupled to the electron transfer. Increasing the concentration of trans-1" results

in increases in the peak current value without significant shifts in the peak potential up
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0.5 mM, whereas the anodic peak potential shows a dependence with scan rate (ca. 30
mV), which means that the chemical reaction coupled to the electron transfer should be a

first order reaction, EC mechanism (Figure S21).1°

In the case of the cis-1* isomer, a similar electrochemical behavior is observed: a
quasi-reversible one electron oxidation wave appears at 0.851 V, and the same peak
detected in solutions of trans-1" isomer appears again at 0.241 V in the corresponding
cathodic counter scan but now with lower associated currents (Figure 4b). The lower
cathodic and anodic peak current values obtained for the peak at 0.241 V reflect the higher

stability of the oxidized cis-1?* form in comparison with trans-12* (Figure S25, black).

In order to determine the nature of the product formed after the first electron
transfer of trans-1*, a controlled potential electrolysis (CPE) at 1.2 V vs. SCE was
performed in darkness. After the passage of 1.0 F per mol of complex, the analysis of the
oxidized sample by means of CV shows the formation of the electroactive product at
0.241 V (Figure S22). Interestingly, this species is not formed when exchanging the
coordinating CI” counterion in 1% by the non-coordinating PFs™ ion. The CV of trans-
[Ru""(bpy2PYMe)CI](PFs) in DCM only shows a reversible wave at 0.829 V, with
complete absence of the signal of the new species at 0.241 V (Figure S22, c). Therefore,
the new species must be formed upon coordination of a CI™ ion to the Ru metal center
under oxidative conditions in DCM to generate a [Ru'"'(ic-N*-bpy2PYMe)Cl2]" species
(or k-N*-bis-CI*) after the exchange of a pyridyl ligand by a CI- counterion. Indeed, this
k-N*bis-CI* species shows a Ru"/Ru'" potential of 0241 V vs. SCE
([Ru"(bpy2PY Me)Cl,]*/[Ru'(bpy2PY Me)Cl.] redox pair) by CV, and has been detected
by MALDI-TOF MS after a CPE at 1.2 V for 6 h (7.56 F/mol) of a trans-1* sample. As
can be observed in Figure S9a, the higher intensity of the upper MW peaks compared to
the parent cis-1* and trans-1" compounds is indicative of the presence of the second CI
atom in the bis-chlorido compound, since total loss of one CI ligand and partial loss of
the second CI" ligand is happening. Interestingly, when oxidizing trans-1* in darkness in
DCM (CPE at 1.2 V for 16 h, 4.15 F/mol) and then reducing it back again (CPE at 0 V
for 5 h, 1.62 F/mol), a 70:30 mixture of cis-1": trans-1* was obtained according to NMR
data (Figure S23), which is the same proportion obtained during the synthesis of 1*
(Scheme 1). Consequently, isomerization can also be achieved in non-coordinating

solvents (DCM) by bulk electrolysis. Therefore, the x-N*-bis-CI* species formed after
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oxidation of trans-1" is in fact an intermediate in the isomerization process that, when
reduced back to Ru(ll), it may exchange either of the two chloride ligands with the
dangling Npyr ligand. If the exchanged CI" ion is the same as the one that entered during
oxidation, the system will return to the original isomer (trans-1*), whereas if the other is
lost, the cis-1* isomer will be formed. It also became apparent that the [Ru''(ic-N*-
bpy2PYMe)Cl;] intermediate (x-N*-bis-Cl) formed upon reduction at potentials lower
than 0.241 V is poorly stable, since its detection by MS or NMR has been completely

unfruitful.

A detailed analysis of the CV parameters for trans-1* and cis-1" at different scan
rates allows for the experimental determination of their first order kinetic constants, 1.6 s
and 0.02 s, respectively, by plotting the anodic peak potential vs. log v (where v is scan
rate, V s ) and log [1*] for both cis-1" and trans-1* (Figure S21) according to the

following equations (1) and (2).°

|, =0446nF S C° 1/%&5 1)

E,=E°+0.78 (g) - (%] In (%) )

From this analysis, it can be deduced that the Ru(l11)-species trans-12* possesses
a lower AG® compared to the cis-12* isomer. Thus, the bis-chlorido Ru(l1l)-intermediate
(k-N*-bis-CI") is not formed directly after the oxidation of cis-1* (Figure 4b), but through
a previously established equilibrium between cis-12* and trans-12* (Scheme 2). Hence, in
all cases, departing either from cis-1" or trans-1*, the Ru(l11)-bis chlorido intermediate is
only formed after the formation of trans-12*. Finally, the remaining kinetic and
thermodynamic parameters have been obtained by individually simulating the
experimental CVs recorded at 200 mV/s for both cis-1* and trans-1* by an iterative
mathematical process using the DigiSim 2.0 CV simulator software?® (Figure S24)
assuming the proposed mechanistic model of Scheme 2 (for further details please refer to
the Experimental Section).?* The dramatic differences between the value of the
thermodynamic constant Ky deduced for Ru(lll) and those of K> and Kz deduced for
Ru(l1) between the k-N*-bis-Cl and the k-N°-ClI species is also consistent with the hard-
soft acid-base (HSAB) theory and the charge of the central metal ion. Thus, according to

the HSAB principle one might expect higher affinity of Ru(ll) to bind to N-donor ligands
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compared to a chlorido ligand, whereas for Ru(l11) the higher charge on the metal makes

it more prone to bind to negatively charged ligands.

trans-[Ru''(bpy,PYMe)CI]* E°=0.829 V ¢rans-[Ru'(bpy,PYMe)CIJ?*

(k-N3-trans-1*) (x-N5-trans-12*)
K,= 6.6 x 10° Ky=3 ky=0.02
k= ky=0.5 k=053 kj=1.6
7.5x 10"
[Ru''(bpy,PYMe)Cl,] E®=0.241V Ry (bpy,PYMe)Cl,]*
(-N4-bis-Cl) (x-N4-bis-CI*)
K;=21x101
k_3 =
6.7 X 10'11 k3 =0.6
/ E°=0.851V
cis-[Ru'(bpy,PYMe)CI]* " 3 cis-[Ru"'(bpy,PYMe)CI]?* k=013
(1c=N5-cis-1%) (c-N5-cis-12%)

Scheme 2. Proposed isomeric equilibria and Kinetic rate constants (k, in s™) and
thermodynamic constants (K, highlighted in boxes) in DCM under oxidative and
reductive conditions of cis-1* and trans-1* complexes.

To obtain more insight into the electrochemical behavior of 17, we have modeled
the formation of the bis-chlorido intermediates k-N*-bis-Cl and x-N*-bis-CI* species in
DCM by DFT calculations (Figure 5). The k-N*-bis-Cl species can exist as several
possible isomers, of which we have characterized the two most likely to be formed from
a structural viewpoint. These two isomers are labeled trans-1-INT3-Sp and cis-1-INT3-
So, where the two chlorido ligands are in trans or cis, respectively. We postulate that these
isomers are formed from trans-1" and cis-1" after decoordination of the single pyridyl
ligand and coordination of the chloride counterion. The barriers for pyridyl
decoordination are 25.5 and 26.7 kcal/mol, respectively, and the relative energy of the
k-N*-bis-Cl intermediates INT3 are 9.2 kcal/mol (for trans) and 25.1 kcal/mol (for cis).
From the electrochemical measurements, the relative energy of the x-N*-bis-Cl
intermediate is 14.2 kcal/mol, which suggests that the isomer detected experimentally
corresponds to trans-INT3, where both chlorido ligands are in axial positions and the
electrostatic repulsion between these two ligands is reduced. In Figure 5 we also show a

possible isomerization path that interconnects both isomers of INT3. Starting from trans-
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INTS3, it involves decoordination of a chlorido ligand to give trans-INT4, rotation of one

of the bipyridyl ligands and recoordination of the chloride ion.
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Figure 5. Energy diagram (B3LYPd3/TZVP-D95+~sdd//B3LYPd3/SVP~sdd) for the
thermal and photo-induced isomerization processes for 1* and 12* in DCM in the presence
of added chloride ions. Red curve denotes the singlet spin surface, and blue curve denotes
the triplet spin surface for Ru'", whereas pink and violet curves denote the doublet and
quadruplet spin surfaces for Ru'"", respectively. All Gibbs energies are calculated relative
to cis-1* or cis-1?* and are reported in kcal/mol (transition state energies in brackets). So
= ground state.

With regard to the Ru(lll) species, the possible cis-trans isomerization pathway
involving chlorido decoordination and recoordination is shown in Figures S34 and S35.
The decoordination step from trans-12* in MeOH and DCM has high barriers of 29.1 and
48.9 kcal/mol, respectively, because of the higher charge on the Ru atom, and probably
precludes the occurrence of this mechanism for 12*. In consequence, for Ru(lll) the
isomerization involving the k-N*-bis-CI* intermediate is the more favorable path in
DCM, since it involves a maximum barrier of 33.9 kcal/mol (Figure 5) compared to the
barrier of 48.9 kcal/mol for the chlorido decoordination (Figure S35).
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The corresponding aqua complex 22* was prepared by stirring an agueous solution
of 1* for 2 days under reflux (Scheme 1). In contrast to the chlorido complex 1%, 2%* exists
in solution as a single trans-22* isomer according to NMR data (Figure S3), showing very
similar spectra to those corresponding to trans-1" given the fact that both molecules
possess the same symmetry. The trans configuration of 22* has also been confirmed by
X-ray diffraction analysis (see Figure 6a in the Comparative Analysis Section below),
and the complex has been further characterized by UV-vis spectroscopy (Figure S15) and
ESI-TOF MS (Figure S10, a).

In order to prevent the isomeric equilibrium between the cis and trans-chlorido
forms and to obtain a single cis-aqua species to be compared to the trans-22* species (e.qg.
in catalysis), a methyl substituent was introduced at the 6’ position of one of the bpy
moieties of bpy2PYMe in order to increase the steric hindrance and disrupt the formation
of the trans configuration. The new ligand bpy(bpyMe)PYMe (L2, Chart 1) was obtained
in a 17% vyield following the same one-pot methodology used for the synthesis of
bpy2PYMe (L1), the only difference being that 6-bromo-6’-methyl-2,2’-bipyridine was
used instead of 6-bromo-2,2’-bipyridine (see Experimental Section for further details). A
thorough NMR analysis of L2 can be found in Figure S4, in which the newly added
methyl group can be clearly identified at 2.59 ppm in the HMBC spectrum. Concerning
the respective chlorido and aqua complexes 3(Cl) and 4(PFs)2, the synthetic strategy

followed for their preparation is depicted in Scheme 1 and in the Experimental Section.

Complexes 3(Cl) and 4(PFs)2 have been characterized by NMR spectroscopy
(Figures S5 and S6, respectively). The presence of 28 3C NMR resonances for 3(Cl) and
4(PFs)2 and a *H NMR spectrum that resembles that of cis-1* (although the signals now
appear in a narrower range) are effectively an indication of the formation of a single cis
isomer for both chlorido and aqua compounds. This is a consequence of the steric
hindrance provided by the extra methyl group introduced into the original bpy2PYMe
ligand (which according to the HMBC NMR spectra in Figures S5i and S6i can be
assigned at 3.63 ppm and 3.05 ppm for 3" and 42*, respectively). Moreover, the formation
of a pure cis isomer for 3* and 42* has also been confirmed by X-ray diffraction analysis
after slow evaporation of an acetone:water solution of 3(Cl) (Figure S17, Table S2 and
Experimental Section) and after ether diffusion into an acetone:DCM solution of 4(PFe)2

(see Figure 6b in the Comparative Analysis Section below). All Ru-N distances and N-
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Ru-N angles of both complexes logically resemble, and for cis-3* the Ru-Cl distance

(2.456 A) lies within normal expected values.”*3422

Additionally, 3(Cl) and 4(PFs). have been characterized by ESI-TOF MS, UV-
vis and CV/DPV techniques (Figures S10, S14 and S28 in the Supporting Information,
respectively), confirming the purity and integrity of the complexes and the expected
similar spectroscopic and electrochemical properties to those of their related chlorido and
aqua derivatives 1* and 22*, respectively. It should be highlighted as well that during the
reductive scan of cis-3* a Ru"-k-N*-bis-Cl species is formed at potentials near 0.27 V
(Figure S22a, black). However, this species cannot isomerize to a hypothetical trans-3*
species when reattaching the unbound Npyr ligand due to the steric hindrance introduced
by the extra methyl group present in L2. We believe this is the reason why no trace of
either trans-3* or trans-4?* has been detected. Furthermore, DFT calculations for both
isomers of system 3 revealed that cis-3" was 2.7 kcal/mol more stable than trans-37, in

perfect agreement with the experimental data.

Synthesis and Characterization of 5(Cl), 6(OTf)2, 7(Cl) and 8(BFa4)>.

The synthetic strategy followed for the preparation of the respective chlorido and aqua
complexes 5(Cl) and 6(OTf)2 bearing the PY5Me; (L3) ligand differs from the recently
published data.!* and is therefore depicted in Scheme 3 and in the Experimental Section.
NMR spectra of 5*and 62* were coincident with data published by Kojima et al.” (for
more information please refer to the Experimental Section), and good quality crystals of
62" could be obtained and analyzed by X-ray diffraction for the first time (Figures 6¢ and
S18 and Table S4). Also, the electrochemical properties of 5 have been studied by CV
in acetonitrile (Figure S29), exhibiting a unique reversible wave at E° = 0.78 V vs. SCE

(AE = 61 mV), corresponding to the Ru'""/Ru'"" process.
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L3 L4
EtOH
CH3CN
[Ru(p-cym)(Cl)2l; | MW (300 W)  [Ru(p-cym)(Cl)lp | 2 o
150 °C, 1h
5 7"
[Ru'(L3)CI* [Ru''(L4)CI]*
Ag(OTf) AgBF,4
Acetone:H,0 1:1 Acetone:H,0 1:4
Reflux 5h Reflux 8h
6Z+ 82+
[Ru'(L3)(H0)** [Ru'l(L4)(H0)**

Scheme 3. Synthetic pathway for the preparation of the chlorido complexes 5" and 7* and
the aqua complexes 6%* and 8%*.

Complexes 7* and 82*, bearing the PY4Im (L4) ligand, were synthesized
according to Scheme 3 (further details can be found in the Experimental Section) and
have been characterized by ESI-MS (Figures S11 and S12), NMR (Figures S7 and S8),
CV and DPV (Figures S30-S32), and UV-vis (Figure S16) techniques. Compound 7 in
MeOH shows a unique reversible wave at E° = 0.84 V (AE = 75 mV) corresponding to
the Ru"'/Ru"" process (Figure S30).

NMR analysis of 7* and 8%* show that both compounds display C2v symmetry in
solution, with one symmetry plane passing through the chlorido/oxygen, the C(14) of the
central imidazole and the Ru atom and bisecting the C(12)-C(13) bond of the imidazole
ring, thus interconverting the two sides of the complex. Moreover, one symmetry plane
(perpendicularly bisecting the former) contains the imidazole ring and the Ru and
chlorido/aqua groups, hence interconverting the other two pyridine rings. As a result, we
expect only 6 *H resonances, as confirmed in the corresponding *H NMR spectra (Figures
S7aand S8a). It is worth mentioning that the characteristic down-field shift of the doublet
corresponding to H1 (9.42 and 9.20 ppm, respectively) is likely due to hydrogen bonding
interactions between the protons alpha to the nitrogen atoms of each pyridyl ring and the
chlorido/oxygen coordinated to the Ru ion. HMBC and HSQC experiments have played
an essential role in unambiguously assigning H12 and H6 singlets as well as all quaternary

carbon resonances (Figures S7 and S8). Suitable crystals for X-ray diffraction analysis of
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8(BF4)2 were obtained as well (Figures 6d and S19 and Table S5), the structure of which

is compared to those of trans-2%*, cis-4%* and 62* in the next Section.

Structural and Electrochemical Comparative Analysis of the agua complexes.

Mercury plots of the X-ray crystal structures of trans-22*, cis-4%*, 6" and 82* are
shown in Figure 6, and the corresponding crystallographic data can be found in Tables
S1and S3-S5, respectively. Table S6 includes a list of selected bond distances and angles
for the four aqua complexes, which are in the expected range compared to other Ru(ll)
polypyridyl complexes.?® The effect of the higher rigidity of the bpy2PYMe ligand (L1)
compared to the more flexible PY5Me> (L3) and Py4lm (L4) ligands can be seen in the
geometry around the Ru(Il) atom, as it displays the least ideal octahedral environment of
the series (N1-Ru-N2 and O-Ru-Ns angles —entries 7 and 11- close to 170° and O-Ru-N1
angle —entry 12- close to 80° in trans-22*, and longer Ru-N1 distance —entry 1- in trans-
22* compared to 62* and 82*). The distortion from the ideal octahedral geometry is even
more pronounced upon introduction of the Me moiety to generate L2 (cis-42") due to the
steric constraints it imposes. Thus, the N1-Ru-N3 and N2-Ru-N4 angles (entries 9 and
10) are 11° and 5° smaller than for the case of L1 (N1-Ru-N2 angle, entry 7), respectively,
and the O-Ru-N1 and O-Ru-N4 angles are 12° and 6° off from 90° (entries 12 and 15 in
Table S6, respectively, and Figure 6b).

(a)

Figure 6. Mercury plot of the X-Ray crystal structures of trans-22* (a), cis-42* (b), 6°* (c)
and 8%* (d). Atom color code: blue, nitrogen; red, oxygen; dark green, ruthenium; light
grey, carbon. Only the hydrogen atoms closest to the oxygen atoms are shown in white.
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The less rigid character of the L3 and L4 scaffolds is reflected in the relative
orientation of the 4 equatorial pyridine rings in 6>* and 82*, which are clearly non parallel
and show four alpha H atoms within hydrogen bonding distance to the O atom of the aqua
ligand (2.6-2.9 A, Figure 6¢-d). On the other hand, for L1 and L2 the existence of a C-C
bridge in the bpy ligands precludes any relative rotation of the pyridine rings and impedes
the approach of any pyridyl H atoms to the axial O atom. The closest distances for trans-
22* fall in the range of 3.9 A for O-H1, and 2.8 A for O-H16 in cis-4?* (Figure 6a-b), all
of which are longer than clear O---H bond distances. Exceptionally, one of the hydrogen
atoms of the 6° Me substituent in cis-42* lies within the limit of hydrogen bonding to the
O atom (O-H28 distance of 2.6 A), which is again an indication of the steric constraints

imposed by the methylated ligand.

The last significant difference observed between the four structures is the shorter
Ru-Xax distance for 82* (Table S6, entry 3) due to the much stonger s-donor character of
the carbene moiety (Cax) with regards to the pyridyl scaffold present in trans-22*, cis-42*
and 62*. This feature has a dramatic effect in the acidity of the aqua group, which is
significantly decreased (see pKa values in Table 1 below). Interestingly, despite the
presence of different coordinating atoms in the site trans to the aqua group, all Ru-O
distances are similar, between 2.1 and 2.2 A (Table S6, entry 6).

The electrochemical behavior of the aqua-complexes has also been studied in
detail at different pHs, therefore allowing the construction of their Pourbaix diagrams
(Figure S27), and a global comparison of the redox potentials at pH 7 and the pKa values
of trans-22*, cis-42*, 62*, 82* and those of the paradigmatic Ru-penta-N-dentate complex*
[Ru(trpy)(bpy)(H20)]?" is presented in Table 1.
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Table 1. Redox potentials at pH 7 (in V vs. SCE), and pKa values for the aqua-complexes
22*,42* 62" and 82" and the related Ru complex [Ru(trpy)(bpy)(H20)]%*.

3 - = = 3 3
= = = e £ T g
g = > N 7 g3 C
O S X X
trans-22*2 056 0.75 190 26 110 Cc
Cis-42*a 051 - c
62t a 038 - 2.7 107 C
g2+b 0.46 - - 110 7
g2+a 058 080 220 53 127 C
[Ru(trpy)(bpy)(H20)]?* 2 049 062 130 1.7 9.7 24

2 In agueous phosphate buffer pH 7. ° In Britton-Robinson buffer. ¢ This work. ¢ AE = EV/!'— E"VI,

It is well known that the presence of an aqua group enables a simultaneous
removal of electrons and protons (PCET) at relatively low and close potentials since the
buildup of high columbic charges is avoided,?® allowing easy access to high oxidation
states necessary for oxidative catalytic transformations. According to the Pourbaix
diagrams (Figure S27), slopes of approximately -59 mV per pH unit in the central pH
regions indicate the presence of the single PCET processes Ru''-OH/Ru'"'-OH; and Ru'V-
O/Ru"-OH.?* Consequently, the two waves observed at 0.56 V and 0.75 V vs. SCE for
trans-22* and at 0.58 V and 0.80 V for 8%* at pH 7 can be assigned to the Ru"'-OH/Ru'"-
OH; and Ru'V-O/Ru''-OH processes, respectively (L1 and L4 have been omitted for
clarity), whereas for cis-4%* and 6%* the wave corresponding to the Ru''-OH/Ru'"-OH;
process can be detected at 0.51 V and 0.38 V, respectively (Table 1). Thus, at pH 7 the
Ru"/Ru" and Ru'V/Ru"" redox processes are separated by 190 mV in trans-22* and by
220 mV in 8%, while this separation is only of 130 mV in [Ru'(trpy)(bpy)]?*. This
difference points out the higher stability of the Ru'"'(OH) species of trans-22* and even

more so for 82" than in [Ru"(trpy)(bpy)]?*, which in the case of 82 could be due to
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hydrogen bonding interactions between the hydroxo group and the hydrogen atoms alpha

to the pyridyl nitrogens of the pentadentate ligand (see Figure 6d).

Referring again to the Pourbaix diagrams, the two vertical lines (non-redox
processes) allow determination of the pKa (Ru''-OH) and pKa (Ru'-OH.) values.
Therefore, for trans-2%* these values are 2.6 and 11.0, respectively, which are very similar
to those of 62* (2.7 and 10.7) given the strong resemblance from an electronic viewpoint
of L1 and L3. The pKaz value for 62* differs slightly from the value obtained previously
by Kojima et al. (11.0),” although this difference may be attributed to the different buffers
used in both works (Table 1). Finally, the pKa values of the aqua group for 8" (5.3 and
12.7 for Ru" and Ru", respectively) are significantly higher because of the
strong c-donating character of the carbene scaffold present in L4. The decreased acidity
of the aqua group in 8* is also evident when comparing its pKa values with those of
[Ru(trpy)(bpy)(H20)1?*; the pKa1 and pKaz values for the PY4Im complex increase by 3.6
and 3 units, respectively, compared to [Ru(tpy)(bpy)(H20)]?*, while 2" and 62* occupy

an intermediate position, with pKa values only 0.9-1.3 units greater than those of
[Ru(trpy)(bpy)]*".
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Conclusions

The combined use of spectroscopic, spectrometric, electrochemical and
theoretical methods has led to a proposed isomerization mechanism for the 1% chlorido
species and the quantification of the thermodynamic parameters. In MeOH both isomers
are interconverted under thermal and photochemical conditions by a sequence of chlorido
decoordination, decoordination/recoordination of a pyridyl group and chlorido
recoordination. Also, under oxidative conditions in DCM the exchange of a pyridyl group
of the ligand by a CI- counterion in trans-1%* generates a bis-chlorido intermediate
[Ru"'(x-N*-bpy2PYMe)Cl2]* (k-N*-bis-CI*), which is essential for the isomerization
process observed when the system is reduced back to Ru(ll). In contrast, under the same
conditions cis-12* is in direct equilibrium with trans-12*, with absence of the bis-CI*
intermediate. Interestingly, its aqua derivative exists as a pure single isomer (trans-22*),
while by increasing the steric hindrance of the pentadentate ligand via introduction of a
methyl group the isomerization equilibrium is completely inhibited and a single cis
isomer is obtained (cis-3*/cis-4°"). The electrochemical and structural data of this series
of complexes (1* to 4%*) has also been compared to those of related Ru pentadentate
choro- and aqua-compounds, some of which are reported here for the first time (7* and
82%). This comparison shows how the influence of the chemical and structural
characteristics of the pentadentate ligand impacts on the electrochemical and acid-base
properties of the resulting Ru(11) complexes, which are fundamental for modulating their
activity in redox catalysis. In the near future we plan to further extend this study by
comparing the capacity of the aqua compounds described as catalysts for redox oxidative

transformations.
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Experimental section

Materials. All reagents used in the present work were obtained from Aldrich
Chemical Co. and were used without further purification. Reagent-grade organic solvents
were obtained from Scharlab. RuCls-3H20 and [Ru(p-cymene)(Cl)2]> were supplied by
Alfa Aesar and were used as received. The synthesis of the ligand PY5Me> was performed
following the procedure described in the literature.?® In order to obtain the bpy2PY Me,
bpy(bpyMe)PY Me and PY4Im ligands, some modifications have been introduced to the
procedures already published. Thus, for bpy2PYMe!! and bpy(bpyMe)PYMe we
performed a one-pot reaction of 2-ethylpyridine with LDA and 6-bromo-2,2’-bipyridine
(as well as 6-bromo-6’-methyl-2,2’-bipyridine for the latter), whereas for PY4Im° the
silver derivative PY4Im-Ag was obtained by reaction of (PY4Im)Br with Ag.0 in

acetonitrile instead of DCM (see Results Section for further details).

All synthetic manipulations were routinely performed under nitrogen or argon

atmosphere using Schlenk tubes and vacuum-line techniques.

Instrumentation and Measurements. UV-vis spectroscopy was performed by a
HP8453 spectrometer using 1 cm quartz cells. NMR spectroscopy was performed on a
Bruker DPX 250 MHz, DPX 360 MHz, DPX 400 MHz or a DPX 600 MHz spectrometer.
Samples were run in CDCl3, MeOD, CDsCN, CD3NO: or acetone-ds with internal
references. Electrospray ionization mass spectrometry (ESI-MS) experiments were
carried out on an HP298s gas chromatography (GC-MS) system from the Servei d’ Analisi
Quimica of the Universitat Autonoma de Barcelona (SAQ-UAB). MALDI-TOF MS
measurements were run on a Bruker MALDI TOF ultrafleXtrem model under reflector
mode by depositing on a GrounSteel plate 0.5 pL of a MeOH solution of the complexes.
Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and controlled-potential
electrolysis (CPE) experiments were performed on a Biologic SP-150 potentiostat, using
EC Lab software for data acquisition and data handling. Measurements were made using
a three-electrode conical cell equipped with a methanol jacket, which makes it possible
to fix the temperature by means of a thermostat. A glassy carbon disk electrode of 1.0
mm diameter (or a carbon graphite rod in the case of CPE) was used as a working
electrode, a Pt disk of 1 mm diameter as an auxiliary electrode and an aqueous saturated
calomel electrode (SCE) as a reference electrode. All of the potentials are reported versus

(SCE) isolated from the working electrode compartment by a salt bridge. The salt solution
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of the reference calomel electrode is separated from the electrochemical solution by a
salt-bridge capped with a frit, which is made of a ceramic material, allowing ionic
conduction between the two solutions and avoiding appreciable contamination. Ideally,
the electrolyte solution present in the bridge is the same as the one used for the
electrochemical solution, in order to minimize junction potentials. Working electrodes
were polished with 0.05 micron Alumina paste washed with distilled water and acetone
before each measurement. The complexes were dissolved in acetone, acetonitrile or DCM
containing the necessary amount of n-BusNPFs (TBAPFs) or TBABF4 as supporting
electrolyte to yield 0.1 M ionic strength solutions. CV were recorded at a 100 mV-s!
scan rate, and DPV were recorded using pulse amplitudes of 0.05 V, pulse widths of 0.05
s, sampling widths of 0.02 s, pulse periods of 0.1 s and quite times of 2 s. E? values
reported in this work were estimated from CV experiments as the average of the oxidative
and reductive peak potentials (Epa+ Epc)/2. The error associated with the potential values
is less than 5 mV. In order to minimize the ohmic drop effects, the electrode used as a
working electrode is 1.0 mm diameter and the scan rates investigated were in the range
0.1 — 1 V st Positive feedback iR compensation was used throughout. Typically
compensated resistances were 0.5-2.0 kQ, depending on the electrode location in the
electrochemical cell. For the Pourbaix diagrams, CV and DPV of the corresponding aqua
complexes were recorded in aqueous phosphate solutions to which small amounts of HCI
0.1 M or NaOH 0.1 M had been added in order to adjust the pH to the desired value. For
the controlled-potential electrolysis (CPE) experiments, a 0.68 mM solution of 1(Cl) in 5
mL DCM, containing 0.1 M of TBAPFs as supporting electrolyte, was prepared.
Oxidative CPE at different potentials vs. SCE was performed using a carbon graphite rod
as a working electrode. After the passage of the desired number of Faradays, the
electrolysis was stopped, and the mixture was then analyzed by CV. For the light-induced
isomerization processes, the dissolved complexes in a N2 purged schlenk flask were kept
at 0 °C (water bath) and irradiated by a 100 W incandescent white light bulb, while for
the temperature-driven isomerization processes the water bath was set at 50 °C and the

schlenk was covered with aluminium foil.
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Computational Details. Density functional theory (DFT) calculations have been
carried out with the Gaussian 09 set of programs.2’ For geometry optimizations, the well-
established and computationally fast hybrid-GGA functional B3LYP was used?®
including the D3 dispersion correction of Grimme.?° The electronic configuration of the
molecular systems was described with the standard split-valence basis set with a
polarization function of Ahlrichs and co-workers for H, C, N, O, and CI (SVP keyword
in Gaussian).*® For Ru we used the small-core, quasi-relativistic Stuttgart/Dresden
effective core potential, with an associated valence basis set contracted (standard SDD
keywords in Gaussian 09).31323% The geometry optimizations were performed without
symmetry constraints, and the characterization of the located stationary points was

performed by analytical frequency calculations.

Gibbs energies, AG, were built through single point energy calculations on the
B3LYP-d3/SVP geometries using the B3LYP-d3 functional and the triple-C valence plus
polarization on main group atoms (TZVP keyword in Gaussian).* Furthermore diffuse
basis sets (D95+) have been incorporated for C1.% Solvent effects were included with the
PCM model using dichloromethane and methanol as solvents.®® To these B3LYP-
d3/TZVP electronic energies in solvent, zero point energy and thermal and entropic
corrections were included from the gas phase frequency calculations at the B3LYP-
d3/SVP level of theory.

Synthetic preparations. [Ru'(bpy2PYMe)CI]CI [1(CI)]. A sample of bpy2PY Me
(0.140 mmol) was dissolved in 5 mL of dry ethanol, then 81 mg of [Ru(p-cymene)(Cl)2].
(0.140 mmol) was added. The mixture was stirred and heated with a microwave (MW,
300 W) at 150 °C during 1 h. After this time the solution was filtrated through celite and
the volume was reduced in the rotary evaporator. After addition of ethanol, the trans-
1(CI) isomer precipitated as a burgundy coloured solid, which was filtered and washed
with DCM. Further addition of DCM to the supernatant yielded a burgundy coloured solid
(cis-1(Cl) isomer), which was filtered and washed with Et,O. Yield: 20 mg (trans-1(Cl),
24%) and 49 mg (cis-1(Cl), 60%). *H NMR cis-1* (600 MHz, ds-nitromethane, 298K): &
=9.93 (d, 1H, J19-18=4.9 Hz, H19), 9.27 (dd, 1H, J1-2=5.7 Hz, J1-3=1.1 Hz, H1), 8.54
(d, 1H, J16-17=7.5 Hz, H16), 8.31 (d, 1H, J12-11=8.0 Hz, H12), 8.26 (m, 2H, H17, H15),
8.21 (d, 1H, J13-14=7.5 Hz, H13), 8.17 (dd, 1H, J5-6=5.5 Hz, J5-7=2.1 Hz, H5), 8.13 (t,
1H, J14-13,15=7.9 Hz, H14), 8.08(d, 1H, J9-10=8.3 Hz, H9), 8.04 (m, 1H, H18), 7.95
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(m, 2H, H6, H7), 7.92 (m, 1H, H10), 7.86 (t, 1H, J2-1,3=7.9 Hz, H2), 7.28 (t, 1H, J3-
2,4=6.1 Hz, H3), 7.24 (t, 1H, J11-12,10=6.1 Hz, H11), 7.18 (d, 1H, J4-3=5.3 Hz, H4),
2.964 (s, 1H, H8). 3C{*H} NMR (151 MHz, ds-nitromethane, 298K): & = 161.8 (C6),
160.1 (C5), 160.0 (C22), 159.5 (C23), 158.3 (C13), 158.0 (C10), 156.9 (C18, C1), 153.2
(C27), 152.1 (C4), 139.1 (C15), 138.2 (C25) 137.6 (C2), 136.3 (C8), 135.9 (C20), 128.6
(C26), 126.2 (C3), 124.7 (C24), 124.6 (C14), 124.4-124.3 (C9, C16), 123.5 (C17), 123.2
(C21), 122.8 (C13), 122.2 (C7) 59.8 (C11), 21.9 (C12). UV/vis (DCM): Amax, nm (g, M-
L.em™)= 295 (20517), 355 (5437), 523 (4496). ESI-MS (DCM): m/z= 552.1([M-CI]").
Elemental analysis (% found): C, 55.27; H, 3.67; N, 11.90. Calcd for C27H2:CI2NsRu: C,
55.20; H, 3.60; N, 11.92. 'H NMR trans-1* (400 MHz, ds-nitromethane, 298K): & = 9.96
(d, 2H, J1-2=5.3 Hz, H1), 9.14 (d, 1H, J11-12=4.8 Hz, H12), 8.36 (d, 2H, J4-3=8.0 Hz,
H4), 8.22 (dd, 2H, J7-6=6.4 Hz, J7-5=2.4 Hz, H7), 8.12 (m, 6H, H3,H5,H6), 7.90 (d, 1H,
J9-10=8.1 Hz, H9), 7.83 (m, 3H, H2, H10), 7.08 (t, 1H, J11-10=6.3 Hz, J11-12=4.9 Hz,
H11), 2.97 (s, 3H, H8). *C{*H} NMR (100 MHz, ds-nitromethane, 298K): § = 161.4
(C10), 160.9 (C6), 160.4 (C5), 157.4 (C17), 154.3 (C1), 140.9 (C13), 139.5 (C15) 139.1
(C3), 137.1 (C7), 126.6 (C2), 125.6 (C14), 124.3 (C16), 123.8 (C4), 122.7 (C8), 122.1
(C9), 60.8 (C11), 21.9 (C12). UV/vis (DCM): Amax, nm (¢, M-cm™)= 298 (19198), 390
(4652), 534 (5029). ESI-MS (DCM): m/z= 552.1 ([M-CI]"). Elemental analysis (%
found): C, 55.31; H, 3.68; N, 11.88. Calcd for C27H21CIoNsRu: C, 55.20; H, 3.60; N,
11.92.

[Ru"(bpy2PYMe)(H20)] (PF¢)2 [2(PFe)2]. 40 mg (0.06 mmol) of the 3:7 trans-
1*:cis-1* mixture obtained in the crude of the synthesis of 1(CI) were dissolved in 20 mL
of water. The mixture was stirred and heated at 100 °C for 2 days, after which 0.5 mL of
a NH4PFg saturated aqueous solution was added. The volume was reduced until a brown
precipitate appeared, which was filtered and washed with Et,0. Yield: 43 mg (76%). H
NMR (400 MHz, de-acetone:D»0 95:5, 298K): 6 = 10.32 (d, 2H, J1-2=5.4 Hz, H1), 9.58
(d, 1H, J12-11=4.7 Hz, H12), 8.84 (d, 2H, J4-3=8.0 Hz, H4), 8.70 (d, 2H, J7-6=7.3 Hz,
H7), 8.51 (m, 7H, H3,H5,H6), 8.20 (m, 3H, H2, H9, H10), 7.50 (t, 1H, J11-10=6.4 Hz,
J11-12= 4.9 Hz, H11), 3.21 (s, 3H, H8). *C{*H} NMR (100 MHz, ds-acetone:D,0O 95:5,
298K): & = 159.7 (C10), 159.4 (C6), 158.1 (C5), 157.2 (C13), 156.2 (C17), 154.5 (C1),
140.4 (C15) 140.0 (C3), 138.9 (C7), 127.4 (C2), 126.9 (C14), 124.7 (C16), 124.5 (C4),
123.8 (C8), 122.4 (C9), 59.9 (C11), 21.2 (C12). UV/vis (H20): Amax, nm (g, Mt-cm™)=
371 (3988), 494 (4485). ESI-MS (MeOH): m/z= 536.2 ([M-2PFs-2H*]"). Elemental
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analysis (% found): C, 39.42; H, 2.85; N, 8.51. Calcd for C27H23F12NsOP2Ru: C, 39.33;
H, 2.81; N, 8.49.

bpy(bpyMe)PYMe (L2). For the synthesis of L2 the same methodology used for
the synthesis of L1 was employed, except that in the second step (16 h reaction) 6-bromo-
6’-methyl-2,2’-bipyridine was used instead of 6-bromo-2,2’-bipyridine. The synthesis of
6-bromo-6’-methyl-2,2’-bipyridine was performed introducing some modifications with
respect to the procedure described in the literature.3” Thus, to a solution of 2-bromo-6-
methylpyridine in THF at -65 °C, 1.2 equiv of BuLi in hexanes was added slowly (30
min), and the mixture was stirred for 3 h at -65 °C. Then, 1.2 equiv of MesSnCl in THF
was added slowly (30 min), and the mixture was then allowed to slowly reach RT (1 h)
under an Ar atmosphere and with constant stirring. The reaction was quenched with 10
mL NH4Cl saturated solution, the mixture was extracted with ethyl acetate and dried with
sodium sulfate, filtered and dried by solvent evaporation. The orange liquid obtained
corresponds to 2-methyl-6-(trimethylstannyl)pyridine. Then, this stannate derivative was
used to perform the coupling reaction with 2,6-dibromopyridine in the presence of LiCl
(2 equiv.) and Pd(PPhz)s4 (catalytic amounts) in order to obtain 6-bromo-6’-methyl-2,2°-
bipyridine, as described elsewhere.®® Yield: 17 %. *H NMR (400 MHz, CDCls, 298K): §
=8.62 (m, 2H), 8.30 (m, 2H), 8.26 (d, 1H, J =7.3 Hz), 8.01 (d, 1H, J = 6.9 Hz), 7.71 (m,
3H), 7.54 (m, 2H), 7,15 (m, 6H), 2.59 (s, 3H), 2.54 (s, 3H). *C NMR (100 MHz, CDCls,
298K): 6 = 166.5, 165.2, 164.9, 157.5, 156.5, 155.9, 154.9, 154.5, 148.9, 148.7, 136.9,
136.7, 136.7, 136.7, 135.7, 123.9, 123.9, 123.6, 132.5, 123.5, 123.0, 121.3, 121.1, 118.3,
118.3,118.2, 60.7, 27.7, 24.4. ESI-MS (DCM): m/z= 430.2 ([M+H]*). Elemental analysis
(% found): C, 78.21; H, 5.44; N, 16.34. Calcd for C2sH23Ns: C, 78.30; H, 5.40; N, 16.31.

[Ru" (bpy(bpyMe)PYMe)CI]CI [3(CD]. A sample of bpy(bpyMe)PYMe (0.233
mmol) was dissolved in 5 mL of dry ethanol, then 71 mg of [Ru(p-cymene)(Cl)2]. (0.116
mmol) was added. The mixture was stirred and heated with a MW (300 W) at 150 °C for
1 h. After this time the volume was reduced in the rotary evaporator. After addition of
MeOH and 0.5 mL of a NH4PFs saturated aqueous solution, cis-3(Cl) precipitated as a
red solid, which was filtered and washed with MeOH and Et,0. Yield: 112 mg (68%). H
NMR (400 MHz, d2-DCM, 298K): & = 9.40 (d, 1H, J = 6.0 Hz), 8.33 (d, 1H, J = 8.0 Hz),
8.12 (m, 2H), 8.06 (m, 3H), 7.98 (m, 3H), 7.92 (t, 1H, J = 7.6 Hz), 7.83 (m, 3H), 7.31 (t,
1H,J =6.4 Hz), 7.22 (t, 1H, J = 6.4 Hz), 6.90 (d, 1H, J = 6 Hz), 3.63 (s, 3H), 2.90 (s, 3H).
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13C NMR (100 MHz, d>-DCM, 298K): & = 165.6, 161.2, 160.1, 159.0, 158.6, 158.6,
157.7, 156.9, 156.1, 150.6, 137.8, 137.3, 136.1, 135.9, 134.6, 128.3, 125.5, 123.2, 122.8,
122.7,122.1, 122.0, 121.8, 121.7, 120.5, 57.8, 27.6, 21.9. UV/vis (DCM): Amax, nm (e,
Mt.cm™)= 292 (29954), 379 (4787), 502 (5802). ESI-MS (DCM): m/z=566.1 ([M-CI]*).
Elemental analysis (% found): C, 56.01; H, 3.89; N, 11.59. Calcd for C2sH23Cl2NsRu: C,
55.91; H, 3.85; N, 11.64.

[Ru'(bpy(bpyMe)PYMe)(H20)](PFe)2 [4(PFe)2]. 30 mg of 3(Cl) were dissolved
in 12 mL of water. The mixture was stirred and heated at 100 °C for 2 days, after which
0.5 mL of a NH4PFe saturated aqueous solution was added. The volume was reduced
until a red precipitate appeared, which was filtered and washed with Et20. Yield: 31 mg
(86%). *H NMR (400 MHz, ds-acetone:D,0 5:95, 298K): § = 9.04 (d, 1H, J = 4.8 Hz),
8.27 (t, 2H, J = 7.6 Hz), 8.16 (dd, 1H, J = 6.8, 2.4 Hz), 8.01 (m, 6H), 7.81 (m, 5H), 7.28
(t, 1H, J = 6.4 Hz), 7.19 (t, 1H, J = 6.4 Hz), 7.02 (d, 1H, J = 6 Hz), 3.05 (s, 3H), 2.80 (5,
3H). 3C NMR (100 MHz, dg-acetone:D20 5:95, 298K): & = 164.2, 161.2, 158.7, 157.9,
157.0, 157.0 156.8, 156.5, 156.0, 151.7, 138.6, 138.2, 138.0, 136.7, 136.3, 128.7, 125.9,
124.2, 124.0, 123.7, 123.0, 122.5, 122.0, 121.4, 121.4, 58.0, 24.9, 20.5. UV/vis (H20):
amax, nm (g, ML-cm™)= 300 (21271), 354 (6125), 392 (5709), 521 (5203). ESI-MS
(DCM): m/z= 550.1([M-2PFs+2H]"). Elemental analysis (% found): C, 40.19; H, 3.03;
N, 8.32. Calcd for CogH2sF12NsOP2Ru: C, 40.11; H, 3.01; N, 8.35.

[Ru"(PY5Me2)CI]CI [5(CI)]. A sample of PY5Me; (0.225 mmol) was dissolved
in 5 mL of dry ethanol, then 137 mg of [Ru(p-cymene)(Cl)2]> (0.225 mmol) was added.
The mixture was stirred and heated with a MW (300 W) at 150 °C during 1 h. After this
time the volume was reduced in the rotary evaporator. After addition of Et20, a yellow
solid precipitated, which was filtered and washed with Et2O. Yield: 103 mg (74%). 'H
NMR (400 MHz, DMSO-ds, 298K) & = 9.67 (dd, J = 5.8, 1.8 Hz, 4H), 8.04 (m, 7H), 7.96
(td, J = 7.8, 1.5 Hz, 4H), 7.53 (ddd, J = 7.3, 5.8, 1.4 Hz, 4H), 2.76 (s, 6H). Elemental
analysis (% found): C, 56.66; H, 4.12; N, 11.31. Calcd for C29H25CI2NsRu: C, 56.59; H,
4.09; N, 11.38.

[Ru"'(PY5Me.)(H20)](OTf), [6(OTf)2]. 5(Cl) (40 mg, 0.07 mmol) and AgOTf (23

mg, 0.09 mmol) were dissolved in darkness in a flask containing acetone:water (10 mL,
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1:1). The resulting solution was stirred and heated under reflux for 5 h. After cooling
down to room temperature the solution was filtered to remove the AgCI byproduct. Slow
evaporation of the acetone yielded a yellow solid, which was filtered and dried in air. The
residue was crystalized by Et,O diffusion into water. Yield: 40 mg (67%). *H NMR (400
MHz, DMSO-ds, 298K) 6 = 9.45 (dd, J =5.9, 1.7 Hz, 4H), 8.06 (m, 11H), 7.63 (ddd, J =
7.3,5.7, 1.4 Hz, 4H), 7.52 (s, 2H), 2.78 (s, 6H). Elemental analysis (% found): C, 43.31;
H, 3.19; N, 8.11. Calcd for Cs1H27FsNs07S2RuU: C, 43.26; H, 3.16; N, 8.14.

PY4Im-Ag (L4). For the synthesis of L4, 2-methylpyridine reacted with 2-
fluoropyridine via lithiation in hexanes affording 2-(2-pyridylmethyl)pyridine,* which
was subsequently brominated to yield bis(2-pyridyl)bromomethane.*® This precursor was
then added to a basic solution containing imidazole to obtain (PY4Im)Br, as previously
described by Long and Smith.*® However, the silver derivative PY4Im-Ag could only be
isolated as a pure white powder when (PY4Im)Br reacted with Ag.O in acetonitrile
instead of in CH,Cl.°

[Ru"(PY4Im)CI]CI [7(CD)]. [PY4ImAg]Br (0.062 g, 0.202 mmol) and [Ru(p-
cymene)(Cl)2]2 (0.062 g, 0.101 mmol) were dissolved in a flask containing acetonitrile
(25 mL), and the resulting solution was heated under reflux overnight. After that time a
yellow precipitate appeared, which was filtered and dried with diethyl ether. Yield: 94
mg (86%).'H-NMR (400MHz, DMSO-ds, 298K): § = 9.42 (d, 4H, J1-2=5.67 Hz, H1),
7.93 (d, 4H, H4), 7.92 (t, 4H, H3), 7.77 (s, 2H, H12), 7.46 (t, 4H, H2), 7.45 (s, 2H, H6).
13C{*H} NMR (100 MHz, DMSO-ds, 298K): 6 = 194.78 (C14), 155.63 (C1), 154.91 (C5),
137.20 (C4),125.67 (C3), 124.40 (C2), 120.51 (C12), 65.19 (C6). ESI-MS (MeOH): m/z=
541.05([M-CI]"). Elemental analysis (% found): C, 52.10; H, 3.69; N, 14.51. Calcd for
CosH21CIoNsRu: C, 52.00; H, 3.67; N, 14.55.

[Ru"'(PY4Im)(H20)](BF4)2 [8(BF4)2]. 7(Cl) (0.060 g, 0.103 mmol) and AgBF4
(0.061 g, 0.309 mmol) were dissolved in darkness in a flask containing acetone:water (10
mL, 1:4). The resulting solution was stirred and heated under reflux overnight. After
cooling down to room temperature, the solution was filtered to remove the AgCI
byproduct. Slow evaporation of the acetone yielded yellow crystals, which were filtered
and dried over air. Yield: 60 mg (84%). *H-NMR (400 MHz, D20, 298K): § = 9.20 (d,
4H, J1-2=5.60 Hz, H1), 7.89 (d, 4H, H4), 7.87 (ddd, 4H, H3), 7.62 (s, 2H, H12), 7.44
(ddd, 4H, J2-3=7.73 Hz, J2-1=5.60 Hz, J2-4=2.12 Hz, H2), 7.13 (s, 2H, H6). BC{'H}
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NMR (100MHz, D20, 298K): & = 195.18 (C14), 154.24 (C1), 153.26 (C5), 137.15 (C4),
125.46 (C3), 124.00 (C2), 119.64 (C12), 66.07 (C6). UV/vis (aqueous solution at pH 8,
phosphate buffer): Amax, nm (g, M.cm™)= 245 (10270), 360 (6549), 394 (7140). ESI-
MS (MeOH): m/z= 269.0 ([M-2BF4-H,0+MeOH]?"). Elemental analysis (% found): C,
43.07; H, 3.35; N, 11.98. Calcd for C2sH23B2FsNeORuU: C, 43.01; H, 3.32; N, 12.04.

X-ray Crystal Structure Determination. X-ray crystal structure determination
was made on a Bruker-Nonius diffractometer equipped with an APPEX Il 4K CCD area
detector, a FR591 rotating anode with Mo Ko radiation, Montel mirrors as a
monochromatic and a Kryoflex low-temperature device (T = -173°C). Full-sphere data
collection was used with w and f scans. Programs used were as follows: for data
collection, Bruker APPEX Il (versions v1.0-22, v2009.1-0 and v2009.1-02); for data
reduction, Bruker SAINT (versions V.2.10, V/.60A and V7.60A); for absorption
corrections, Bruker SADABS (versions V.2.10, V2008 and \V2008/1);* and for structure
refinement, SHELXTL (versions V6.12 and V6.14)* and SQUEEZE* implemented in
Platon.**

Crystals of 2(PFs)2 have been obtained by slow ether diffusion in an acetone:water
solution of the aqua complex. 2%* crystallizes in a cell in which the asymmetric unit of
this structure contains half a molecule of the cationic metal complex, which has Cs
symmetry since the Ru ion shows a distorted octahedral symmetry, two half PFe™ anions
and highly disordered acetone molecules. The cationic metal complex is coordinated to
an oxygen atom, which likely corresponds to a water molecule in accordance with the
number of counteranions and a diamagnetic NMR spectrum. The PFe¢ anions are
disordered in different orientations shared with neighboring asymmetric units. In order to
avoid the highly disordered acetone molecules the program SQUEEZE* was applied
leading to a refined model with a R1 value of 4.79 % in which all the solvent molecules
were removed. For 3(Cl), crystals have been obtained after slow evaporation of an
acetone:water saturated solution of the chlorido complex. The asymmetric unit of this
structure contains one molecule of cis-3* with distorted octahedral geometry, one CI-
counterion and seven water molecules, in agreement with a Ru(ll) oxidation state. For
4(PFe)2, crystals have been obtained after slow ether diffusion in an
acetone:dichloromethane solution of the aqua complex. The asymmetric unit of this

structure contains one molecule of cis-4%* with distorted octahedral symmetry
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coordinated to a water molecule, two PFs™ anions and one dichloromethane molecule (R1
value of 3.02 %). For 6(OTf)., crystals have been obtained by slow ether diffusion in an
acetone:water solution of the aqua complex, The structure of 62* is very similar to that
observed by Kojima for the corresponding chlorido complex,’ containing a pseudo-
octahedral coordination environment around the metal. Additionally, the triflate counter
ions appear above the coordinated water molecule within hydrogen bonding distance, and
the axial pyridine is tilted 3° from the Ru-Nax axis, similar to the observed 9° tilt for the
Co(ll) derivative of Py5Me,. For 8(BF4)2, crystals have been obtained after slow
evaporation of an acetone:water saturated solution of the aqua complex. 82* crystallizes
in a cell containing four [Ru(PY41lm)(H.0)]?* cationic units, sixteen water molecules and
eight BF4 anions, in agreement with a Ru(ll) oxidation state. The asymmetric unit
contains one molecule of the cationic complex with a coordinated water molecule, two
BF4 anions and four non-coordinated water molecules. One of the BF4 anions and three

of the water molecules are disordered over two positions.
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Contribution

Marcos Gil-Sepulcre synthetized and characterized the new compounds, performed the
electrochemical and spectroscopic experiments and analyses, and prepared the

manuscript.
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CHAPTER III

1. Synthesis of the ligand bpy2PY Me

To 24 mL of a -84 °C THF/pentane/ehtylbenzene solution of 2-ethylpyridine, 2.5
mL of a THF solution of LDA (2.0 M) were added with continuous stirring. The mixture
was maintained for 1 h at -84 °C and was then warmed till 0°C for an additional hour.
After that, the mixture was cooled again to -84 °C and 1.178 g of 6-bromo-2,2’-bipyridine
(5.0 mmol), obtained according to the method described elsewhere! and dissolved in
THF, were added, and the mixture was allowed to slowly reach RT, at which the reaction
proceeded during 2 days. After this first step, an identical reaction cycle was repeated to
the sample (cooling to -84 °C, addition of LDA, etc.) with the only exception that the
reaction at RT of the second aliquot of 6-bromo-2,2’-bipyridine was performed for 16 h.
After that, the mixture was quenched with H20 (10 mL) and extracted with CH2Cl> (3 x
40 mL). After drying the combined organics with MgSQO4 and removing the solvent under
reduced pressure, the product was purified by column chromatography (silica, 1%,
CHaCl,, 2™ EtOAC). A yellow oil was obtained. Yield: 1.458 g (70 %). *H NMR (400
MHz, CDCl3, 298K): 5 8.67 (m, 3H), 8.33 (d, 2H, J = 7.8 Hz), 8.21 (d, 2H, J = 8.0 Hz),
7.77 (t,2H,J=7.5Hz), 7.73 (t, 2H, J = 8.0 Hz), 7.66 (t, 1H, J = 7.5 Hz), 7.26 (m, 6H),
2.55 (s, 3H).

2. Spectroscopic Characterization

NMR Spectroscopy

(@)

5 160 155 150 145 140 135 130 125 120 115 110 105 00 95 90 & 80 75 0 65 60 55 S0 45 40 33 30 3 N0
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Figure S1. 3C-{*H}-NMR (a) spectra including the assignment of signals, and 2D NMR
spectra (400 MHz, 298 K, d3-MeNO) for trans-1": (b) COSY, (c) HSQC NMR and (d)
HMBC NMR.
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Figure S2. 13C-{*H}-NMR (a) spectra including the assignment of signals, and 2D NMR
spectra (600 MHz, 298 K, d3-MeNO:) for cis-1*: (b) COSY, (c) HSQC NMR, (d) HMBC
NMR and (e) NOESY
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Figure S3. 'H-NMR (a) and **C-{*H}-NMR (b) spectrum including the assignment of
signals, and 2D NMR spectra (400 MHz, 298 K, ds-acetone:D,0 95:5) for complex trans-
22*: (c) COSY, (d) HSQC NMR and (¢) HMBC NMR.
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Figure S4. 'H-NMR (a) and *C-{*H}-NMR spectra (b,c) and 2D NMR spectra (400
MHz, 298 K, CDCIs) for the bpy(bpyMe)PYMe ligand (L2): COSY (d), HSQC NMR (e)
and HMBC NMR (f).
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Figure S5. *H-NMR (a,b) and **C-{*H}-NMR spectra (c,d) and 2D NMR spectra (400

MHz, 298 K, CDCl,) for complex cis-3*: COSY (e,f), HSQC NMR (g,h) and HMBC
NMR (i,j).
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@)

Figure S6. *H-NMR (a,b) and 3C-{*H}-NMR spectra (c,d) and 2D NMR spectra (400
MHz, 298 K, de-acetone:D20 5:95) for complex cis-4%*: COSY (e,f), HSQC NMR (g,h)
and HMBC NMR (i,j).
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Figure S7. *H-NMR spectrum including signal assignment (a) and 2D NMR spectra (400
MHz, 298 K, DMSO-ds) for 7*: (b) COSY, (c) ¥C-{*H}-NMR, (d) HSQC NMR
(aromatic region) and (¢) HMBC NMR (aromatic region).
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Figure S8. *H-NMR spectrum including signal assignment (a) and 2D NMR spectra (400
MHz, 298 K, D;0) for complex 82*: (b) COSY, (c) BC-{*H}-NMR, (d) *C-{*H}-
DEPTQ135, (e) HSQC NMR (aromatic region) and (f) HMBC NMR (aromatic region).
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Mass Spectrometry
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Figure S9. MALDI-TOF MS spectra of bis-CI* (a), cis-1" (b) and trans-1* (c) and ESI-
TOF MS spectra of cis-1* (d) and trans-1" (e) (deconvoluted, left; experimental, right).
Note for the case of MALDI-TOF spectra the presence of cationic species without the CI°

ligand probably due to the laser impact.

(a)

Intenssi 15EMO50_pos2_1.d: +MS, 1.1-1.3min #(10-11)
x10

258.5
536.2

219.0

427.2 795.
N N ;UL a1 T

200 400 600 800 1000 1200 1400  miz

113



CHAPTER III

b 3
= 8
8 4000 2 4000
4 H
000 3000
8 8
000 2000
1000+ 000 %
e
g o
=5 BN =
] | ©
2
e LR SRR/ SO
o 000 00 000 3000 00 e 0 70 &b 20 8l 650 ek i
& =
= H
!.!; _g 3000~
s000-{
2500
a000-] =
2000 = 2
2
3000
1500
wo] B
1000
10004 500
|
A .-
- & 9 8 %
2
b £ L —
bo 1000 2000 bo o0 3500 +n 60 B0 00 520 540 50 580 -

Figure S10. ESI-TOF-MS spectra for complexes 2(PFs)2 (a), 3(Cl) (b) (deconvoluted,
left; experimental, right) and 4(PFs)2 (c) (deconvoluted, left; experimental, right).

541.0485
541.0496 00-

90 -
543.0487 80 1
70 A
60
50 1
40 1

30
l 20
535.0521
l

10 |
l Cl I ‘ l 1 y 0 - | | l e ) N N T [
= e = R 7T e e T
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Figure S12. Experimental ESI-MS spectra for complex 82* (a) and partial zoomed views

(b,c).
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UV-vis Spectroscopy
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Figure S13. UV-Vis spectra of a 1x10™*M solution of cis-1* (black) and of trans-1* (red)

in DCM.
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Figure S14. UV-Vis spectra of a 2.5-10° M solution of cis-3* in DCM (black) and of
cis-42* in water (red).
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Figure S15. UV-Vis spectra of a 2.5-10° M solution of the aqua complex trans-2%* in

water.
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Figure S16. UV-vis spectra for a 1.6-10* M solution of 82" in H2O at pH 8 (phosphate
buffer).
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X-Ray Crystallography

Figure S17. Mercury plot of the X-Ray crystal structure of cis-3*. Atom color code: blue,
nitrogen; green, chlorine; dark green, ruthenium; light grey, carbon. Only hydrogen atoms
close to the chlorine are shown in white.
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Figure S18. Mercury view of the crystal structure of 62*. Triflate counter ions and O-H
distances are shown to demonstrate proximity to the hydrogen atoms of the water
molecule. Note that two outer sphere triflate anions are positioned above the coordinated
water molecule, each having an oxygen within 1.8-1.9 A of a hydrogen atom.
Consequently, hydrogen bonding occurs that restrains the water molecule in place well
enough to identify the hydrogen atoms in the electron density map generated from X-ray
diffraction and that also tilts the water molecule out of the plane of the axial pyridine.
Atom color code: blue, nitrogen; red, oxygen; dark green, ruthenium; light grey, carbon;
white, hydrogen; yellow, sulphur; light green, fluorine.
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Figure S19. Plot of the unit cell of 82* containing four [Ru(PY4Im)(H20)]?* cationic units
and the corresponding distances of the two by two n-stacking interactions via a pyridyl
group. Atom color code: blue, nitrogen; red, oxygen; dark green, ruthenium; light grey,
carbon; white, hydrogen.
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Table S1. Crystallographic data for complex trans-22*.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Refinement method

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

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

Largest diff. peak and hole

C13.50 H11.50 F6 N2.50 00.50 P Ru0.50
412.26

293(2) K

0.71073 A

Monoclinic

P21/m

a=11.1429(3) A o= 90°.
b=15.2112(4) A B=111.892(4)°.
c=12.5195(4) A ¥ =90°.
1968.99(11) A3

4

1.391 Mg/m3

0.562 mm-1
820

0.30 x 0.03 x 0.02 mm3

1.753 to 33.144°.

-16<=h<=15, -23<=k<=23, -17<=I<=18
30113

7275 [R(int) = 0.0442]

99.8 %

None

Full-matrix least-squares on F2
7275 /128 /303

1.045
R1=0.0479, wR2 = 0.1427
R1=0.0668, wR2 = 0.1574

1.740 and -0.758 e.A-3
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Table S2. Crystallographic data for complex cis-3" and list of selected distances and
angles (see Figure S23 for atom labeling scheme).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =28.363°
Absorption correction

Max. and min. transmission

Refinement method

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

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

Largest diff. peak and hole

C28 H32.50 CI2 N5 04.75 Ru

687.06
100(2) K
0.71073 A
Triclinic

P-1

a= 11.2464(6)A
b= 11.3285(6)A
c= 12.4192(NA
1387.72(13) A3
2

1.644 Mg/m3

0.806 mm-1
703

0.25 x 0.15 x 0.03 mm3

1.743 to 28.363°.

a= 89.2684(17)°.
B=71.2816(16)".
v = 68.8142(16)°.

-13<=h<=15,-15<=k<=15,0<=I<=16

18607

18607[R(int) =null]

08.299995%
Multi-scan
0.976 and 0.751

Full-matrix least-squares on F2

18607/ 24/ 434
1.027

R1=0.0502, wR2 = 0.1190
R1=0.0709, wR2 = 0.1320

0.637 and -1.211 e.A-3

Bond
distances Angles

Ru-N1 2.149(3) NI1-Ru-N3 159.11(13
Ru-N2 2.051(3) N2-Ru-N4 166.73(12
Ru-N5 1.967(3) CI-Ru-N5  172.88(10
Ru-N3 1.979(3) CI-Ru-N1  106.13(9)
Ru-N4 2.086(3) CI-Ru-N2  90.87(9)
Ru-ClI 2.4558(10 CI-Ru-N3  89.26(9)
CI-H23 2.520 Cl-Ru-N4  80.85(9)
Cl-H28 3.093

Table S3. Crystallographic data for complex cis-42*.
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Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =30.588°
Absorption correction

Max. and min. transmission

Refinement method

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

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Synthesis and isomeric analysis of Ru'' complexes
bearing pentadentate scaffolds

C29 H27 CI2 F12 N5 O P2 Ru
923.46

100(2) K
0.71073 A
Monoclinic
P2(1)/c

a= 8.0148(2)A
b= 22.2295(6)A
c= 18.7377(5)A
3275.95(15) A3
4

1.872 Mg/m3

0.844 mm-1
1840

0.10 x 0.10 x 0.05 mm3

1.437 to 30.588°.
-11<=h<=10,-22<=k<=31,-26<=1<=25
46733

10036[R(int) = 0.0372]

99.6%

Multi-scan

0.959 and 0.908

Full-matrix least-squares on F2
10036/ 2/ 479

1.013
R1=0.0302, wR2 = 0.0663
R1=0.0431, wR2 =0.0712

0.696 and -0.575 e.A-3

o= 90°.

vy= 90°.

=101.1002(8)°.
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Table S4. Crystallographic data for complex 6%*.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

124

C31 H27 F6 N5 O7 Ru S2

860.77
100(2) K
0.71073 A
Triclinic

P-1
a=11.0219(3) A
b =12.5423(4) A
¢ =13.0793(4) A

o= 82.2640(10)°
B= 88.6300(10)°
y = 66.3630(10)°

1640.42(9) A3
2

1.743 Mg/m3

0.696 mm-1
868

0.22 x 0.13 x 0.04 mm3
1.57 to 25.36°.

-13<=h<=13, -14<=k<=15, -15<=I<=15

62994

5996 [R(int) = 0.0231]

99.7 %

Semi-empirical from equivalents
0.9727 and 0.8619

Full-matrix least-squares on F2
5996 /0/ 479

1.053
R1=0.0202, wR2 = 0.0484
R1=0.0216, wR2 = 0.0496

0.409 and -0.351 e.A-3
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Table S5. Crystallographic data for complex 8%*.

Empirical formula

C25H30 B2 F8 N6 O5 Ru

Formula weight 769.24

Temperature 100(2)K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a= 12.7198(12) A a= 90.00 °.
b= 13.6489(16) A b =108.488(5) °.
c= 18.6702(19) A y = 90.00 °.

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =32.93 ©
Absorption correction

Max. and min. transmission

Refinement method

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

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

3074.1(6) A3
4

1.662 Mg/m3

0.605 mm-1
1552

0.40 x 0.05 x 0.01 mm3
1.88 t0 32.93 °.
-19 <=h<=17 ,-20 <=k<=20 ,-28 <=I<=28

38867

11294 [R(int) = 0.0542 ]

0.979 %

Empirical

0.9940 and 0.7938
Full-matrix least-squares on F2
11294 / 34 | 487

1.039
R1=0.0614 , wR2 =0.1634
R1=0.0920 , wR2 = 0.1900

2.991 and -2.684 e.A-3
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Table S6. Selected interatomic distances (A) and angles (°) for the aqua complexes trans-

22* cis-4%*, 62 and 82* (atom labeling refers to Figure 6).

Bond
Entry trans-2%* cis-42* 62" 82
distances
1  Ru-N1 2.113(2) 2.1386(15) 2.0846(14)  2.090(3)
2  Ru-N2 1.980(2) 2.0473(15) 2.0624(14)  2.096(3)
3 Ru-Xad 2.011(3) 1.9639(15) 2.0008(14)  1.892(3)
4 Ru-N3 _1.9910(15) 2.0688(14) 2.090(3)
5 Ru-N4 __2.0850(15) 2.0699(14)  2.085(3)
6 Ru-O 2.135(2) 2.1619(13) 2.1228(13)  2.195(3)
Angles
7  NI1-Ru-N2 171.01(7) 102.96(6)  82.95(6)  81.51(10)
8  N3-Ru-N4 78.60(6) 82.79(6)  81.41(11)
N1-Ru-N3 . 160.12(6) 177.80(6) 174.36(10)
10  N2-Ru-N4 . 166.17(6)  177.94(6) 174.14(10)
11 O-Ru-Xad 172.73(9) 171.59(6) 178.13(5) 179.24(12)
12 O-Ru-N1 82.48(6) 102.37(5)  93.23(6)  93.40(11)
13 O-Ru-N2 91.95(7)  88.34(6) 89.97(5)  92.60(10)
14 O-Ru-N3 92.36(6) 88.36(6)  92.07(10)
15 O-Ru-N4 83.54(6) 91.20(5)  93.11(10)

2 Xax represents either a N5 for trans-22*, cis-42* and 62* or a C14 for 8%*.
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3. Isomerization studies

(a)
Visible light-driven isomerization of — Irans Isomer
cisisomer in MeOH —CisIsomer
MeOH-species
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o \
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=
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(b)
Visible light-drivenisomerizationof 11215 Isomer
transisomer in MeOH .
—Cis Isomer
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o
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Time (h)

Figure S20. Light-induced isomerization process of cis-1* (a) and of trans-1" (b) in
MeOH.
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Epa vs log scan rate
0,92

y = 0,0346x + 0,8955
RZ = 0,998 0,9

0,88

0,86

Epa (V]

0,84
0,82
0,8

-1,8 -1,6 -1,4 -1,2 -1 -0,8 -0,6 -0,4 -0,2 0
log scan rate

Epa vs log conc.

y = 0,0144x + 0,9208 0,88
R? = 0,8431
0,875
=
o 0,87
[
Ll
0,865
0,86
3,6 36 35 35 34 34 34 33

log Conc.

E, -+ 078| 20| [ £l i [
’ F) \2F) \Fkv
I,=0446n F S C° ‘/}f_Tﬁ\/B

Figure S21. Plot of the anodic peak potential vs. log v (v=scan rate) and log [trans-17].
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(a) CV trans isomer with Cl- counterion

at time O h
5,0E-04

1,0E-04

[ (mA)
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-7,0E-04
0 0,1 0,2 0,3 0,4 0,5

E (V)

(b) CV trans isomer with Cl" counterion
after2 hat 1.2V
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E
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(c) CV trans isomer with PF,’
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Figure S22. Cyclic voltammogram from 0 to 0.6 V at 100 mV/s in DCM + 0.1 M n-
BusNPFs for trans-1" before (a) and after (b) a CPE at 1.2 V for 2 h (1.0 F/mol), and full
scan CV of trans-[Ru'(bpy.PYMe)CI](PFs) (c). Glassy carbon electrode is used as
working electrode (diameter: 1 mm). The redox potentials are determined vs. SCE.
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Figure S23. 'H-NMR spectra of trans-1* before (bottom) and after (top) a CPE at 1.2 V
for 16 h (4.15 F/mol) and a CPE at 0 V for 5 h (1.62 F/mol). Signals corresponding to the
trans isomer are labeled in blue and those corresponding to the cis isomer in red.

Experimental CV Simulated CV
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Figure S24. Left: Experimental CV recorded vs. SCE in DCM + 0.1 M TBAPFg at 200
mV/s for cis-1" (top) and trans-1* (bottom). Right: Simulated CV obtained by means of
DigiSim 2.0 CV simulator software using the proposed mechanistic model depicted in
Scheme 2.
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4. Electrochemistry
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Figure S25. Cyclic voltammogram at 200 mV/s in DCM + 0.1 M n-BusNPFs of cis-1*

(black) and trans-1* (red). Glassy carbon electrode is used as working electrode
(diameter: 1 mm). The redox potentials are determined vs. SCE.
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Figure S26. Cyclic voltammogram at 100 mV/s in water pH 7 (phosphate buffer) at 100
mV/s scan rate containing 0.1 M n-BusNPFs of trans-22*. Glassy carbon electrode is used

as working electrode and the potential is measured vs. SCE.
(a)
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Figure S27. Pourbaix diagram for trans-2%* (a), 6%* (b) and 82* (c). Continuous lines:
experimental data. Dashed lines: hypothetical data. All potentials are referred to SCE.
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Figure S28. (a) CV of cis-3* in DCM containing 0.1 M n-BusNPFg (black) and of cis-4%*
in aqueous pH 7 phosphate buffer (red) and (b) DPV of cis-4%* in an aqueous pH 7

phosphate buffer. A glassy carbon electrode has been used as working electrode and the
potential has been measured vs. SCE at a 100 mV/s scan rate
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Figure S29. Current vs. potential at varying scan rates for complex 5*. E%= 1.020 V vs.
SHE at 100 mV/s (or 0.78 V vs. SCE). The difference in peak potential is 61 mV.
Concentration of 5*, 1.6 mM; electrode, platinum; electrolyte, 0.1 M
tetrabutylammonium hexafluorophosphate in acetonitrile.
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Figure S30. Cyclic voltammogram for 7* in 0.1 M n-BusNPFg in methanol at 100 mV/s
scan rate. Glassy carbon electrode is used as working electrode and the potential is
measured vs. SCE.
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Figure S31. Cyclic voltammogram (a) and differential pulse voltammogram (b) for the
aqua complex 8%* in water pH 2 (phosphate buffer) at 100 mV/s scan rate. Glassy carbon
electrode is used as working electrode and the potential is measured vs. SCE.
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Figure S32. Cyclic voltammogram (a) and differential pulse voltammogram (b) for the
aqua complex 8%* in water pH 8 (phosphate buffer) at 100 mV/s scan rate. Glassy carbon
electrode is used as working electrode and the potential is measured vs. SCE.
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5. Computational study
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Figure S33. Energy diagram (B3LYPd3/TZVP-D95+~sdd//B3LYPd3/SVP~sdd) for the
thermal and photoisomerization processes for 1* and 12* in methanol. Red curve denotes
the singlet spin surface, and blue curve denotes the triplet spin surface for Ru", whereas
pink and cyan curves denote the doublet and quadruplet spin surfaces for Ru'!,
respectively. All energies are calculated on the basis of cis-1* and are eported in units of
kcal/mol. All Gibbs energies are calculated relative to cis-1* or cis-1>* and reported in
kcal/mol (transition state energies in brackets, and the energies of the corresponding
intermediates bearing a methanol ligand instead of a chlorido in parentheses). So = ground
state.
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Ru'-doublet
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Figure S34. Energy diagram (B3LYPd3/TZVP-D95+~sdd//B3LYPd3/SVP~sdd) for the
thermal and photo-induced isomerization processes for 1* and 12* in methanol. Red curve
denotes the singlet spin surface, and blue curve denotes the triplet spin surface for Ru",
whereas pink and cyan curves denote the doublet and quadruplet spin surfaces for Ru'"!,
respectively. All Gibbs energies are calculated relative to cis-1* or cis-12* and are reported
in kcal/mol (transition state energies in brackets). So = ground state.
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Ru'l-singlet = Ru'l-triplet
Ru''-doublet

37.0

+

cis-l*-INTl-SoAb cis-1*-S,

Figure S35. Energy diagram (B3LYPd3/TZVP-D95+~sdd//B3LYPd3/SVP~sdd) for the
thermal and photo-induced isomerization processes for 1* and 1%* in DCM. Red curve
denotes the singlet spin surface, and blue curve denotes the triplet spin surface for Ru",
whereas pink and cyan curves denote the doublet and quadruplet spin surfaces for Ru'",
respectively. All Gibbs energies are calculated relative to cis-1* or cis-12* and are reported
in kcal/mol (transition state energies in brackets). So = ground state.

trans-1*-S, —L trans-1"-INT1-S,

The rest of computational details, can be found in the Supporting information of the
published paper DOI: 10.1021/acs.inorgchem.6b01755.
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Abstract: Ru complexes containing the pentapyridyl ligand 6,6’”-(methoxy(pyridin-2-
yl)methylene)di-2,2'-bipyridine (L-OMe) of general formula trans-[Ru"(X)(L-OMe-«-
N°)]™ (X = Cl, n = 1, trans-1*; X = H20, n = 2, trans-2?*) have been isolated and
characterized in solution (NMR, UV-Vis) and in the solid state by XRD. Both complexes
suffer a series of substitution reactions at oxidation state Il and I1l, when dissolved in
aqueous triflic acid-trifluroethanol solutions that have been monitored by UV-vis
spectroscopy and their corresponding rate constants reported. In particular, agueous
solutions of the Ru"'-CI complex trans-[Ru"'(CI)(L-OMe-k-N®)]?* (trans-12*) generates
a family of Ru-aqua complexes namely trans-[Ru""'(H.0)(L-OMe-«-N°)]?* (trans-23*),
[Ru"(H20)2(L-OMe-k-NHP* (trans-3%*") and [Ru''(CI)(H20)(L-OMe-k-NHJ** (trans-
42%). While complex trans-4* is a powerful water oxidation catalyst, complex trans-2%*
has only a moderate activity and trans-33* is not a catalyst. Further, a parallel work has
been carried out with related complexes but containing the methyl substituted ligand
6,6”’-(1-pyridin-2-yl)ethane-1,1-diyl)di-2,2'-bipyridine (L-Me). The behavior of all these
catalysts has been rationalized based on substitution kinetics, oxygen evolution kinetics,
electrochemical properties and DFT calculations. The best catalysts, trans-42*, reach
turnover frequencies of 0.71 s using Ce(IV) as a sacrificial chemical oxidant with
oxidative efficiencies above 95%.
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Introduction

The oxidation of water to give molecular oxygen together with the reduction of
water to give molecular hydrogen, are the two key reactions involved in the water splitting
process. If the energy required to perform the reaction comes from sunlight, this process
becomes a sustainable way of producing a renewable fuel that may replace the fossil fuels
in a future energy economy.! Both reactions require the use of catalysts that activate the
water molecule and allow the formation of new O-O and H-H bonds. In the particular
case of the water oxidation half-reaction, mononuclear and dinuclear ruthenium-
polypyridyl complexes have been described that are very fast and efficient catalysts for
this reaction.? Among them, those complexes containing one or two anionic carboxylate
groups, have shown to give the best results in terms of overpotential and turnover
frequency, in some cases reaching values over one million turnover numbers.® The high
efficiency of these catalysts is attributed to the synergistic effect of several factors; i)
stabilization of Ru high oxidation states by high sigma donation of the carboxylate anionic
ligands, ii) the possibility to form seven coordinated ruthenium species at high oxidation
states, iii) formation of intramolecular hydrogen bonds between the Ru-OH and the
carboxylate groups, the latter acting as an auxiliary base. Other crucial contributions from
the ruthenium-polypyridinic complexes research are the mechanistic studies of the water
oxidation reaction, which shed some light into the catalytic pathways that lead to the
formation of molecular oxygen.* Indeed, the investigation of the mechanism of the
reaction, including electrochemical, kinetic studies, detection of key intermediates as well

as theoretical calculations, are essential for a rational design of new and better catalysts.

R = OH, L-OH
R = OMe, L-OMe
R = Me, L-Me

Chart 1. Ligands discussed in this work.

In this work, two new ruthenium complexes coordinated by the pentapyridine
ligand 6,6°’-(methoxy(pyridin-2-yl)methylene)di-2,2'-bipyridine, L-OMe in Chart 1, are
prepared. The two compounds differ in the sixth coordination ligand, which is either a

chlorido ligand or an aquo ligand. A comprehensive kinetic analysis of the ligand-aquo
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substitution reactions that generate the active species for each compound is described and
their capacity to oxidize water into oxygen gas is evaluated. The kinetics and catalytic
results are compared with those obtained for analogous complexes containing the methyl
derivative ligand 6,6’’-(1-pyridin-2-yl)ethane-1,1-diyl)di-2,2"-bipyridine, L-Me in Chart
1. Density functional Theory (DFT) calculations of intermediate species and key

transition states support the experimental results.

Results and Discussion

Synthesis and structural characterization of complexes 1* and 22*

Complex [Ru(L-OMe)CI]+, 17, was prepared from ligand L-OH shown in Chart 1,
after methylation of the OH group and insitu complexation with RuCls (Scheme 1). The
reaction gave a 2:1 mixture of the trans-1" and cis-1* isomers that can be clearly identified
in the *H NMR spectrum of the reaction crude mixture (Figure S2 in Sl, here trans and
cis refer to the relative disposition of the pyridine (in blue) and chlorido ligands as
indicated in Scheme 1). A pure sample of the trans-1* isomer was isolated in 35 % yield
after column chromatography and recrystallization. A trans and cis mixture is also
obtained for the related complex 1°* containing a methyl group instead of a methoxy
group attached to the sp3 C atom of the pentapyridyl ligand (L-Me in Chart 1).> The Ru-
aquo complex trans-[Ru(L-OMe)(OH,)]?*, trans-22*, was prepared in 65 % yield from
trans-1" after reaction with AgNOs that removes the CI- ligand from the first coordination

sphere and promotes aquotion (Scheme 1).
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EtOH,
reflux 75 h
L-OMe + RuCl; —>

AgNO,
MeOH/HOTf(aq)

Scheme 1. Synthesis of complexes trans-1* and trans-22* discussed in this work.

Complexes trans-1* and trans-2%* have been characterized by NMR, mass
spectrometry and elemental analysis. The *H NMR spectra of both complexes show one
single set of signals for the two bipyridyl groups, as expected according to the symmetry
of the trans isomer. Good quality crystals, suitable for single crystal X-ray diffraction
studies, were obtained for both complexes. Figure 1 shows the representative molecular
structure of the chlorido complex trans-1*. The Ru complex has a distorted octahedral
geometry due to the steric constrains imposed by the pentadentate L-OMe ligand,
resulting in a CI-Ru-Npyr angle of 170.0°. The rest of the bond distances and angles are
within expected values for related octahedral ruthenium complexes containing
polypyridine ligands.>® It is interesting to observe that the angle between the two
bipyridyl groups of L-OMe situated in the equatorial plane is 134.4° as opposed to the
180° expected for an ideal octahedron with no restraints between the bipyridyl ligands.
This is due to constraints imposed by the sp® carbon atom connecting the two bipyridyl
groups. Similar structural characteristics are observed for the analogous aquo complex
trans-2%* (Figure S10).
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Figure 1. ORTEP representation of trans-1* at 50% probability level. The counter ions,
solvent molecules and hydrogen atoms have been omitted for clarity. Colour code: C,
grey; N, blue; O, red; Cl, green; Ru, purple.

DFT calculations were also carried out to complete the structural characterization

of the complexes described, as well as to shed light into key intermediates and transition

states involved in the catalytic cycle. Good structural agreement was found between
structures obtained from geometry optimization with DFT using BP86'-D3%/def2-TZVP®
and the crystallographic data. The M06-L° functional and the PBEh-3c method!! (based
on the PBE functional)'? were also tested and gave similar results for the experimentally
verifiable structures. Electronic energies were obtained with B3LYP*3(B3LYP-D3/def2-
TZVP/COSMO)* and were practically identical to those obtained with PBEO (PBEO-
D3/def2-TZVP/COSMO) which has been recommended by Kang et al.®® Unless
otherwise noted, energies are reported as free energies consisting of electronic energies
plus energy corrections from the solvation model (B3LYP-D3/COSMOQO) and thermal
corrections obtained with the BP86 exchange-correlation functional (for details, see Sl).
We note that the complexes were modelled with the methoxy group being "anti’ to the
pyridine fragment (‘gauche’ in crystal structures) because the rotational barrier for the
isomerization was small and subsequent structures showed a preference for the 'anti’

isomer.

The trans isomer of 1" is approx. 1.0 kcal mol more stable than its cis
counterpart, which is in agreement with trans-1" being the major compound in the

synthetic mixture, under the assumption that the reaction conditions lead to an
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equilibrium mixture. For the oxidized isomers trans-12* and cis-1%* we find a free energy
difference of about 0.7 kcal mol™, which is in very good agreement with the experimental
value as well as discussed below. Although such small computed energy differences in
general need to be taken with caution, we note that said complexes show a high degree of

structural similarity which supports a high level of error cancellation.

Low oxidation states: substitution and isomerization reactions

We studied the reactivity of complexes trans-1* and trans-2* towards aquo
substitution and oxidation reactions by time resolved UV-Visible spectroscopy. For fast
processes (t, < 170 sec) stopped-flow techniques were employed. The rate constants were
calculated using Reactlab Kinetics simulation software. Species distribution diagrams and
simulated spectra were obtained with the same software. Cyclic voltammetry (CV) and
Differential Pulse Voltammetry (DPV) techniques were used to study the redox properties
of all the complexes described here. All potentials reported are given vs. the NHE
electrode. In addition, we used Density Functional Theory (DFT) calculations to obtain
theoretical redox potentials and key transition states to support our experimental results.
Details about the experimental procedures and calculations are given in the supporting

information (SI).

146



k3y=1.7x1025s"
ky' =3.5x 1025

Ru water oxidation catalysis
based on pys ligands

N
N .Cl
C :ILUIII
Nl °N
N /R
g

cis-12* or cis-1'%*

k-3=8.6x102s™"
k-3'=4.3x102s"

Cl
N ' N k,=8.0x10* M s ky=1.0x10%s™ OH;
Np ol ky'=4.4x10*M"s" R m k4-22x1o3s1 N | N
Ru u R 1]
/ ~ / | \ u
N | N / ' \
! +1eq. Ce"V )
’NI R U N/R
R NS ~ |
trans-1* or trans-1"* trans-1%* or trans-1'%* trans-2%* or trans-2'3*
=33x10%s™ ks=9.7x10% s kr=30x10%s"
ky=15x103 s ks'=9.5x10"s™ k7=27x105 s
Cl
OH, | Ks=9.5x 107 51 OH,
N\’ N AN ,,[‘l ks'=2.5x 105" N | N
Ru' Ru SRut
~ —_—
NN NZL N NN
) : R
NS R OHz OH2 R
I NS Q
NS \ N

trans-22* or trans-2'2*

%

trans-42* or trans-4'2* trans-3%* or trans-3'3*

Scheme 2. Reaction pathways associated with trans-1* and trans-1’* containing the L-
OMe and L-Me ligands, respectively. The latter complexes and their associated kinetic
constants are denoted with a prime.

The kinetics of the conversion of the chlorido complex trans-1* to the aquo

complex trans-22* in aqueous 0.1 M trifluoromethansulfonic acid:trifluoroethanol

solution (TfOH:TFE, 95:5) was studied using a 40 uM solution of trans-1* and monitored

via UV-vis spectroscopy (Figure 2, left). TFE was used to increase the solubility of the

complex. The final spectra matched that of isolated trans-22* (Figure S9, SI). The

substitution reaction is relatively slow, showing a pseudo-first order rate constant of k; =

3.3x10*s?and half time of ty, =

35 min (see bottom left of Scheme 2). In sharp contrast,

the same reaction for the analogue trans-1"* containing the L-Me ligand is one order of

magnitude faster under the same conditions with a rate constant of ki’ = 1.5 x 102 s and
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half time of t. = 8 min (Figure 2, right). The chlorido to aquo substitution at oxidation
state Ru(ll) is also evident from CV experiments of trans-1* in an aqueous mixture of 0.1
M TfOH:TFE. The intensity of the Ru(I11/11) redox couple of the chlorido complex trans-
1% at E12 = 0.93 V slowly decreases when the solution is left standing for 30 minutes,
while a new redox couple at higher potential E1» = 1.12 V appears. This value matches
the potential of the Ru(l11/11) couple for the isolated aquo complex trans-22* (Figure S17-
S18 in Sl). Calculated Ru(l1/11) redox potentials using DFT reproduce the experimental
results well, giving values of 0.8 V (0.93 V experimental value) and 1.3 V (1.12 V
experimental value) for the chlorido and aquo complexes, respectively (Figures S25-S26
in the SI).

0.245

bl
B

2
o]
[
[

o

Abs @ 475 nm
o
[+

o 25 50 75 100
£04 - t (min)

Abs

Figure 2. Evolution of UV-vis absorption spectra over time of a 40 uM solution of trans-
1% (left) and trans-1"" (right) in 0.1 M TfOH solution containing 5% of TFE at 25 °C. The
inset figures show the experimental kinetics profile at a specific wavelength (blue) and
its mathematical fit (red).

We then explored the substitution reactions upon one electron oxidation of trans-
1% with cerium (IV) ammonium nitrate (Ce(IV) hereafter). The fast outer sphere electron
transfer reaction between Ce(IV) and trans-1" to give trans-12* was followed by stopped-
flow UV-Vis spectroscopy and fitted to a second order kinetic profile with a rate constant
of ko = 8.0 x 10* Mt s (Figure 3 and Scheme 2, center left). Following the formation of
the oxidized complex trans-1%*, a second slower process was observed in the stopped-
flow experiment, which corresponds to the isomerization of trans-12* to cis-12* that
remain in equilibrium as indicated in the top part of Scheme 2. The final distribution of

species was calculated by means of *H NMR analysis of a solution of trans-1* after
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oxidation with Ce(1V) and re-reduction with sodium ascorbate (Figure S13 in Sl). The
kinetic constants for this process were calculated to be ks = 1.7 x 102 s and k-3 = 8.6 X
102 s, A species distribution diagram is shown in Figure 3 indicating that the equilibrium
is reached within a few seconds giving a final trans-cis mixture of ca. 9:1. A parallel
isomerization process was observed for the methyl derivative trans-1"* but the final
equilibrium gives a calculated distribution of trans-1°2* and cis-1’2*in 3:2 ratio and rate
constants of k3’ = 3.5 x102 st and k-3 = 4.3 x 102 st (Figure S12 and S14 in SI).
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Figure 3. (Top) (Left) Evolution of stopped-flow UV-vis absorption spectra of a 63 uM
solution of trans-1* with 1 equivalent of Ce(IV) in 0.1 M TfOH solution containing 5%
of TFE at 25 °C for one minute. Inset. Evolution spectra of the first process (1 second)
attributed to the oxidation of trans-1* to trans-1%*. (Right) changes in the absorbance at
500 nm vs time for one minute (blue line) and its mathematical fit (red line). Inset.
Changes in the absorbance at 498 nm vs time (blue line) and its mathematical fit (red
line), during 1 second of reaction. (Bottom) (Left) calculated concentration distribution
diagram vs time for the different species. (Right) calculated spectra for the proposed
species in solution.

149



CHAPTER III

At longer oxidation reaction times, we observed a complex kinetics profile, which
indicates that several processes are taking place in the mixture (Figure 4, top). As
indicated in Scheme 2, the key intermediate species trans-12* can undergo labile chlorido
ligand substitution to give the Ru-aqua trans-2** (Scheme 2, center right). Alternatively,
it is possible that the aquo ligand replaces the pyridine giving rise to a trans chlorido-
aquo-Ru complex with a dangling pyridine group (trans-42* in Scheme 2, center bottom).
The latter process is consistent with electrochemical results and DFT calculations
obtained for trans-1°2*, which demonstrated that the pyridine group in this type of
complexes is prone to decoordination.® Indeed, cyclic voltammetry experiments of trans-
1% in dichloromethane show an irreversible Ru(l11/11) redox couple at Eox = 1.11 V that
gives rise to a new wave at E1» = 0.53 V, associated with a trans-bis(chlorido) species
with a pendant pyridine group as similarly observed for complex trans-1"* (Figure S19).°
This process is favored by the release of strain upon pyridyl decoordination in both
ligands L-OMe and L-Me.

The transient mono-aquo species trans-23* and trans-4%*, both evolve to the bis-
aquo complex trans-33* species after a second substitution (Scheme 2, bottom right). This
process was studied independently for complex trans-23*, which could be prepared from
the one-electron oxidation of trans-22* with Ce(1V) (Figure 5). The mathematical fit gives
pseudo-first order kinetic constant of k7 = 3.0 x 10 sL. Cyclic voltammetry experiments
in aqueous 0.1 M TfOH:TFE mixtures also show the formation of the bis(aquo) species
trans-3%* with a characteristic Ru(111/11) couple at E12 = 0.73 V, typical for this type of
complexes (Figure 6 and Figures S17-S18 in Sl).1°
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Figure 4 (Top) Evolution of UV-vis absorption spectra of a 40 uM solution of trans-1*
with 1 equivalent of Ce(1V) in 0.1 M TfOH containing 5% TFE at 25 °C. (inset) Changes
in abs. vs. t at 500 nm (blue line) and mathematical fit (red line). (Bottom) (Left)
calculated spectra of the different species proposed in Scheme 2. (Right) calculated
concentration distribution diagram vs. time for the different species.

The values of the remaining rate constants involved in the reaction sequence
model indicated in Scheme 2 were calculated by fixing the values of ki, kz, k3, k-3 and k7
obtained independently as discussed above. Thus, ks and ks, assigned to two competitive
reactions from the trans-12* intermediate to form the corresponding Ru-aqua species
trans-42* and trans-2%*, give values of ks = 9.7 x 10 st and ks = 1.0 x 10* s respectively.
Once the Ru'"-CI complex, trans-1%*, is formed then the formation of the Ru-H,O-Cl is
the dominant species. Finally, at longer timescales, the bis-aqua trans-3%* complex forms

from trans-42*, with a rate constant of ke = 9.5 x 10° 51,
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Figure 5 (Left) evolution of UV-vis absorption spectra at 25 °C of a 40 uM of trans-2%*
in 0.1 M triflic acid solution containing 5% of TFE. (Right) changes in the absorbance at
294 nm vs time (blue line) and its mathematical fit (red line).

Figure 4 (bottom) shows the evolution of all the species derived from trans-1%*
together with their respective UV-Vis calculated spectra. A comparison of the
experimental UV-Vis spectrum of trans-23* with its calculated spectrum shows a close
match that gives a strong support to this reaction model (Figure S15 in SlI). The same
experiment and calculations were done for the methyl derivative trans-1°2* (Figure S16
in the SI). Although both complexes follow the same reaction scheme, the changes in
kinetic constants have a dramatic effect on the relative distribution of species, particularly
for the mono-aquo intermediates trans-23* and trans-42*, both catalytically active species
towards the water oxidation reaction. While the chlorido-aquo species trans-4%* is the
major species in solution during the first minutes, the contribution of the trans-2%* is
almost negligible (blue and yellow lines in Figure 4, respectively). For instance, we obtain
a trans-4%*:trans-2%* ratio of 92:8, 20 min after mixing trans-1* with Ce(IV). In contrast,
an opposite trend is observed for the methyl derivative trans-1’*, for which we observe a
trans-42*:trans-2°3* ratio of 26:74 at the same reaction time (Figure S16 in SI). These
differences are crucial to understand the differentiated catalytic activity observed when
the Ru-Cl complexes trans-1" and trans-1", that are not water oxidation catalysts but

catalyst precursors, are dissolved in aqueous mixtures of TFOH:TFE.
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DFT calculated standard reduction potentials are in qualitative agreement with the
CV data. Reduction potentials for the redox couple of Ru(lll/Il) of 0.8 V (exp. 0.92 V)
for trans-1%*/trans-1* and 1.3 V (exp. 1.12 V) for trans-2%"/trans-2%* were found.
Although the thermodynamic tables of both complexes show virtually identical values
(see Figures S25 and S27 in the Sl), it is the association of water (and the displacement
of pyridine) in which they differ, in agreement with the experimental description. The
displacement of pyridine by a water molecule is predicted to be endergonic for both
ligands with the ruthenium metal center in the oxidation states 11 or I1l. The associated
free energies are 4 and 1 kcal mol™ for L-OMe (trans-1%), and 14 and 12 kcal mol™* for
L-Me (trans-1""), respectively. Reflecting the experimental observation, the displacement
is consistently calculated to be more endergonic (by approx. 10 kcal mol™?) for the

complex with the L-Me ligand compared to the one with the L-OMe ligand.

High oxidation states: water oxidation catalysis

CV and DPV experiments of the Ru-aquo complex trans-2%* in an aqueous
mixture of 0.1 M TfOH:TFE (95:5) show the redox couples Ru(lll/1l) at E1p = 1.12 V,
Ru(IV/111) at Ex2 = 1.28 V and Ru(V/IV) at Ex2= 1.73 V, followed by a catalytic wave
associated with water oxidation catalysis (Figure 6, red line). In the reverse scan in the
CV, we also observe the characteristic Ru(l11/11) redox couple at E1/>=0.73 V associated

with trans-3%*, that is formed after oxidation (vide supra).

CV and DPV were also carried out, 15 minutes after the addition of Ce(IV) to a
solution of trans-1" and is shown in the black traces in Figure 6. According to the previous
kinetic analysis this generates a mixture of one Ru(l11)-Cl complex and three Ru(l11)-aqua
complexes with the following ratios: trans-12*:trans-2%*:trans-3%*:trans-42* of 5:1:1:10.
Ru-aqua complexes trans-2%" and trans-3%* have been characterized independently and
thus simplifies the assignment shown in Figure 6. The most interesting feature that is
observed in the Figure is the 200 mV cathodic shift of the electrocatalytic wave with
regard to that of trans-23* (see the blue vertical lines in the DPV in Figure 6), and large
enhancement of the catalytic current density under comparable conditions. This
significant negative shift of the onset of the catalysis is a consequence of the higher
electron density transmitted by the anionic chlorido ligand to Ru in trans-42* as compared
to the pyridyl group in trans-2%*, that highly stabilizes Ru(V). The large enhancement in

kinetics is associated with the dangling pyridyl ligand in trans-42* that acts as base and
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accepts a proton at the O-O bond formation step during the water nucleophilic attack as
will be further discussed below. The contribution from trans-23* in this case is negligible

due to the much lower concentration and activity.
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Figure 6. Cyclic Voltammograms (left) and Differential Pulse Voltammograms (right) of
trans-22* (solid red) and trans-1* measured 15 minutes after oxidation with 1 equivalent
of Ce(IV) (solid black) in 0.1 M TfOH solution containing 5% of TFE. The addition of
Ce(1V) generates four electroactive species in solution that are observed in the CV
namely, trans-12*:trans-2°*:trans-3°":trans-4%" in a 5:1:1:10 ratio; see text for details. The
arrows indicated the assigned redox couple for the different species. Blue vertical lines in
the DPV correspond the Ru(V)/Ru(lV) couple for trans-2°* and trans-4*, that is
associated with water oxidation electrocatalysis. Dashed black correspond to a blank with
no catalyst. Conditions: scan rate of 100 mV s, [Complex] = 0.3 mM. Glassy Carbon
disk as working electrode, Pt disk as counter electrode and Hg/HgSO4 as reference
electrode.

The same striking differences are observed in manometric experiments
monitoring the oxygen evolution profiles obtained after chemically induced catalysis.
Indeed, addition of 100 equivalents of Ce(1V) to a 1 mM complex solution (black and
blue lines in Figure 7) shows that while the trans-2%* complex gives modest turnover
numbers (TONs) of 8 and initial turnover frequency (TOFi) of 0.037 s, the complex
trans-42* (generated by the addition of Ce(IV) to the Ru-Cl complex trans-1*) gives 24
TONSs that represents a 96% oxidative efficiency based on Ce(IV) with a TOFi =0.71 s-
1 (20 times faster; see Table 1). Lowering the catalyst concentration to 1 uM increases
the TONs up to 168 but lowers the oxidative efficiency to 67% (Figure S22 in SI). A
second and third subsequent additions of Ce(IV) to the catalytic mixture generated upon

dissolving trans-1", shows that the system is still active with oxidative efficiencies higher
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than 95% (Figure S23 in Sl). However, the slopes of the catalytically generated oxygen
over time decrease after each addition of Ce(IV). This is a phenomenon that is attributed
to the increased concentration of nitrate ions in solution due to the successive addition of
Ce(1V), as observed before for related catalytic systems.17 Another deactivation pathway
that might be occurring is the conversion of trans-1* to trans-22* in aqueous solutions at
longer periods of time that we have shown to occur in the previous section. Indeed, when
analogous manometry experiments using trans-1+ were performed a few minutes after
catalyst mixing, the catalytic activity dropped to give similar results to those obtained for
the Ru-aquo complex trans-22*, in agreement with the kinetic analysis described in the

previous section.
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Figure 7. Oxygen evolution profile, given in turnover numbers (TON) vs. time for
complex trans-42* (generated from the in situ addition of Ce(IV) to trans-1*; black line),
trans-22* (blue line), trans-2°2* (red line) and generated in situ from trans-1’* (green line).
Conditions: 1 mM catalyst or precursor catalyst in 0.1 M TfOH solution (pH 1) and 100
equivalents of Ce(1V) at 25 °C.

The coordination environment of complex trans-22*, is reminiscent to that of
[(trpy)(bpy)Ru(H20)]1%*, 52*, and [(trpy)(Hbpp)Ru(H20)]?*, 62*, complexes (where trpy =
2,2°:2”,6’-terpyridine, bpy = 2,2’-bipyridine, Hbpp = 2,2’-(1Hpyrazole-3,5-
diyl)dipyridine) in the sense that they are coordinated by five neutral pyridyl groups
besides the critical aqua ligand. In agreement with this analogous coordination
environment the Ru(V/IV) redox potential of trans-22*, 52* and 62* (1.7-1.8V range) and
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their catalytic water oxidation activities are similar.*>® In sharp contrast the 20 times
increase in rate and the nearly 100% oxidative efficiencies for trans-42* as compared to
trans-22*, is associated with the presence of both the coordinated chlorido group au lieu
of the pyridyl group, in trans-22* and in 5%*, and the presence of the dangling pyridyl

moiety as mentioned earlier.

Table 1. Summary of catalytic performance of complexes trans-42*, trans-22*, trans-1°*
and trans-2°*. Conditions: 1 mM catalyst in 0.1 M TfOH solution (pH 1) and 100
equivalents of Ce(IV) at 25 °C.

Complex TON Ox. Eff.l’l (%) TOF{ x10°
trans-42* 8l 24 96 710
trans-2%* 8 32 37

trans-1°" 0.67 2.7 4

trans-2°2* 1 4 21

[a] Obtained from the addition of Ce(IV) to trans-1*. [b] Ox. Eff. = oxygen efficiency = (measured mols
0,)/(theoretical mols O). Calculated from manometry and on-line mass spectrometry experiment. [c]
Initial turnover frequencies in s™.

Interestingly, the related complex trans-1’*, shows a completely different
scenario. Oxygen evolution experiments after addition of Ce(IV) to solution of the
chlorido trans-1’*and aquo trans-2’2* complexes both show a very poor catalytic activity
with 1 TON or less (Figure 7 and Table 1). This result is consistent with the relative
concentration of active species extracted from the species distribution diagram based on
the substitution kinetics described earlier (see Figure S16 in the SI). Here the
corresponding highly active chlorido-aquo complex trans-4>2* is a minor species in the
mixture whereas the modestly active mono-aquo complex trans-2’%" is the major

compound.
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Figure 8. DFT calculated energy diagram of the nucleophilic attack of a water molecule

to the Ru=0 species derived from trans-1* to form a Ru-OOH species. The values are
given in kcal mol™* with respect to the separated reactants.

As previously mentioned the DFT calculated standard reduction potentials for the
Ru(111/11) redox couple are in qualitative agreement with the CV data. In contrast to this,
the computed reduction potentials for the Ru(I\V/I11) and Ru(V/IV) couples derived from
trans-22* are substantially higher than the ones obtained in CV measurements. This might
be a failure of the implicit solvation model and may, for instance, be mitigated via a wider
correlation of computed and experimentally determined redox potentials. Additionally,
we note that test calculations using the DCOSMO-RS'® and SMD? solvation models
predict similar values. Despite the flaws in the above case, the calculated reduction
potential of 1.8 V for the Ru(V/IV) couple of, [Ru(O)(Cl)(L-OMe-x-N*]*, is supported
by the experimental value of 1.62 V (extracted from DPV in Figure 6) and validates at
least qualitative statements regarding trends in activity. For trans-2%* a significantly
higher reduction potential (600 mV shift) compared to the chlorido containing species is
obtained (as can be expected from its higher charge, Figures S25-S26 in the SI).

Transition states energies for the WNA in the Ru(V) oxidation state for complexes with
both ligand frameworks (L-OMe and L-Me) are practically identical. They are computed

to be 16 and 14 kcal mol™ with respect to the separated reactants for the OMe and Me
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ligands, respectively (Figures 8 and S28). The transition states were modelled with an
explicit solvent water molecule as the corresponding peroxido species could not be found
otherwise. The role of the dangling pyridine as a proton acceptor can be observed in these
structures. A similar transition state for the aquo complex with two explicit water
molecules, where one water molecule would act as the base, could not be obtained.

Modelling with more water molecules was not further pursued in this study.

Conclusions

A detailed Kinetic study of the ligand substitution reactions of ruthenium
complexes trans-1* and trans-22* by water, in aqueous solution, reveal a multiple reaction
sequence involving both the chlorido and one pyridyl group of the pentapyridyl ligand L-
OMe. The same reactions are observed for related complexes trans-1>* and trans-2°2
containing the ligand L-Me. However, the differences on the kinetic constant values of
the consecutive steps generate a distinct distribution of intermediate species for trans-1"*
as compared to trans-1*. Thus, for the L-OMe complex trans-1* the major species in
solution during the first minutes is the chlorido-aquo complex trans-4%*. In contrast, the
aquo complex trans-2%* is the most abundant species for trans-1’*. These differences are
responsible for dramatic changes in their water oxidation catalytic activity as observed
by electrochemical, oxygen evolution experiments and DFT calculations. Our
computational analysis suggests that the formation of the active trans-42*-type complex
is the crucial step in the catalytic cycle and is mainly responsible for the different
activities, since subsequent steps (PCETS, oxidations, WNA) show virtually identical free
energies in both systems. This could be used as a handle to improve such catalysts.
Complex trans-4%* is a fast catalyst that operates with TOF; = 0.71 s and produces 168
TON in the presence of 1000 equivalents of Ce(IV) as sacrificial agent. On the other hand,
complexes trans-22* and trans-2* are poor catalysts producing less than 8 and 1 TONs
respectively. Eventually, both catalysts evolve to the inactive bis(aquo) complexes trans-
3% and trans-3’3".2! The difference in the catalytic performance of trans-42* and trans-
23" is due to the chlorido ligand in trans-4%* that helps in lowering the redox potential to
access Ru(V) that is the species responsible for electrocatalysis, and in the presence of
the pendant pyridine group facilitates the O-O bond formation step, lowering the Kinetic

barrier at the water nucleophilic attack step.
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1. Experimental Section
Materials

All general reagents and chemicals were used as purchased from Sigma-Aldrich, Fluka
or Merck chemical companies without further purification unless otherwise stated. RuCls
was obtained from I1°CNS chemical company and used as purchased. Complex trans-1*,
trans-2°%* and ligand L-OH were prepared according to the experimental procedure
reported in the bibliography.'? Cerium ammonium nitrate Ce(NH4)2(NOs)s (CAN or
Ce(lV) in the text) was purchased from Sigma-Aldrich (99.99%) and used without
purification. THF was dried over Na/Benzophenone and stored under N». Air and
moisture sensitive reactions were carried out under N2 in oven-dried (120°C) glassware
and monitored by TLC or HPLC. Evaporation of solvents in vacuo was done with a Biichi
Rotevapor R-134 at 40°C. Chromatography: neutral alox with the indicated solvent
system. Thin layer chromatography (TLC): Merck TLC plates silica gel 60 on alox with
the indicated solvent system; the spots were visualized in ambient light or under UV light
(254 and 366 nm).

Instrumentation and measurements

NMR spectra were measured on a Bruker AV-500 spectrometer and Bruker 500 MHz
spectrometer equipped with cryoprobe. All the NMR experiments were performed at
room temperature in corresponding deuterated solvents and using internal protons as

reference.

High-resolution electrospray ionization mass spectra (HR-ESI-MS): QExactive (Thermo
Fisher Scientific, Bremen, Germany) with a heated ESI source connected to a Dionex
Ultimate 3000 UHPLC system. Samples were dissolved in MeOH or H>0 at ca. 50 mg
ml~; injection of 1 ml on-flow with an auto-sampler (mobile phase: MeOH + 0.1%
HCOOH or CH3CN/H20 2:8 + 0.1% HCOOH; flow rate 120 ml mlI™); ion source
parameters: spray voltage 3.0 kV, capillary temperature 320°C, sheath gas 5 | min?, s-
lens RF level 55.0; full scan MS in alternating (+)/(-)-ESI mode; mass ranges 80-1200,
133-2000, or 200—-3000 amu; resolution (full width half-maximum) 70000; automatic
gain control (AGC) target 3.00 10°; maximum allowed ion transfer time (IT) 30 ms; mass
calibration <2 ppm accuracy for m/z 130.06619-1621.96509 in (+)-ESI and for m/z
265.14790-1779.96528 in (-)-ESI with Pierce® ESI calibration solutions (Thermo
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Fisher Scientific, Rockford, USA); lock masses: ubiquitous erucamide (m/z 338.34174,
(+)-ESI) and palmitic acid (m/z 255.23295, (-)-ESI).

Elemental analyses were performed on a Leco CHNS-932 elemental analyzer.

Electrochemical measurements

Differential pulse voltammetry (DPV) and cyclic voltammetry (CV) were measured on a
CHI660D potentiostat using a three-electrode cell. A glassy carbon (GC) working
electrode (d = 3 mm) was employed while a Pt rod was used as counter electrode and
Hg/HgSOs (K2SO4 sat) was used as reference electrode. Working electrodes were
polished with 1 and 0.05 micron alumina paste, washed with distilled water and acetone
and sonicated in acetone for 5 minutes before each measurement. DCM employed for
electrochemical measurements was prepared with containing the necessary amount n-
BusNPFe (TBAPFs) as supporting electrolyte to yield a 0.1 M ionic strength. CVs were
typically recorded at a scan rate of 100 mV/s. DPVs were recorded with the following
parameters: amplitude= 50 mV, step height=4 mV, pulse width= 0.05 s, pulse period=
0.5 s and sampling width=0.0167 s.

Manometric and Online mass spectrometry measurements

The experiments were carried out with a Testo 521 differential pressure manometer, with
an operating range of 1-100 hPa and an accuracy of within 0.5% of the measurement,
coupled to thermostatted reaction vessels for dynamic monitoring of the headspace
pressure above each reaction. In a typical experiment, 0.1 M triflic acid solution (TfOH,
pH 1, 1.5 mL) was added to the reaction vessel containing a suspension of the catalyst
under stirring and the equivalent volume added to the reference vessel. The pressures
were equalised and a blank solution of TFOH (0.5 mL) was injected into the reference cell
and an TfOH solution containing cerium(1V) ammonium nitrate (CAN, 1.33M, 150 pL)
was then injected into the reaction vessel. Resulting a final concentration of catalyst =
1mM and concentration of CAN = 100 Mm. TOF values were calculated from the

increase of TON in the initial 30 seconds after addition of oxidant.

Online mass spectrometry measurements were performed on a Pfeiffer Omnistar GSD

301C mass spectrometer, in the same conditions as the manometric measurements.
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UV-vis spectra and kinetic studies

UV-Vis spectra were measured on a Cary 50 UV-vis spectrometer by Varian Inc. For
oxidation and isomerization Kinetics presented in this work, a fast mixing stopped flow
module Bio-Logic SFM300 with a cryostat Huber CC3-905 VPC and a fast JM TIDAS

UV-Vis Diode Array spectrophotometer was employed.

Hydrolysis Kinetics (at oxidation state Ru(ll)). Substitution studies were performed at
various concentrations of complex trans-1* and trans-1’*. In a typical experiment, a
solution of Ru complex (800 uM) in trifluorethanol was added to a 0.1 M triflic acid
solution and monitored during time. The absorption spectra were recorded at 25 °C in a
1.0 cm path length quartz cell on a CARY 50-Bio from Agilent. Reactlab Kinetics

software® was used to process the data and thus obtain the rate constant values.

Oxidation and isomerization Kinetics. Kinetic studies on the oxidation of 63 uM of trans-
Ru'-Cl, were performed using a fast mixing stopped flow module. In a typical
experiment, a solution of Ru complex (70 uM) in 0.1 M triflic acid solution containing 5
% of trifluoroethanol was mixed with stoichiometric amounts of a solution of cerium(IV)
ammonium nitrate in the same media (resulting in a final concentration of complex of 63
M) and the changes in absorbance with time were monitored. For slow reactions (t%2 >
170 sec) a Cary 50-Bio from Agilent was used. In a typical experiment, to a 2.375 mL
solution of cerium(IV) ammonium nitrate (40 uM) in 0.1M triflic acid were added 125
uL of Ru'-Cl or Ru"-H20O (800 pM) complex in trifluoroethanol, resulting in a final

concentration of 40uM of complex. In all cases, the temperature was maintained at 25 °C.

Kinetic constants were calculated by a global fitting using ReactLab Kinetics software.
For the calculation of k2, ks and k-3 we restricted the fitting solutions with the equilibrium
constants calculated from *H NMR solutions after reaching the trans:cis equilibrium, after
oxidation (Keg(trans-1*) = 0.1 and Keg(trans-1’*) = 0.8, see Figures S14-S15). The kinetic
constants ki and k7 were obtained by studying the independent processes with isolated
samples of trans-22* and trans-2%*. Introducing the model in Scheme 2 in Reactlab
Kinetics software and fixing in the previously calculated constants ko, ks, k-3 and k7, we
were able to fit ks, ks and ke. SVD analysis of the spectral data was used to obtain the
significant components. A global fitting of the model was used to calculate the spectrum

of the intermediate species and the change in concentration with time. Rate constants
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were measured at 25 °C. Errors shown correspond to one-sigma of the models respect to

experimental points.

Computational Methods

Calculations were carried out using the Turbomole software package* (version 7.0).
Geometry optimizations and frequency analyses were performed employing
(unrestricted) Kohn-Sham density functional theory with the BP86 exchange-correlation
functional,>® the def2-TZVP basis set’ (with the corresponding effective core potential

for Ru) and Grimme’s D3 dispersion correction® (no Becke-Johnson damping).

Single-point electronic energies were obtained with B3LYP-D3°%/def2-TZVP and the

COSMO solvation model*! (dielectric constant & = 80 for water, default radii).

Calculations were sped-up by means of the Resolution-of-the-ldentity approach (RI-J),
with its corresponding basis set!? and Multipole-Assisted-RI1-J* (MARIJ). The error of

both approximations was checked for selected molecules and found to be negligible.

Gibbs free-energy corrections were obtained from the normal mode analysis, based on
the rigid-rotor, harmonic oscillator approximations, using the Turbomole module freeh at
a pressure of 1 bar and a temperature of 298.15 K; no scaling factor was applied to the

vibrational frequencies.

The Gibbs free energies were furthermore corrected for the change in standard state from
1 bar to 1 M (resp. 1 bar to 55.6 M for water). Deprotonations include the solvation free
energy of a proton (but not its translational free energy) of 265.9 kcal mol™;* reduction
potentials are given relative to the standard hydrogen electrode (SHE) which was taken
to be 4.28 V. The standard reduction potential was calculated as given below, where n is

the number of electrons transferred, F is the Faraday constant, AG;.,the Gibbs free

energy change in the reduction and E;’;jl,?s' the absolute potential of the SHE:
E° = — AG;ed __ po.abs.
red nF SHE -

Proton-coupled electron transfer reactions include the energy of half a hydrogen
molecule®™ whose Gibbs free energy correction consists of the zero-point vibrational
energy plus a thermal correction of 0.52 eV.® Larger basis sets (def2-TZVPP, def2-

QZVP) were used to calculate single-point electronic energies but did not influence the
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relative energies significantly. Free energies arising from spin multiplicity were
neglected. Test calculations using the implicit solvation models DCOSMO-RSY and

SMD*® were done in Turbomole and Orca 4, respectively.

Unless otherwise stated, the energies referred in the text are (Gibbs) free energies given

in kcal mol™.

Synthesis of trans-1* and trans-22*

Synthesis of [Ru(L-OMe)CI]CI (trans-1*): In a Young flask Bpy.PyOH (102 mg,
0.2 mmol) and NaH (60% dispersion in mineral oil, 42 mg, 0.96 mmol) were stirred in
anhydrous THF (5.5 mL) for 30 min. Excess iodomethane (300 puL) was then added and
the reaction mixture was stirred at 70°C in the sealed vessel for 15 h. The mixture was
concentrated followed by addition of agq. NaOH (ca. 2 M) and DCM. The phases were
separated and the aqueous phase extracted 3 times with DCM. The combined organic
phases were dried over MgSOQg, filtered and concentrated. The crude ligand (105 mg),
was then refluxed with RuClz (48 mg, 0.2 mmol) in EtOH (10 mL) for 75 h followed by
filtration through celite. The resulting deep red solution was concentrated to give the
crude product. Purification by column chromatography (neutral alox, DCM/MeOH 1:0 -
9:1) followed by vapour diffusion (MeOH, Et.O) vyielded crystalline and pure
[Ru(Bpy:PyOMe)CI]CI (trans-1%). Yield: 32 mg (35%). 'H-NMR (ds-methanol,
500 MHz, 293 K): ¢ = 10.00 (d, J = 8.0 Hz, 2H, d4), 9.12 (d, J = 8.0 Hz, 1H, e4), 8.43 (d,
J=8.0Hz, 2H, d1), 8.32 (d, J = 8.0 Hz, 2H, h3), 8.21 (d, J = 8.0 Hz, 2H, hy), 8.12 (m, 4H,
ho/d2), 7.97 (d, J = 8.0 Hz, 1H, e1), 7.90 (d, J = 8.0 Hz, 1H, e2), 7.81 (t, J = 8.0 Hz, 2H,
ds), 7.12 (t, J = 8.0 Hz, 2H, e3), 4.31 (s, 3H, -OCH3); *C-NMR (d4-methanol, 100 MHz):
0 162.0 (ga), 160.3 (g2), 160.1 (g4), 158.8 (q1), 157.9 (es), 155.0 (ds), 140.0 (e2), 139.5
(d2), 137.9 (h2), 127.0 (d3), 126.2 (e1), 124.9 (e3), 124.2 (d1), 123.1 (h1), 122.7 (h3), 93.4
(R3COMe), 59.5 (-OCHj3); ESI-MS: m/z = 568.05 (100%, [M]"); 550.63 (5%, [M — CI +
OH]"). Elemental Analysis (% found): C, 51.14; H, 3.56; N, 11.02. Calcd. for
[Ru(Bpy2PyOMe)CI1]CI-H,0: C 52.18, H 3.73, N 11.27.

Synthesis of [Ru(L-OMe)(H20)](ClO4) (trans-22*): trans-1* (40 mg, 0.066 mmol) was
dissolved in a mixture of MeOH (4 mL) and 0.1 M HOTf@q) (2 mL), AgNOs (22 mg,
0.132 mmol) was added and the deep reddish purple solution was heated to reflux for 1
h. The orange red reaction mixture was filtered through celite to remove the AgCI

precipitate, excess LICIOs was added and the solution was left to stand at room
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temperature. NOTE OF CAUTION: Perchlorate salts can be explosive and should be
handled with care and preferably on a small scale. After 5 days, large (> 4mm) dark red
crystals had precipitated from the solution. The mother liquor was decanted off and the
crystals were washed with a little cold water before drying in air to give pure
[Ru(Bpy-PyOMe)(H20)](ClO4), (trans-22). Yield: 32 mg (65%). H-NMR (ds-
methanol, 500 MHz, 293 K): ¢ = 10.10 (d, J = 5.5 Hz, 2H, d4), 9.13 (d, J = 5.5 Hz, 1H,
es), 8.59 (d, J=7.8 Hz, 2H, d1), 8.44 (d, J = 7.8 Hz, 2H, h3), 8.29-8.21 (m, 6H, h, h2, d),
7.96 (d, J=8.0 Hz, 1H, e1), 7.90 (m, 3H, d3, €2), 7.18 (t, J = 5.5 Hz, 2H, e3), 4.31 (s, 3H,
-OCHj3); 3C-NMR (5:1 d3-acetone-D,0, 100 MHz): 6 160.4 (gs), 159.2 (q32), 158.2 (ga),
158.0 (es), 157.6 (qu), 154.9 (d4), 140.0 (d2), 139.1 (e2), 138.3 (h2), 127.1 (ds), 125.6 (e1),
124.5 (es), 124.4 (d1), 123.0 (h1), 122.6 (h3), 92.2 (RsCOMe), 59.2 (-OCHa); ESI-MS:
m/z = 664.05 (25%, [M — H20 + MeOH + ClO4]"); 650.04 (5%, [M + ClO4]"); 632.02
(23%, [M — H20 + ClO4]"); 280.54 (100%, [M — H20 + MeOH]?"); 275.54 (24%, [M]*");
266.54 (12%, [M — H20]?"); Elemental Analysis (% found): C, 41.04; H, 3.44; N, 8.65.
Calcd. for [Ru(BpyPyOMe)(H20)](Cl04)2-2H,0: C, 41.28; H, 3.46; N, 8.92.

2. Characterization of complexes trans-1* and trans-2%*

NMR

Figure S1. Schematic representation of the synthetized complexes trans-1" (left) and
trans-22* (right) and their *H-NMR and *3C-NMR assignments (see Figures S4-S7).
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Figure S2. (Top left) 'H-NMR (300 MHz, 293K, ds-Methanol) spectra of crude cis-trans
mixture of complex trans-1* before column chromatography. Resonances for trans and
cis isomer are marked by (*) and (X) respectively. (Top right) tH-NMR spectrum of
complex cis-1’* (ds-Nitromethane, 600 MHz, 25 °C). (Bottom left) *H-NMR spectrum of
complex trans-1* (ds-Methanol, 500 MHz, 25 °C). (Bottom right) *H-NMR spectrum of
complex trans-1"* (ds-Nitromethane, 400 MHz, 25 °C).
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Mass spectrometry
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UV-Vis spectroscopy
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Figure S9. (Left) UV-vis absorption spectrum of trans-1* (red line) and trans-22* (green
line). (Right) UV-vis absorption spectrum of trans-1* (blue line) and trans-2°2* (orange
line). Conditions: 40 uM of complexes in 0.1 M TfOH solution containing 5% of TFE.

X-Ray Crystallography

X-ray Crystal structure determination: Crystallographic data for trans-1* and
trans-22* were collected at 183(2) K with Mo K, radiation (A = 0.7107 A) that was
graphite-monochromated on an Oxford Diffraction CCD Xcalibur system with a Ruby
detector. Suitable crystals of trans-1" were grown by vapour diffusion (MeOH, Et,0) and
crystals of trans-22* were grown by slow evaporation of a solution of trans-22* in 0.1 M
triflic acid solution / MeOH (2:1 by volume). Single crystals were covered with oil
(Infineum V8512, formerly known as Paratone N), placed on a nylon loop that is mounted
in a CrystalCap Magnetic™ (Hampton Research) and immediately transferred to the
diffractometer. The program suite CrysAlisP™® was used for data collection, multi-scan
absorption correction and data reduction.?® The structures were solved with direct
methods using SIR97%2 and were refined by full-matrix least-squares methods on F? with
SHELXL-97.22 CCDC 1480864 and 1480863 contain the supplementary crystallographic
data for this paper. The data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via .
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Figure S10. ORTEP representation of and trans-22* at 50% probability level. The counter
ions, solvent molecules and non-acidic hydrogen atoms have been omitted for clarity.
Colour code: C, black; N, blue; O, red; Ru, light blue.

Figure S11. Picture showing the angle between the two bipyridine groups of L-OMe in
trans-1* situated in the equatorial plane. This angle has a value of 134.4° as opposed to
the 180° expected for an ideal octahedron
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3. Kinetic studies
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Figure S12. (Top) (Left) Evolution of stopped-flow UV-vis absorption spectra of a 63
UM solution of trans-1'* with 1 equivalent of Ce(IV) in 0.1 M TfOH solution
containing 5% of TFE at 25 °C. Inset Evolution spectra of the first process (1 second)
attributed to the oxidation of trans-1’* to trans-12*. (Right) changes in the absorbance
at 294 nm vs time (blue line) and its mathematical fit (red line). Inset. Changes in the
absorbance at 498 nm vs time (blue line) and its mathematical fit (red line), during 1
second of reaction. (Bottom) (Left) calculated concentration distribution diagram vs
time for the different species. (Right) calculated spectra for the proposed species in

solution.

176



Ru water oxidation catalysis based

on pys ligands

|
. I
h i oy
- h o “uh\af yt,«”.‘ i X X

S Y. P D U YU oL U L W L YT ey

|
* f

T S L W

T T T T T T T T T T T T T T T T T T T T T T
99 98 97 96 95 94 93 92 91 90 B89 88 B7 86 85 S.‘ri (8.3 )S.Z 81 80 79 78 7.7 76 75 74 73 72 71 70 69 68
1 (ppm

Figure S13. (Top) *H-NMR of trans-1" in a 0.1 M deuterated TfOH solution containing
20% of TFE. (Bottom) *H-NMR of trans-1* after oxidation with 1 equivalent of Ce(IV)
ina 0.1 M deuterated triflic acid solution containing 20% of TFE followed by addition of
sodium ascorbate as reducing agent (50 seconds after oxidation). (*) Signals of trans-1%,
(*) Signals of cis-1". After oxidation (red spectrum), new signals associated with the cis
isomer (¥) arise.
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Figure S14. (Top) *H-NMR of trans-1’* in a 0.1 M deuterated TfOH solution containing
20% of TFE. (Bottom) *H-NMR of trans-1’* after oxidation with 1 equivalent of Ce(IV)
ina 0.1 M deuterated triflic acid solution containing 20% of TFE followed by addition of
sodium ascorbate as reducing agent (50 seconds after oxidation). (*) Signals of trans-1%;
() Signals of cis-1’*. After oxidation (red spectrum), new signals associated with the cis
isomer (¥) arise.
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Abs
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Figure S15. Comparison of experimental (solid line) and calculated (dashed line) spectra
of trans-2%" (left) and trans-2’3* (right). Complexes trans-23* and trans-2°3* were
prepared by adding a solution of trans-22* or trans-2’2* in TFE to a solution containing 1
equivalent of Ce(IV) in 0.1 M TfOH solution at 25 °C.
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Figure S16. (Top) Evolution of stopped-flow UV-vis absorption spectra of a 40 uM
solution of trans-1’* with 1 equivalent of Ce(IV) in 0.1 M TfOH solution containing 5%
of TFE at 25 °C. (Inset) Changes in absorbance vs time at 500 nm (blue line) and fit (red
line). (Bottom) (Left) calculated spectra of the different species proposed in Scheme 2.
(Right) concentration distribution diagram vs time for the different species.
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4. Electrochemistry
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Figure S17. Cyclic Voltammograms (left) and Differential Pulse VVoltammograms (right)
of trans-1* at 2 min (solid red), 5 min (solid green), 15 min (solid yellow), 30 min (solid
blue) and blank (dashed black) after addition of the complex to a mixture 0.1 M
TfOH/TFE solvent mixture (3:1 by volume) with a scan rate of 100 mV s%. Conditions:
[trans-17] = 0.5 mM.
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Figure S18. Cyclic Voltammograms (left) and Differential Pulse Voltammograms (right)
of trans-22*; first scan (solid black); second scan (solid red); and blank electrolyte (dashed

black) in 0.1 M TfOH/TFE solvent mixture (3:1 by volume) with a scan rate of 100 mV
s, Conditions: [trans-22"] = 0.5 mM.
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Figure S19. Cyclic Voltammograms (left) and Differential Pulse Voltammograms (right)
of trans-1* (solid black) and blank electrolyte (dashed black) with a scan rate of 100 mV
s, Conditions: [trans-1*] = 0.5 mM in 0.1 M TBAPFs in DCM.
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Figure S20. Cyclic Voltammograms (left) and Differential Pulse Voltammograms (right)
of trans-22* (solid black) and blank electrolyte (dashed black) with a scan rate of 100 mV
s’t.Conditions: [trans-22"] = 0.5 mM in 0.1 M TBAPFs in DCM.
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Figure S21. (Left) Cyclic Voltammograms (right) and Differential Pulse
Voltammograms (right) of trans-1’* after oxidation with 1 equivalent of Ce(IV) and
incubation during 20 min for generating the proposed species trans-4°2* (solid black),
trans-2°2* (solid red) and blank (dashed black) in 0.1 M TfOH solution containing 5% of
TFE. Conditions: Scan rate of 100 mV s?, [Complex] = 0.3 mM. GC as working
electrode, Pt as counter electrode and Hg/HgSOg as reference electrode.

6. Catalysis with Ce(1V)
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Figure S22. Oxygen evolution profiles after addition of Ce(IV) (111 mg, 0.2 mmol in
150 pL of 0.1 M triflic acid solution) to a suspension of trans-1*, 2 umol (dashed blue);
1 pumol (dashed purple); 0.5 pmol (solid green); and 0.2 umol (solid orange) in 1.85 mL
of 0.1 M TfOH solution.
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Figure S23. (Left) Monitoring of gas evolution vs. time for complex trans-1* during three
consecutive additions of Ce(IV), first injection (red line), second injection (blue line) and
third injection (green line). (Right) Zoom in 0-150 s region. Conditions: 1 mM catalyst in
0.1 M TfOH solution (pH 1) and 100 equivalents of CAN at 25 °C.

7. Computational study
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Figure S24. Different views of an overlay of a crystal structure with its calculated one
using BP86-D3/def2-TZVP functional for: a) trans-1* and b) trans-22*. In both cases a
0.17 A value for RMDS is obtained.

In the figures below N*-Ru(Y)-OHz-Cl describes structure of the complex: X is the
number of nitrogen atoms coordinated, Y the Ru oxidation state and Z the number of

hydrogens on O (if present).

4 26
NS-Ru(I-CIl  —>  N*Ru(ll)}-(OH,)-CIl  —>  N*Ru(ll)-(OH)-CI

s o N e N

1 7 39
NS-Ru(ll)-Cl —  N%Ru(lll)-(OHy)-Cl  —  N*Ru(lll)-(OH)-CI ——>  N*-Ru(lll)-(0)-Cl

P N

-15 1
NS-Ru(IV)-CIl ——>  N*Ru(IV)-(OH,)-Cl —  N*Ru(lV)-(OH)-CI —>  N*Ru(IV)-(0)-Cl

" e

N4-Ru(V)-(OH)-CI . N4-Ru(V)-(0)-CI

Figure S25. Redox potential (vertical arrows), water association (first horizontal arrow),
deprotonations (second and third horizontal arrow) and PCETs (diagonal arrows)
associated with the redox events involving complex trans-1*. All energies are given in
kcal mol* and redox potentials in Volt. Note that N*-Ru(IV)-(OH.)-Cl has a proton
transferred from the O to the pyridine-N and is therefore N-H acidic.
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Figure S26. Redox potential (vertical arrows), deprotonations (horizontal arrows) and
PCETSs (diagonal arrows) associated with the redox events involving complex trans-22".

All energies are given in kcal mol™ and redox potentials in Volt.
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Figure S27. Redox potential (vertical arrows), water association (first horizontal arrow),
deprotonations (second and third horizontal arrow) and PCETs (diagonal arrow)
associated with the redox events involving complex trans-1’*. All energies are given in
kcal mol™? and redox potentials in Volt. Note that N*-Ru(IV)-(OH2)-Cl has a proton
transferred from the O to the pyridine-N and is therefore N-H acidic.
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Figure S28. Structures calculated by means of DFT. Energy diagram of the nucleophilic
attack of a water molecule to the Ru=0 species derived from trans-1’* to form a Ru-OOH
species. The values are given in kcal mol with respect to the separated reactants.
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CHAPTER IV

Synthesis of new Cu'' complexes bearing bipyridyl-
diamidate ligands. Characterization and water
oxidation catalysis.

New mononuclear Cu' complexes containing a bipyridyl framework that incorporates
a strong o-donor amidate scaffold are developed and fully characterized in this work.
The electrochemical properties and their catalytic behavior towards water oxidation
(WO) are presented. The effect of the proximity of a pendant sulfonate group to the
copper centre regarding the catalytic performance is also discussed in this chapter.
Moreover, a detailed comparison with the most relevant Cu-based WO catalysts is
also reported, showing how the introduction of o-donor scaffolds coordinating the Cu
centre can provoke a decrease of the overpotentials needed to perform WO catalysis.
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PAPER C: Synthesis of new Cu' complexes
bearing bipyridyl-diamidate ligands.
Characterization and water oxidation catalysis.
Gil-Sepulcre, M.; Garrido-Barros, P.; Bofill, R.; Sala. X.; Llobet, A. (MS in preparation)
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Abstract: Two  new  tetradentate  ligands,  4,4'-(([2,2-bipyridine]-6,6'-
dicarbonyl)bis(azanediyl)) dibenzenesulfonic acid (p-L) and its homologue containing
the sulfonate group at ortho position with respect to the amidate scaffold (o-L), have been
synthesized. These new ligands have been used for the preparation of the complexes of
general formula [(L)Cu"]* (L = p-L (1%); L = o-L (2%)), which have been fully
characterized by X-ray diffraction and electrochemical techniques. At pH 11.4 only
complex 1% exhibits a raise in the current associated with water oxidation (WO) at an
overpotential of 835 mV confirmed by O.-detection experiments during 1 hour of bulk
electrolysis at 1.6 V vs. NHE. The comparison with other Cu-based catalysts reveals that
strong o-donor groups not only lower the Cu(lll)/Cu(ll) redox potential but also the
overpotential for the WO reaction.
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Introduction

Molecular water oxidation (WO) driven by transition metal complexes! is a
promising and active field at present for its implication in the obtaining of solar fuels from
water and sunlight.? In particular, developing an efficient and robust water splitting device
using cheap and abundant non-noble metal catalysts is still a great challenge for the
scientific community. Several first-row transition metal complexes such as iron®, cobalt,*
manganese® and copper® have been developed and tested towards WO, becoming a
promising alternative to the extensively studied ruthenium’ and iridium® catalysts. In
particular, molecular copper-based complexes are relative new actors in this field and
have become attractive candidates for WO catalysis during the last years due to their
earth-abundance, relative easy synthesis and the available exhaustive studies on their

coordination chemistry.

Mayer and co-workers first reported Cu(Il) complexes bearing a simple 2,2’-
bipyridine ligand, which were capable of oxidizing water into dioxygen.® Since this first
work, the bipyridine moiety has been modified for its use in the synthesis of effective
Cu(11) WO catalysts.20 In these catalysts hydroxyl pendant groups were introduced, which
were proposed to lower the overpotentials, facilitating the proton coupled electron
transfer (PCET) process and stabilizing the key intermediates. Recently, Llobet and co-
workers reported a family of new Cu(ll) complexes that are capable to drastically
downshift the overpotential until a value as low as 170 mV.}' The key for the
unprecedented overpotential achieved with these catalysts is the presence of four amidate
groups in the ligand, which decrease the potential of the Cu(l11)/Cu(ll) couple necessary
for performing WO. Furthermore, the non-innocent nature of the ligand allows the control

of the overpotential by changing the substituents present in the aromatic rings.

Herein, we present the synthesis and full characterization of a new family of Cu"
complexes [(p-L)Cu](Na*). (1%) and [(o-L)Cu](Na®)2 (2%) containing two new tetra-
anionic ligands 4,4'-(([2,2'-bipyridine]-6,6'-dicarbonyl)bis(azanediyl)) dibenzenesulfonic
acid (p-L) and 2,2'-(([2,2'-bipyridine]-6,6'-dicarbonyl)bis(azanediyl))dibenzenesulfonic
acid (o-L), which differ in the position of the sulfonate group with respect to the amide
moiety. These complexes have been designed containing two negative coordinated
amidate scaffolds to lower their overpotentials and enhance their WO catalytic activity.

Furthermore, we also compare their electrochemical properties with those of related
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homogeneous Cu(ll) complexes and analyze the key factors that control their catalytic

performance in WO.

Synthesis and characterization of ligands and complexes

The new ligands 4,4'-(([2,2-bipyridine]-6,6'-dicarbonyl)bis(azanediyl))
dibenzenesulfonic acid (p-L) and 2,2'-(([2,2'-bipyridine]-6,6'-
dicarbonyl)bis(azanediyl))dibenzenesulfonic acid (o-L) were synthetized via the reaction
of the corresponding sulfanilic acid with [2,2'-bipyridine]-6,6'-dicarboxylic acid that has
been previously converted into its acyl chloride form by reaction with SOCI, (Scheme 1).
The ligands p-L and o-L were obtained as white powders in high yield (82 % and 85 %,
respectively; a detailed description of their synthetic pathways can be found in the
Supporting Information). Both ligands have been fully characterized by *H-NMR, *C-
NMR and ESI-MS (Figures S1-13). It is interesting to note the 2 ppm downfield shift of
the amide proton observed in the *tH-NMR spectrum of o-L (vs p-L) due to the proximity
of the sulfonate groups. Suitable crystals for X-ray diffraction analysis were also obtained
for o-L by slow diffusion of EtOH in an aqueous solution of the ligand (Figure S16 and
Table S1).

A schematic drawing of the synthetic route employed for the preparation of the
complexes 12~ and 2% is depicted in Scheme 1. Synthesis of 1% involved the presence of
NaOHq) in MeOH as a base to deprotonate the amidate groups, which react with Cu(ll)
perchlorate to form the corresponding complex. The purification was carried out via
evaporation of MeOH and crystallization by slow diffusion of acetone into the remaining
aqueous solution, yielding 1% as green crystals. A moderate yield (32%) was obtained,
which could be related with the partial conversion of the Cu?* precursor into copper oxide
in basic media.’?> The same synthetic strategy was employed for the preparation of 2,
obtaining the desired product as a blue powder in a similar yield (25%). Both complexes
were characterized by X-ray diffraction (Figure 1), UV-Vis spectroscopy (Figure 2) and
mass spectrometry (Figures S14 and S15).
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Scheme 1. Schematic drawing of the synthesis of ligands p-L and o-L and their
corresponding Cu(Il) complexes.

The X-Ray structure of complex 12 (Figure 1, left, and Table S3) confirmed the
presence of a Cu(ll) metal centre with a distorted square planar geometry, with the four
N donor atoms placed on the base of the pyramid and with the apical position occupied
by a close O atom probably coming from one water molecule, with a Cu-O bond distance
of 2.31 A. All Cu—Npypy distances are 1.95 A and close to 2.0 A for the Cu—Namige bonds,
thus manifesting a strong coordination to the metal centre. On the other hand, the rigidity

of the p-L scaffold is made patent when observing the Namide—CuU—Namide (119.69°) and

Nbpy—Cu—Nppy (78.27°) angles, which are far from the ideal square planar geometry (90°).

Complex 2% (Figure 1, right, and Table S2) also displays a distorted square planar
geometry, showing similar Cu — N bond distances (1.95-2 A) and Namide—Cu—Namide
(120.78°) and Nppy—Cu—Nopy (78.49°) angles to those in 12", However, some significant
differences arise between 1% and 2%. First, the apical position of 22 is occupied by an
oxygen atom coming from the sulfonate moiety (instead of the water molecule observed
in 12'), with a Cu—O bond distance of 2.61 A. Then, weak n-n stacking interactions at 3.77
A between both phenyl groups take place.® It is also interesting to note that the
disposition of the sulfonate moieties in para with respect to the amide moieties facilitates
the formation of an interesting polymeric-type 2D framework connected through the

sulfonate groups (Figure S17).
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Figure 1. ORTEP representation of 12 (left) and 22 (right) at 50% probability level. The
solvent molecules and hydrogen atoms have been omitted for clarity. Colour code: C,
grey; N, blue; O, red; S, yellow; Na, purple; Cu, orange.

The UV-Vis spectra of 12" and 22 are presented in Figure 2. The spectra are typical
for similar Cu(ll) complexes,®!# exhibiting intense absorption bands between 250-400
nm, corresponding to m-m* transitions of the ligands, and less intense absorptions in the
visible region, with a maximum at 639 and 636 nm for 1> and 2%, respectively,

corresponding to MLCT and d-d transition bands.
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Figure 2. (Left) UV-vis spectra of 12 (green line) and 22 (blue line). (Right) UV-vis
spectra enlargement of the visible region for both copper complexes. Conditions:
[complex] =0.1 mM in 0.1 M phosphate buffer (pH 11.4).
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Electrochemical studies

The redox properties of both complexes were first investigated in DMF by
electrochemical techniques. All the potentials presented in this work are referenced vs.
NHE by adding 0.648 V to the measured potential (see Experimental Section for further
details). Figure 3 shows the CVs for p-L, o-L, 1% and 2. The initial anodic scan for 1%
shows two irreversible electron transfer processes at Eqp: = 1.21 V and Eap2=1.42 V. In
the case of 2%, these waves appear at Eapi- = 1.00 V and Eqp: = 1.19 V, thus showing a
smaller shift (195 mV) between them compared to 12 (210 mV). The presence of two
anodic peaks has also been confirmed by DPV (Figure S18). These waves observed in
organic media (DMF) were assigned respectively to the Cu(lI1)/Cu(ll) electron transfer
process and the ulterior oxidation of the coordinated ligand. As can be observed in Figure
3, the CV measurement of the free ligands exhibits an irreversible wave at Epa = 1.29 V
for p-L and E,.> = 1.24 V for o-L, therefore suggesting their non-innocent redox character.
The difference observed in the Eap, values (230 mV) between complexes 1% and 2%
suggests that the ligand oxidation may occur in the phenyl moiety, in contrast with the
similar values in the potentials which would be expected if the oxidation was centered in
the similar bypyridyl rings. However, this option can not be completely ruled out.
Formation of radical cations in phenyl moieties during water oxidation catalysis has been

previously reported in the literature.!!
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Figure 3. (Left) Cyclic Voltammograms of 12 (black line) and p-L (red line). (Right)

Cyclic Voltammograms of 2% (black line) and o-L (red line). Conditions: scan rate of 100
mV/s, 1 mM of complex or ligand in DMF containing 0.1 M of TBAPF. Glassy Carbon

195



CHAPTER IV

disk as working electrode, Pt disk as counter electrode and Hg/HgSO4 as reference
electrode.

The potentials of the Cu(lll)/Cu(ll) couples of complexes 1> and 2% were
compared with those from related complexes.** Thus, [[(L1)Cu]®> (L1= Ni,N1’-(1,2-
phenylene)bis(N2-methyloxalamide), see Figure 7B below for a drawing of this complex)
in MeCN shows this wave at 0.25 V vs. NHE, which is clearly lower respect to our
complexes (1.21 V and 1.00 V vs. NHE for 1% and 22, respectively) due to the presence
of astrong o-donor tetra-anionic ligand.

In case of 1%*, the first and second oxidation waves were found to be non-
reversible in a scan rate window of 25-500 mV/s (Figure S19). In contrast, the waves of
22 turned reversible at higher scan rates (Figure S20). A higher increase in the current of
the second oxidation wave of 12" with respect to 22-can be also appreciated. This behavior
is probably related with a higher reactivity of complex 12 respect to 22, which after the
formation of the highly reactive radical cation [(p-L*)Cu(lIl)]" can oxidize DMF or
residual H2O present in the solvent, provoking an increase in the current, while in case of
22 this radical anion might be more stable. The higher reactivity of 12 suggests that it

may be more promising for its application in WO catalysis.

On the other hand, in the corresponding cathodic scan of complex 1%, CVs showed
the presence of one irreversible reduction wave at an Epcz value of -0.35 V, whereas in
the case of complex 2% this irreversible redox event happened at an Ejcs- value of -0.57
V (Figure S22). Both reduction processes can be assigned to the reduction of Cu(ll) to
Cu(l). The observed irreversible character of the Cu(I)/Cu(l) wave is highly consistent
with the oxidation wave observed around E = 0.34 V in the corresponding anodic scan,
which is related with the degradation of the complex, which releases Cu?*. This behavior
is also consistent with the CVs performed at slow scan rates (25 and 50 mV/s) between
0.6 and -0.9 V vs. NHE (Figure S22), where the Cu(11)/Cu(l) couple of the free Cu?* ions
is clearly observed after coming back from reductive potentials. This behavior can be
related to the preferred tetrahedral geometry of Cu(l) complexes. Thus, the reduction of
the square pyramidal Cu(ll) complexes brings the need of Cu(l) to adopt a tetrahedral
disposition, which is not allowed by the highly rigid planar ligand, thus finally provoking

the breakage of the complex and subsequent release of Cu(l) ions.
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Electrocatalytic measurements

In order to test the electrocatalytic activity of complexes 12 and 22, their
electrochemical behavior was analyzed at different pH values (Figures S23-25). The
experiments performed at pH 11.4 were repeated using a Boron Doped Diamond (BDD)
electrode as working electrode, with the objective of avoiding the residual current derived
from the oxidation of the glassy carbon electrode (Figure 4). Under basic conditions (pH
11.4), 1% displays an irreversible oxidation wave at 1.38 V, and 22 at 1.29 V according
to DPV measurements (Figure 4). The experiments performed at different pH values
showed the pH-independent character of this electron-transfer process. (Figure S26). This
behavior suggests that the water molecule in 1% that displays a contact (~2.3 A) with the
Cu centre according to its solid state structure is not coordinating the Cu in solution at the
working pH values (7-11.4) and therefore PCET events are not observed. This is also in
agreement with the similar redox potentials observed for both complexes, in contrast with
the different values that would be expected between them if an aqua/hydroxo/oxo ligand

was coordinating the copper centre in 1",

For 1%, this redox event is followed by a steep rise in the current associated at the
same time with an increase in the slope, which is tentatively assigned to electrocatalytic

water oxidation. In contrast, no catalytic response is apparently observed for 2% with

respect to the blank.

40 4 2 40 A

15

35 4 35 -

30 4 ° 30 +
25 25 A

= 20 A

— 20 -

(nA

(nA

15 15 J os er 1o

10 + 10 A

0.6 ' ol.s ' i ' 1l.z ' 1i4 ' 1].6 r 1ia - 0.6 ' OiS ' ]l ' 112 | 1I.4 | 126 | ll.s
E (V) vs NHE E (V) vs NHE

Figure 4. Cyclic Voltammograms of 1% (left) and 22 (right) in 0.1 M phosphate buffer

pH 11.4. Black dashed line corresponds to a blank with no catalyst. (Inset) Differential

Pulse Voltammograms for 12" and 22". Conditions: scan rate of 100 mV/s, [Complex] = 1
mM. BDD disk as working electrode.
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The onset potential for the oxidation of the free ligands, 1.03 V for o-L and 1.05
V for p-L (Figure S28), suggests that the first oxidation process occurring in aqueous
solution before the catalytic wave for 12 (Figure 4, left) is a ligand-based oxidation to
form a radical anion. The oxidation of a non-innocent redox ligand before the oxidation
of Cu(ll) to Cu(lll) is also supported by previously detailed mechanistic studies
performed with related Cu complexes.’® Thus, the second oxidation wave can be therefore
associated with the formation of Cu(lll), together with the coordination or approximation
of an hydroxide ligand onto Cu(lll) and a raise in the current derived from the oxidation

of water into dioxygen. All these processes are depicted in equations 1-3 below.

[(p-L)Cu'"T*  — [(p-L*)Cu'T + 1 1)
[(p-L*)Cu"T" — [(p-L*)Cu™] +1e (2)
[(p-L*)Cu™ +OH" — [(p-L*)Cu"(OH)I ©)

Oxygen evolution by 1% and 22 was investigated by using controlled potential
electrolysis (CPE) at 1.6 V vs. NHE using a large surface area boron-doped diamond plate
working electrode (~1.5 cm?) with 1 mM catalyst buffer solutions. Oxygen was detected
by using a Clark-type electrode and was monitored at three different pH values (7, 9 and
11.4). However, in strong agreement with the electrocatalytic waves observed in the
respective CV measurements, no oxygen evolution above background was observed
below pH 11.4 (Figures S29 and S30).

In the case of complex 1%, a steady formation of dioxygen was detected
immediately after starting the CPE experiment at pH 11.4 (Figure 5, left). No significant
induction time was observed in the catalytic curve, supporting the homogeneity of 1%,
which is capable of oxidizing water into dioxygen with an overpotential of 835 mV
according to DPV measurements (Figure 4, inset). Catalyst 1% achieves a moderate
activity towards water oxidation, and remains active for 100 min. A Faradic efficiency of
19 % was calculated at t = 60 min (Figure S31, left). This value manifests the presence of
a deactivation process that competes with WO catalysis. CV measurements performed
after the CPE experiment (Figure S32) confirm that a deactivation process of the catalyst
is the main responsible for the low Faradaic efficiency and end of catalysis after 100 min
(Figure S31, right).
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Figure 5. Oxygen evolution measurements given in mmol O vs. time (min) for
complexes 1% (left) and 22 (right) at 1.5 mM concentration using a Clark probe electrode
during a CPE at 1.6 V vs. NHE in 0.1 M phosphate buffer pH 11.4. Blank data in the
absence of complex is shown in orange. BDD plate as working electrode, Pt mesh as
counter electrode and AgCl as reference electrode.

It is interesting to note that no higher amounts of oxygen compared to the blank
were detected during the CPE with 22 under the same conditions than 12~ (Figure 5, right),
confirming that 22" is not active towards water oxidation. The lack of reactivity of 22" may

be related with the presence of a sulfonate moiety at ortho position with respect to the

amidate group, which could obstruct the approximation or coordination of OH" onto the

copper centre, thus impeding WO catalysis. This is in good agreement with the absence
of current above the blank in the CV experiments performed at pH 11.4 (Figure 4 and
Figures S25 and S27), and its X-ray structure, where an interaction between the sulfonate
group and Cu?* is observed (Figure 1, right).

To evaluate the stability and homogeneity of 12 and 2%, several CV cycles (25)
were performed on a 1 mM solution in 0.1 M phosphate buffer pH 11.4 (Figure 6). In the
case of 1%, a decrease in the current of the electrocatalytic wave was observed during the
cycles, probably due to the previously mentioned deactivation process. In contrast, 2%
experiences a slower decrease in the current, thus showing a better stability after oxidation
to Cu(lll).

Both electrodes were immersed in a new catalyst-free 0.1 M phosphate buffer pH

11.4 solution and CVs were registered (Figure 6, insets). In comparison with the blank
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experiments, no catalytic response derived from the formation of active heterogeneous

copper oxide materials on the surface of the BDD electrode was observed.

Glassy carbon electrodes subjected to catalytic water oxidation electrolysis during
20 minutes at 1.6 V vs. NHE with 1.5 mM solutions of complexes 12 and 2% were also
analyzed by scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX), showing again no evidence of nanoparticles, film formation or
copper-based heterogeneous materials over the surface (Figures S35-37). These results

support the homogeneity of the catalytic active species.
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Figure 6. Evolution of CV profiles of 12 (left) and 2% (right) in 0.1 M phosphate buffer
pH 11.4 after 25 cycles. (Inset) CV measurements with a BDD electrode that has
performed the previous 25 cycles of the complex (blue line) or of a blank solution (red
line) immersed in a freshly-prepared catalyst-free 0.1 M phosphate buffer pH 11.4.
Conditions: scan rate of 100 mV/s, [Complex] = 1 mM. BDD as working electrode.

In addition, the possibility of a electrocatalytic response due to the presence of
free Cu?* was also discarded by comparing the CV of Cu(ClOa4). in phosphate buffer at
pH 11.4 with complexes 12~ and 2% (Figure S27). These tests revealed an onset potential
similar to the blank and approximately 300 mV shifted towards higher potentials with
respect to the electrocatalytic wave of 1%, It should be emphasized that 22 does not show

a raise in current density with respect to Cu(ClO4)2 or the blank.

In order to investigate the factors that affect the WO catalytic activity, the behavior
of complexes 12~ and 22~ was compared with that of relevant catalysts previously reported

in the literature. It is well known that mononuclear copper catalysts containing
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macrocyclic or polypyridinic ligands usually undergo a series of electron transfer and/or
PCET processes to achieve highly oxidized species capable of oxidizing water into
dioxygen. Despite the fact that the pathway and the active species implicated in WO
catalysis by Cu complexes is not always clear, recent publications have shed light on this
matter,®*>18 showing how the active species is formed by consecutive one electron
oxidations that can be either metal or ligand centered. Thus, WO by molecular Cu
complexes can be mediated by different mechanisms, such as water nucleophilic attack
(WNA), interaction of two M-O units (I12M) and single electron-transfer water
nucleophilic attack (SET-WNA), all of them sharing in common the involvement of
Cu(l11) species. It is thus of fundamental importance to understand how to lower the
potential of the Cu(l11)/Cu(ll) redox couple, since this is a requirement for obtaining low
overpotentials close to the thermodynamic value of water oxidation. The effect of
introducing anionic groups that can directly coordinate to the metal centre has proven to

be very successful in order to decrease the overpotentials and improve the TOFs.1"1

Table 1 displays E° Cu(ll)/Cu(ll) and overpotential values () for the WO
reaction for 12" and 2% and a set of related Cu complexes (see Figure 7B for a drawing of
these complexes) containing ligands of various anionic charges (n°). In the case of
complexes 1% and 22 (entries 1 and 2), E° Cu(l11)/Cu(ll) are similar to the previous one
reported by Mayer et al. for a Cu complex bearing a bipyridine ligand ([(bpy)Cu(OH)2],
Table 1, entry 3),° although between 50 and 100 mV lower, probably due to the slightly
higher electron-donating character of the amidate group with respect to the hydroxo
group. As a result, comparable overpotentials are observed for these complexes, 823 mV
for 1% and 750 mV for [(bpy)Cu(OH)z]. In case of the complex [(bpyalk)Cul],
synthesized recently in our laboratory (entry 4), a reversible Cu(I11)/Cu(ll) redox couple
is observed at 1.28 V (Figure S34). After scanning at cathodic potentials, an alkoxy group
is substituted by an hydroxo ligand, forming [(bpyalk)Cu(OH)], down-shifting the onset
potential and increasing the activity towards water oxidation. An overpotential of roughly
750 mV at 12 pH is achieved, which is in strong agreement with respect to other catalysts

withn" = 2.

In the case of the recently reported complex [Cu(pyalk):] (entry 5), the Cu(l11)/Cu(ll)
electron transfer has been reported to be located at 1.26 V vs. NHE at pH 8, which is in
concordance with the potential of the analogous complex [(bpyalk)Cu].t® However, the

~240 mV reduction of the overpotential for the electrocatalytic wave of [Cu(pyalk)2] and
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the raise in the electrocatalytic current before the reported Cu(l11)/Cu(ll) redox potential
suggests the formation of new species during catalysis, probably derived from the
substitution of a pyalk unit by two hydroxo ligands, achieving therefore the typical

overpotentials expected for catalysts with n" = 3.

Table 1. Electrochemical data for complexes 1> and 2% and related Cu complexes
described in the literature.

Entry? Complex® nd pH £ (V (mV)9
vs. NHE) 1
1w 1% 2 11.4 1.35¢ 823
2w 27 2 11.4 1.3 -
3° [(bpy)Cu(OH)2] 2 12.5 1.4° ~750
4° [(bpyalk)Cu] 2 12 1.28 ~750
519 [Cu(pyalk):] 2-3F  10.4-13.3 1.26f ~520-580
61%15  [(6,6'-dhbp)Cu(OH,)] 3 12.4 1.0 ~540
74 [Cu(pim)] 3 12 0.95¢ ~620
gl [(L1)Cu]* 4 11.5 0.56 600
ol [(L2)Cu]* 4 11.5 0.51 400
101 [(L3)Cu]* 4 11.5 0.55 270
11 [(L4)Cu]* 4 11.5 0.48 170

(a) tw stands for this work (b) bpy is 2,2’-bipyridine; dhbp is 6,6’-dihydroxy-2,2’-bpy; bpyalk is 2,2'-([2,2'-
bipyridine]-6,6'-diyl)bis(propan-2-olate); pyalk is 2-pyridyl-2-propanoate; pim is 2-(2’-pyridyl)-imidazole;
L1 is Ni,N1’-(1,2-phenylene)bis(N.-methyloxalamide); L2, L3 and L4 are derivatives of L1 containing
different electron-donating groups (see figure 7B). (c) Unpublished results, electrochemical data available
in the supporting information (Figure S34) (d) Negative charge of the ligand coordinated directly to the Cu
centre, (e) The Cu(l1)/(11) redox couple is proposed to appear under the electrocatalytic wave. (f) E° y
reported at pH 8 for n" = 2. However, comparison with the analogous complex [(bpyalk)Cu] suggests the
formation of new species during catalysis containing a ligand of n-= 3. (g) Overpotential for WO catalysis
measured by DPV for entries 1, 7-10 and from the half-peak potential of CVs for the rest.

In the case of [(6,6'-dhbp)Cu(OH2)2] (entry 6), the introduction of two hydroxyl
pendant groups in the bipyridyl ring provides a redox-accessible ligand framework which
stabilizes the intermediates, thus lowering the overpotential until ~540 mV.1% Despite the
fact that in the original report the authors suggested a first metal centered oxidation
process at ca. 1 V vs. NHE,'% recent computational studies have demonstrated that the
activation of the Cu(ll) complex takes place in two consecutive PCET processes. A first
ligand centred electron subtraction forming [(6,6'-dhbp®)Cu(OH)(OH2)] followed by a
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Cu(III)/Cu(1I) oxidation forming [(6,6'-dhbp®)Cu(OH).] is a more reasonable pathway.*®
The stabilization of the intermediate [(6,6'-dhbp®*)Cu(OH)(OH2)] by PCET and the
hydrogen bonding interactions with the alkoxy pendant groups explains the observed

overpotentials typical of catalysts with n"= 3.

The effect of introducing a third negative charge in the ligand has also a clear
effect in the potential of the Cu(ll1)/Cu(ll) couple of complex [Cu(pim)] (entry 7),
decreasing down to values below 1.0 V. WO occurs at an overpotential ~620 mV based
on the half-peak potential for the CV at pH 12, which is in strong agreement with the

predicted overpotentials for complexes containing n™ = 3.14

Finally, a further down-shift of the E° Cu(I11)/Cu(Il) for complexes bearing the
tetradentate amidate acyclic ligands HsLY (Y = 1-4) containing 4 negative charges can
be observed (entries 8-11), corroborating the strong influence of coordinated negatively
charged ligands to the copper centre.*! However, due to the non-innocent redox character
of the ligands, the overpotentials in these complexes can be either higher or lower than
those of Cu complexes containing less negatively charged ligands. Therefore, n is
strongly dependent on the nature of the substituents present in the aromatic ring. In the
most favourable case (entry 11), the overpotential decreases until ca. 170 mV thanks to

the introduction of two high electron-donating methoxy groups.

Figure 7 shows the correlation of E° Cu(lI1)/Cu(ll) and # (V) vs. the number of
anionic charges (n°) contained in the auxiliary ligands bonded to the metal centre for the
catalysts studied in this work and related Cu complexes. As can be seen, the redox
potential of the Cu(lI)/Cu(ll) couple decreases by roughly 250 - 400 mV per anionic
charge depending on the nature of the anionic electron-donating group.
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Figure 7. (A) Correlation between the number of anionic charges (n") contained in the
ligands that are bonded to the Cu centre with the potential of Cu(l11)/Cu(ll) redox couple
(Top left) and the reported overpotential for achieving electrocatalytic WO (Top right).
(B) Drawing of the proposed structures in solution for all Cu complexes analyzed.

With regards to the overpotential trend, there is also a general decrease with

increasing anionic charge of the ligands, although now a higher dependence on the

particular reaction mechanism of each catalyst is also observed. Therefore, the

accessibility to a Cu(lll) species seems to be a limitation for being able to perform WO

catalysis at low overpotentials, but this is not the only requirement, and thus the

introduction of non-innocent redox ligands that are capable of helping the electron

transfer processes can assist in this task.
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Conclusions

New tetradentate bipyridine-based ligands containing strong electron-donating
amidate groups have been synthetized and successful coordinated, forming their
corresponding copper complexes. These complexes have been tested with regards their
capacity of oxidizing water at basic pH. While 1% operates under basic conditions with
an overpotential of 835 mV, 2% resulted to be inactive. The lack of reactivity of 2% can
be rationalized due to the ortho configuration of the sulfonate groups in the phenyl
moieties, which blocks the imperative approximation of OH™ molecules during WO
catalysis at basic pH. Finally, a comparison with related Cu complexes previously
published shows that the introduction of ligands containing strong sigma donor groups
coordinated directly to the metal centre play a key role in the stabilization of the Cu(l11)
species needed for achieving WO overpotentials as low as possible. Further experimental
and computational work is in progress in our laboratory to develop a family of molecular
copper-based catalysts in order to understand the factors that control their catalytic

performance and achieve the design of improved molecular Cu-based WO catalysts.
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Contribution

Marcos Gil-Sepulcre synthetized and characterized the new compounds, performed the

electrochemical and catalytic experiments and prepared the manuscript.
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1. Experimental Section

Materials

All general reagents and chemicals were used as purchased from Sigma-Aldrich, Fluka
and Merck chemical companies without further purification unless otherwise stated. The
ligand precursor ([2,2'-bipyridine]-6,6'-dicarboxylic acid) was prepared according to the
experimental procedure reported in the literature.! Air and moisture sensitive reactions
were carried out under N2 or Ar in oven-dried (120°C) glassware. Evaporation of solvents

in vacuo was done with a Biichi Rotevapor R-200 at 40°C.

Instrumentation and measurements

NMR spectra were measured on a Bruker AV-500 and Bruker 300 MHz spectrometers.
All NMR experiments were performed at room temperature in corresponding deuterated

solvents and using internal protons as reference.
UV-Vis spectra were measured on a Cary 50 UV-vis spectrometer by Varian Inc.

Electrospray ionization mass spectra (ESI-MS) were performed on an Agilent
Technologies 6130-Quadrupole LC/MS connected to an Agilent Technologies HPLC-
1200 series. Samples were dissolved in MeOH or H>O and injected directly with an auto-

sampler.

Electrochemical measurements

Differential pulse voltammetry (DPV) and cyclic voltammetry (CV) were measured on a
CHI660D potentiostat using a three-electrode cell. Glassy carbon (GC) or boron-doped
diamond (BDD) (d = 3 mm) working electrodes were employed while a Pt rod/mesh was
used as counter electrode and a Hg/HgSO4 (K2S0O4 sat.) or Ag/AgCI (KCI sat.) electrode
was used as a reference electrode. Working electrodes were polished with 1 and 0.05
micron alumina paste, washed with distilled water and acetone and sonicated in acetone
for 5 minutes before each measurement. DMF employed for electrochemical
measurements was prepared containing the necessary amount of n-BusNPFes (TBAPFs) as
supporting electrolyte to yield a 0.1 M ionic strength. CVs were typically recorded at
different scan rates from 25 to 1000 mV/s. DPVs were recorded with the following

parameters: amplitude= 50 mV, step height=4 mV, pulse width= 0.05 s. All redox
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potentials in the present work are reported versus NHE by adding 0.648 V to the measured

potential.

O: evolution experiments

Controlled Potential Electrolysis (CPE) experiments were performed at different
potentials and different pH values to catalyze the water oxidation reaction by the
complexes by using a two-compartment cell closed with a septum. As working electrode
large surface BDD electrodes (rectangular shape with 1.5 cm? surface) were used together
with a silver/silver chloride (KCI sat.) as a reference electrode. These ones were placed
in one of the compartments that was filled with a 1 mM solution of the complex
(phosphate buffer pH 7, borate buffer pH 9 or phosphate buffer pH 11.4, of 0.1 M ionic
strength). In the other compartment, containing only the buffer solution, a mesh platinum

counter electrode was used.

The oxygen evolution was monitored with an OXNP type Clark electrode in gas phase
(from Unisense Company). The CPE was carried out using an 1J-Cambria CHI-660
potentiostat and was started as soon as the oxygen sensor signal was stable under air
atmosphere. During the experiment, solutions of both compartments were vigorously
stirred. Calibration of the oxygen sensor was performed after each experiment by adding
known amounts of pure oxygen into the cell using a Hamilton syringe. The results of the
water oxidation catalysis with the complexes were compared with blank experiments
under the same conditions but in the absence of the complex. The Faradaic efficiency was
determined according to the total charge passed during the CPE and the total amount of

generated oxygen by taking into account that water oxidation is a 4 e” oxidation process.

Synthesis of p-L and o-L

The general procedure for the synthesis of ligands p-L and o-L was adapted from the
literature? as follows: 500 mg (2.05 mmol) of [2,2"-bipyridine]-6,6'-dicarboxylic acid
were suspended in 20 mL of SOCI> and the mixture was refluxed at 85 °C under a nitrogen
atmosphere during 6 hours. After complete dissolution of the reactant, SOCI, was
completely removed under vacuum, yielding a white powder corresponding to the
corresponding acyl chloride derivative. The white solid was re-suspended in 40 mL of
dry DCM and the temperature was decreased until 0 °C using an ice bath. Then, a catalytic
amount of NEts was added dropwise and stirred for 10 minutes. Finally, a previously

prepared solution of the corresponding sulfonated phenylamine (705.6 mg, 4.1 mmol) in
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40 mL of dry DCM were added dropwise to the reaction volume and the mixture was
vigorous stirred for 72 h at room temperature. The appearing solid consisted in the
corresponding ligand (p-L or o-L), which was filtered and washed with DCM and Et.0,

yielding the desired product without further purification.
p-L

Yield: 931 mg, 1.68 mmol, 82%. *H-NMR (DMSO-de): § [ppm] = 10.70 (Ha, s, 2H), 9.24
(Hs, dd, J= 7.3, 1.6 Hz, 2H), 8.30 (H2-3, m, 4H), 7.90 (Hs, d, J= 8.7 Hz, 2H), 7.65 (Hs, d,
J= 8.7 Hz, 2H). 3C-NMR (DMSO-ds): 162,9 (Cs), 153.9 (Cs), 150.0 (C1), 144.7 (C1o),
139.8 (Ca4), 138.6 (C7), 126.5 (Co), 125.3 (C2), 123.7 (C3), 120.4 (Cg). ESI-MS (MeOH)
m/z negative mode: 553.0 [p-L -H'T, 276.1 [p-L -2H"]*.

o-L

Yield: 965 mg, 1.74 mmol, 85%. 1H-NMR (DMSO-de): 6 [ppm] = 12.55 (H4, s, 2H), 9.51
(Hy, dd, J=7.3, 1.7 Hz, 2H), 8.67 (Hs, dd, J= 8.2, 1.1 Hz, 2H), 8.26 (H2.3, m, 4H), 7.82
(Hs, dd, J=7.7,1.7 Hz, 2H), 7.43 (He, t, J= 1.2 Hz, 2H), 7.14 (H7, td, J= 7.5, 1.2 Hz, 2H).
3C-NMR (DMSO-dg): 162,4 (Cs), 153.9 (Cs), 149.6 (C1), 139.9 (Cy), 136.8 (C12), 135.3
(C7), 130.1 (Cg), 127.6 (Cs), 125.4 (C»), 123.2 (C1-2), 120.2 (Cz.7). ESI-MS (MeOH) m/z
negative mode: 553.0 [p-L -H'T, 276.1 [p-L -2H*]*.

I I
I I
H H 1 [} G H, H; lC G G,
Hy > 1“7 N\ Q2 :]/ N ¢
> T N=£ N ON=
0 I C o) @] | G @]
H,
Hy Hi NH 1 HN ¢ G He NH : HN ¢, ¢
I Ciy
] Cio H, Hg : Ci Cio
HO3S : SO3H |

Figure S1: Schematic drawing of the two ligands synthetized in this work: p-L (left) and
o-L (right) and their *H-NMR and **C-NMR assignments.
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Synthesis of complexes 12" and 2>

The general procedure for the synthesis of the copper complexes was adapted from a
previous work published.> 50 mg (0.09 mmol) of the corresponding ligand were
suspended in 4 mL of MeOH and stired during 15 minutes. Afterwards, 3.6 mL (4 eq.) of
0.1 M NaOHaq. were added to the reaction mixture and vigorously stirred during 30
minutes at room temperature. After complete dissolution of the ligand, 33.3 mg (0.09
mmol) of copper perchlorate hexahydrate dissolved in 4 mL of MeOH were added
dropwise to the mixture, which was allowed to react overnight (16 h) at room temperature.
Then, the reaction mixture was filtrated through celite and MeOH was evaporated under
vacuum, and the remaining solution was diffused with acetone, vyielding the

corresponding complexes.
Complex 1>

Yield: 19 mg, 0.03 mmol, 32% ESI-MS (MeOH) m/z negative mode: 636.0 [M-Na'],
614.0 [M-Na* + H*]-.

Complex 2=

Yield: 15 mg, 0.02 mmol, 25%. ESI-MS (MeOH) m/z negative mode: 636.0 [M-Na'],
614.0 [M-Na* + H*]".
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2. Spectroscopic Characterization

NMR and Mass Spectroscopy
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Figure S2. *H-NMR spectrum of the ligand p-L (DMSO-ds, 500 MHz, 25 °C).
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Figure S3. 3C-NMR spectrum of the ligand p-L (DMSO-ds, 500 MHz, 25 °C).
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Figure S4. COSY spectrum of the ligand p-L (DMSO-de, 500 MHz, 25 °C).
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Figure S5. HSQC spectrum of the ligand p-L (DMSO-dg, 500 MHz, 25 °C).
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Figure S6. HMBC spectrum of the ligand p-L (DMSO-de, 500 MHz, 25 °C).
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Figure S7. *H-NMR spectrum of the ligand o-L (DMSO-ds, 300 MHz, 25 °C).
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Figure S8. 3C-NMR spectrum of the ligand o-L (DMSO-ds, 500 MHz, 25 °C).
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Figure S9. COSY spectrum of the ligand o-L (DMSO-dg, 500 MHz, 25 °C).
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Figure S10. HSQC spectrum of the ligand o-L (DMSO-ds, 500 MHz, 25 °C).
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Figure S11. HMBC spectrum of the ligand o-L (DMSO-ds, 500 MHz, 25 °C).
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Mass-spectrometry
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Figure S12. (-)-ESI-MS spectrum for the ligand p-L. m/z = 553.0 [p-L -H*]"; m/z = 276.1
[p-L -2H*%.
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Figure S13. (-)-ESI-MS spectrum for the ligand o-L. m/z =553.0 [p-L -H*]"; m/z = 276.1
[p-L -2H*]?.
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Figure S14. (-)-ESI-MS for 1. m/z = 636.0 [M-Na']; m/z = 614.0 [M-Na* + H']".

=
x

100

Max: 53215

B0~

360

B0

160

38.0

40+

6150

&37.0

20+

817.0

639.0

6160

B a0

T T T T T
815 820 825 830 835

Figure S15. (-)-ESI-MS for 22", m/z = 636.0 [M-Na*]; m/z = 614.0 [M-Na* + H*]".
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3. X-Ray Crystallography

Crystal preparation: Crystals of 1%, 2%:and p-L were grown in water (by slow diffusion
of acetone for 12 and 22, and EtOH for o-L). The crystals 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 determinations for samples 12, 22-and o-L were carried
out using a Apex DUO Kappa 4-axis goniometer equipped with an APPEX 2 4K CCD
area detector, a Microfocus Source E025 IuS using MoK radiation, Quazar MX
multilayer Optics as monochromator and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T = -173 "C). Full-sphere data collection was used with @ and ¢
scans. Programs used: Bruker Device: Data collection APEX-2*, data reduction Bruker
Saint® VV/.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 SHELX &8,
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: Sample o-L: The
asymmetric unit contains half a molecules of the organic salt. The main molecule shows
Ci-symmetry. 22 The asymmetric unit contains one molecule of the Copper metal
complex, two Sodium cations and eight molecules of water. 1% The asymmetric unit
contains one molecule of the metal complex, two sodium cations and 6.75 water
molecules which are highly disordered (18 positions) The sulfoxide groups and the
Sodium cations are disorder in three orientations with an approximated ratio of 33:33:33.
One of the disordered sodium cations is additionally split in two positions (33:33:22:11).
In the CIF-file a B-Alert related to D-H without acceptor is commented in relation to the
water molecules: In this highly disordered structure there were 18 positions for 6.75
disordered water molecules and it was not possible to assign correctly all the

corresponding hydrogen atom positions.
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Figure S16. ORTEP representation of o-L at 50% probability level. The counter ions,
solvent molecules and hydrogen atoms have been omitted for clarity. Colour code: C,
grey; N, blue; O, red; S, yellow.

Figure S17. X-Ray structure representation of 2D polymeric framework of 12 Colour
code: C, grey; N, blue; O, red; S, yellow; Na, Purple; Cu, Orange.
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Table S1. Crystal data and structure refinement for o-L.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.391°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole
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o-L

C36 H48 N6 08 S2

756.92

100(2) K

0.71073 A

Monoclinic

P2(1)/c

a= 14.4650(14)A o= 90°.
b= 8.5135(9)A B=109.155(3)°.
c = 15.7483(14)A y= 90°.
1832.0(3) A3

2

1.372 Mg/m3

0.206 mm-1
804

0.30 x 0.05 x 0.05 mm3

2.654 to 25.391°.
-16<=h<=17,-6<=k<=10,-18<=I<=15
13699

3343[R(int) = 0.0878]

98.9%

Multi-scan

0.990 and 0.541

Full-matrix least-squares on F2
3343/ 0/ 238

0.999
R1=0.0493, wR2 =0.1071
R1=0.0942, wR2 = 0.1269

0.314 and -0.474 e.A-3
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Table S2. Crystal data and structure refinement for 22,

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =34.993°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

2%

C24 H30 Cu N4 Na2 016 S2
804.16

100(2) K
0.71073 A
Monoclinic
P2(1)/c

a= 7.5982(3)A
b= 17.2572(6)A
c = 24.3433(9)A
3155.4(2) A3

4

1.693 Mg/m3

0.934 mm-1
1652

0.40 x 0.10 x 0.05 mm3

2.063 to 34.993°.
-12<=h<=10,-24<=k<=27,-38<=1<=38
38704

13011[R(int) = 0.0346]

93.6%

Multi-scan

0.955 and 0.798

a= 90°.

y= 90°.

Full-matrix least-squares on F2
13011/ 0/ 506

1.073
R1=0.0423, wR2 = 0.0932
R1=0.0556, wR2 = 0.0978

1.087 and -0.796 e.A-3

B=98.6877(10)°.
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Table S3. Crystal data and structure refinement for 12,

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =33.916°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

224

1%

C24 H27.50 Cu N4 Na2 014.75 S2

781.64
100(2) K
0.71073 A
Triclinic

P-1

a= 7.1558(3)A
b= 12.3988(5)A
c = 18.4833(7)A

a= 70.5590(10)°
B =89.3240(10)°
y= 80.6830(10)°

1524.44(11) A3
2

1.703 Mg/m3

0.961 mm-1
801

0.50 x 0.50 x 0.03 mm3

1.762 to 33.916°.
-11<=h<=11,-19<=k<=17,-28<=1<=28
34506

11681[R(int) = 0.0302]

94.6%

Multi-scan

0.972 and 0.863

Full-matrix least-squares on F2
11681/ 1914/ 965

1.120
R1=0.0452, wR2 = 0.1120
R1=0.0544, wR2 = 0.1165

0.936 and -0.564 e.A-3
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4. Electrochemistry

8 -

— 12- 8 1 22.
p-L o-L
6 -
L/L %7
= | _ cul/cut
34 34 | u''l/Cu
Culll/cull \
2 4 \ 2
0 T T 1 0 T T |
0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6
E (V) vs NHE E (V) vs NHE

Figure S18. (Left) DPV experiments of 12 (black line) and p-L (red line). (Right) DPV
experiments of 22 (black line) and o-L (red line). Conditions: 1 mM of ligand or complex
in DMF containing 0.1 M of TBAPF. GC disk as working electrode.
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Figure S19. Cyclic Voltammograms of 1% at different scan rates (25-500 mV/s).
Conditions: 1 mM of complex in DMF containing 0.1 M of TBAPF. GC disk as working
electrode.
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Figure S20. Cyclic Voltammograms of 2% at different scan rates (25-500 mV/s).
Conditions: 1 mM of complex in DMF containing 0.1 M of TBAPF. GC disk as working

electrode.
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Figure S21. Cyclic Voltammograms of 12 (left) and 2% (right) at different scan rates (25-
500 mV/s). Conditions: 1 mM of complex in DMF containing 0.1 M of TBAPFe. GC disk

as working electrode.
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Figure S22. Cyclic Voltammograms of 12 (left) and 22 (right) at low scan rates (25-50
mV/s). Dashed black line corresponds to a blank solution containing 1 mM of Cu(ClO4)
salt at 100 mV/s scan rate. Conditions: 1 mM of complex in DMF containing 0.1 M of
TBAPF. GC disk as working electrode.

5. Electrocatalysis
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Figure S23. Cyclic Voltammograms of 12 (left) and 22 (right) in 0.1 M phosphate buffer

pH 7.0. Inset Differential Pulse Voltammograms for 12 and 22-. Dashed black line

corresponds to a blank with no catalyst. Conditions: scan rate of 100 mV/s, [Complex] =

1 mM. GC as working electrode.
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Figure S24. Cyclic Voltammograms of 1% (left) and 2% (right) in 0.1 M phosphate buffer
pH 9.0. Inset Differential Pulse Voltammograms for 12 and 22 Dashed black line
corresponds to a blank with no catalyst. Conditions: scan rate of 100 mV/s, [Complex] =
1 mM. GC disk as working electrode.
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Figure S25. Cyclic Voltammograms of 12 (left) and 22" (right) in 0.1 M phosphate buffer
pH 11.4. Inset Differential Pulse Voltammograms for 12" and 2%. Dashed black line
corresponds to a blank with no catalyst. Conditions: scan rate of 100 mV/s, [Complex] =
1 mM. GC as working electrode.
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Figure S26. DPV experiments of 12 (left) and 2% (right), 1 mM concentration in
phosphate buffers (pH 7.0, 9.0 and 11.4). GC as working electrode.

100 q 12- 80 7 —— 22-
6 < Cu(clo,), Cu(Clo,),
| ====Blank 60 1 ==-- Blank
60 | |
40
__40 - .
3 220
= 20 - =
0 -
0 .
.20 - 20 A
-40 +—————————— T -40 +——"——F—F—"7—"—7—"——T1"—"—T7""—7—
-1.2 08 -04 0 04 08 12 16 2 1.2 08 -04 0 04 08 1.2 16 2
E (V) vs NHE E (V) vs NHE

Figure S27. Cyclic Voltammograms of 12 (left) and 22 (right) in 0.1 M phosphate buffer
pH 11.4, showing the electrocatalytic response of the complex (solid black line),
Cu(ClOa4). (solid blue line ) and the blank (dashed line). Conditions: scan rate of 100
mV/s, [Complex] = 1 mM. BDD disk as working electrode.
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Figure S28. DPV experiments of p-L (black line) and o-L (red line) in 0.1 M phosphate
buffer pH 11.4. [Ligand] = ~1 mM. BDD disk as working electrode.
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Figure S29. Oxygen evolution measurements given in mmol Oz vs. time (min) for
complexes 1% (left) and 22 (right) at 1.5 mM concentration using a Clark probe electrode
duringa CPE at 1.6 V vs. NHE in 0.1 M phosphate buffer pH 7. Blank data in the absence
of complex is shown in orange. BDD plate as working electrode, Pt mesh counter
electrode and AgCl as reference electrode.
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Figure S30. Oxygen evolution measurements given in mmol Oz vs. time (min) for
complexes 1% (left) and 22 (right) at 1.5 mM concentration using a Clark probe electrode
duringa CPE at 1.6 V vs. NHE in 0.1 M borate buffer pH 9. Blank data in the absence of
complex is shown in orange. BDD plate as working electrode, Pt mesh counter electrode
and AgCl as reference electrode.
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Figure S31. Comparison between current (expressed as mmol of O) obtained during the
CPE experiment at 1.6 V vs. NHE in 0.1 M phosphate buffer pH 11.4 for complex 1%and
the number of mmol of O, detected by the Clark electrode (left). Evolution of O detected
during the CPE experiment by the Clark electrode with blank subtraction (right).
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Figure S32. (Left) CV measurements for 12 before (black solid line) and after (black
dashed line) a CPE at 1.6 V during 95 min in 0.1 M phosphate buffer pH 11.4. (Right)
Comparison of CVs of a blank solution after a CPE at 1.6 V during 95 min and the
mechanically polished BDD electrode under a blank solution, showing no catalytic
response due to the presence of heterogeneous materials deposited onto the surface of the
electrode. Conditions: scan rate of 100 mV/s. BDD plate as working electrode, Pt mesh
counter electrode and Ag/AgCl as reference electrode.
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Figure S33. (Left) CV measurements of 22 before (black solid line) and after (black
dashed line) a CPE at 1.6 V during 45 min in 0.1 M phosphate buffer pH 11.4. (Right)
Comparison of CVs of a blank solution after a CPE at 1.6 V during 95 min and of the
mechanically polished BDD electrode under a blank solution, showing no catalytic
response due to the presence of heterogeneous materials deposited onto the surface of the
electrode. Conditions: scan rate of 100 mV/s. BDD plate as working electrode, Pt mesh

counter electrode and AgCl as reference electrode.
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Figure S34. CV (left) and DPV (right) of [(bpyalk)Cu] in 0.1 M KNOs pH 12.05.
Conditions: scan rate of 100 mV/s, [Complex] = 1 mM. GC as working electrode.

6. Scanning Electron Microscopy

Sym
URV-SRCIT

Figure S35. SEM micrographs (left) and corresponding back-scattered electron
micrographs (right) of a glassy carbon electrode after a 20 minute electrolysis of 12~ (1.5
mM) in phosphate buffer pH 11.4 at 1.6 V vs. NHE. There is no appreciable presence of
copper oxide nanoparticles or deposited materials on the electrode.
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Figure S36. SEM micrographs (left) and corresponding back-scattered electron
micrographs (right) of glassy carbon electrode after a 20 minute electrolysis of 22 (1.5
mM) in phosphate buffer pH 11.4 at 1.6 V vs. NHE. There is no appreciable presence of
copper oxide nanoparticles or deposited materials on the electrode.
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Figure S37. EDX spectra of the glassy carbon electrode after a 20 minute electrolysis of
1% (left) and 22 (right) in phosphate buffer pH 11.4 at 1.6 V vs. NHE. There is no
appreciable presence of copper on the surface of the electrode.
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CHAPTER V

Catalytic H; evolution with CoO, Co(OH); and
CoO(OH) NPs generated from a molecular polynuclear
Co complex.

As we introduced in Chapter I, transition metal NPs supported in carbon materials are
a promising option for developing efficient and robust proton reduction cathodes. In
this work, we present the preparation and characterization of Co NPs electrodeposited
onto glassy carbon electrodes arising from a molecular complex. The influence of the
solvent on the size and nature of the nanoparticulated species formed are analyzed.
Furthermore, a detailed catalytic study is presented, showing how the different species
electrodeposited on the cathodes can affect the catalytic performance towards HER at
basic pH.

This chapter consist in the following paper:

Gil-Sepulcre, M.; Gimbert-Surifiach, C.; Aguila, D.; Velasco, V.; Garcia-Anton, J.;
Llobet, A.; Aromi, G.; Bofill, R.; Sala X. Submitted
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PAPER D: Catalytic H, evolution with CoO,
Co(OH)2 and CoO(OH) NPs generated from a
molecular polynuclear Co complex

Gil-Sepulcre, M.; Gimbert-Surifiach, C.; Aguila, D.; Velasco, V.; Garcia-Anton, J.;
Llobet, A.; Aromi, G.; Bofill, R.; Sala X. Submitted
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Abstract: Electrochemical water reduction by employing first row transition metal
nanoparticles (NPs) constitutes a sustainable way for the generation of H.. We have
synthesized Co-based NPs from a molecular Co'/Co"' precursor after its reductive
decomposition at -1.86 V vs. NHE in different organic solvents. These NPs are able to
electrochemically reduce water at pH 14. SEM, EDX and XPS analyses have allowed the
determination of the chemical nature of the as-deposited NPs: CoO when using MeCN as
solvent and CoO(OH) when employing either dichloromethane (DCM) or MeOH. After
2h of constant polarization at 10 mA-cm?, the electrocatalytic activity of the NPs
obtained in MeCN and DCM decreases, whereas for those obtained in MeOH increases.
In this solvent, the overpotential is reduced by 215-220 mV and the specific current
density is triplicated. Interestingly, during this activation process in MeOH the precursor
CoO(OH) NPs are converted into Co(OH)2. The implications of these results in the
context of the current research in the field are also discussed.
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Introduction

During the last decade, the struggle against global warming has been centred in
attaining sustainable fuel generation systems. The generation of H: through the
(photo)electrochemical reduction of protons is one of the most promising alternatives.*
In this context, several transition metal nanoparticles (NPs) have been shown to be
catalytically active in the hydrogen evolution reaction (HER),? from which cobalt, a

relatively abundant 1% row transition metal, constitutes a good cheap candidate.’

Co, CoO and Co(OH)2 NPs have been successfully tested as catalysts for the HER
at pH 13-14. Further, Co NPs have been encapsulated within carbon shells, carbon
nanotubes (CNTs) and carbon nanofibers (CNFs) with a varied range of activities
(from -196 to -375 mV overpotentials at 10 mA-cm2 -from now on n-) and good stability
(5.5-10 h electrolysis).>** Also, mixed Co/CoO NPs have been deposited on N-doped
graphitic C°> and Co NPs on N,S-doped C,® with decreased n values of -395 and -250 mV,
respectively, which remarkably further decreases to -50 mV if the Co NPs are embedded
inside a CoO matrix.” Finally, Co(OH). NPs with variable sizes (from 1 to 30 nm) have
also been successfully tested at neutral or slightly basic pH under different supports in

photocatalytic hydrogen evolution.®®

In the last few years, the in-situ formation of catalytically active metal and metal
oxide/hydroxide NPs from the decomposition of molecular precursors under catalytic
conditions has been indeed described. This is very common in redox catalysis where
ligands and metal centres are exposed to oxidative/reductive stress. In the case related to
water oxidation, the work of Spiccia and co-workers dealing with the formation of MnOx
NPs inside a Nafion matrix from a wide set of structurally diverse Mn-based complexes
under photoelectrochemical catalytic conditions is particularly revealing.'® The size and
catalytic performance of the formed NPs is found to be highly dependent on the structure
of the molecular precursor and thus on the nature of the ligands bonded to the Mn ion.
For the particular case of Co ions, the in-situ formation of Co(OH)x and CoOx NPs as the
real active catalytic water oxidation species when starting from mononuclear Co
complexes and from a Co polyoxometalate, respectively, has also been described.!!
Interestingly, formation of Co-derived NPs has also been observed under HER catalytic
conditions at modest cathodic potentials (-0.75 V vs. NHE) in the presence of acid in

acetonitrile.3
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In this work, CoO and CoO(OH) NPs have been obtained by decomposition in
several  organic  solvents of the  molecular  Co'/Co"'  complex
[CosNas(L)s(OH)2(CO3)2(py)10]l(BF4)2 (1; py = Pyridine; L = 2,6-bis-(3-0x0-3-(2-
hydroxyphenyl)-propionyl)-pyridine)*? that are able to electrochemically form Hz from
water at pH 14. The NPs have been deposited onto the surface of a glassy carbon (GC)
electrode after applying a potential of -1.86 V vs. NHE during 1 h in different solvents,
and characterized by SEM, EDX, XPS and electrochemical techniques. The
electrocatalytic properties of the as-deposited NPs and those of a new Co(OH)2 phase
generated under catalytic conditions have been analysed using the protocol for catalysts
benchmarking recently reported by Jaramillo et al.'* The implications of these results in

the context of the current research in catalytic HER by Co-derived NPs are also discussed.

Results
Electrodeposition and characterization of Co-derived NPs

Two years ago, Aromi et al. described that the heptadentate ligand 2,6-bis-(3-oxo-
3-(2-hydroxyphenyl)-propionyl)-pyridine (HsL) reacts with Co(ll) salts in strong basic
conditions, yielding in the presence of atmospheric CO the mixed Co'/Co'"" complex
[CosNaa(L)2(OH)2(CO3)2(py)10](BF4)2 (1; py=pyridine) containing two trapped carbonate
anions in very close proximity.'? Given its unprecedented coordination features and the
presence of 4 Co(ll) and 4 Co(lll) ions, we decided to study the potential applications of
this complex in redox catalysis, specifically for the possible oxidative coupling of both
trapped anions into a chemically interesting product. However, when studying its
electrochemical features in acetonitrile (MeCN), two irreversible waves at -0.85 V
and -1.50 V vs. NHE (-1.48 V and -2.13 V vs. Fc*/Fc) and an irreversible oxidative wave
near 0.35 V vs. NHE (-0.28 V vs. Fc*/Fc) appeared, with a concomitant increase in their
intensity upon performing several cyclic voltammetry (CV) cycles (Figure S16). This
behaviour indicated that an irreversible chemical transformation of the electroactive
species was taking place together with an increase of its available concentration at the
electrode surface. This phenomenon could be related to an electrodeposition process on
the surface of the GC electrode used for the measurements following the decomposition
of 1 into bulk, nanoparticulated or layered Co-based materials. In fact, according to the
literature, Co-based NPs able to electrochemically reduce water have already been
reported to deposit at the electrode surface at modest cathodic potentials starting from a

molecular Co(111) complex.® Thus, we decided to test the possible deposition of Co-based
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NPs active in HER catalysis after an electrolysis of our system at more negative potentials
than those of the first and second irreversible waves, i.e., at -1.16 V and -1.86 V vs. NHE,
respectively. The optimum electrolysis time resulted to be 1 h, since no significant
changes in the size of the NPs nor their electrocatalytic activity (see below) were detected
at higher electrolysis times. The SEM micrographs of the surface of the GC electrodes
obtained are shown in Figures S1 and S2, respectively. The presence of NPs containing
heavy nuclei is clear from the back-scattered electron SEM micrographs (bright spots) in
both cases, with average diameters of 65.5 + 18.2 and 52.5 + 15.7 nm after the treatment
at -1.16 V and -1.86 V, respectively vs. NHE. Furthermore, the elemental analysis by
EDX of the SEM data (Figure S9) indicated the presence of Co in both samples, thus
confirming the formation of Co-based NPs under these conditions. Additionally, the
formation of Co-derived NPs can be deduced from the gradual loss of colour intensity of
the MeCN solution of 1 during its electrolysis at -1.86 V vs. NHE and the appearance of
dispersed colloidal particles after 16 h (Figure S14). The depletion of the original complex
from the solution is confirmed by the complete disappearance of the characteristic
absorbance band at 218 nm of 1 after 16 h (Figure S15).

Since the NPs obtained at -1.86 V vs. NHE show smaller size and higher
uniformity (lower standard deviation of the average diameter) compared to those formed
at -1.16 V, we decided to focus our attention on the former conditions to carry out our
morphological and catalytic studies. It seems reasonable to expect higher catalytic
activities with smaller NPs and thus with larger surface areas. Thus, an analogous
procedure at -1.86 V vs. NHE was carried out in the presence of other solvents in which
1 is also soluble, namely dichloromethane (DCM) and methanol (MeOH). The SEM
analyses showed the formation of smaller Co-derived NPs now, with average diameters
of 37.5 £ 10.1 and 32.0 £ 9.3 nm for DCM and MeOH, respectively (Figures S3 and S4).
Again, the presence of the element Co in the samples was confirmed by EDX (Figure
S10). Furthermore, the ability of the octanuclear clustered complex 1 to transform into
small and isolated NPs is demonstrated when analysing the results obtained under
analogous conditions using CoCl; salt as Co precursor (Figure S8), now producing Co-

derived NP aggregates of 0.28-0.45 um in size with significant size dispersion.

In order to characterize the chemical composition of the as deposited-Co-derived
NPs in MeCN, DCM and MeOH, XPS analyses were carried out (Figures 1 and Figure
S12). The Co 2p XPS spectrum of the sample obtained in MeCN shows two main peaks
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at 780 and 796 eV accompanied by two broad satellite peaks at higher energies (786 and
802 eV), while for the samples obtained in DCM and MeOH the spectra are identical,
basically showing only two main components at ca. 780.5 and 796 eV (Figure 1). The
latter correspond to the Co 2ps» and Co 2pi. components, respectively,’* while the
satellite peaks indicate the presence of unpaired electrons in the sample, i.e., of Co' (d")
atoms.’® The O 1s XPS spectra, show a single band at 530.5 eV for the MeCN sample,
which is shifted towards 531.4 eV for the DCM and MeOH cases (Figure S12, a). This
shift towards higher energies is due to the presence of hydroxyl groups on the Co
surface.2”141® Thus, when taking all XPS data in consideration, it is clear that in MeCN
we obtain CoO NPs. This is supported by the similarity of our Co 2p XPS spectrum with
those of CoO previously reported™® and by the presence of a band at ca. 530 eV for the O
1s XPS spectrum, as reported elsewhere.”* In sharp contrast, in DCM and MeOH mixed
oxy-hydroxide Co'" (d®) NPs are obtained (CoO(OH) NPs) based on the almost complete
absence of Co 2p satellite bands and the 780.5 eV value for the Co 2ps transtion'’ as
well as on the high energy shift of the O 1s band. The presence of CoO(OH) in the sample
formed in DCM could be due either to the presence of a small fraction of water in DCM
or to hydration processes provoked by air exposure prior to the XPS measurements.
Regarding N and C XPS signals (Figure S12, b-c), the N 1s band found ca. 399 eV for all
samples is typical of Co-N bonds or N-pyridyls,*®8 which originate from ligand L in
precursor 1 during its electrodecomposition (a comparison of the N atomic percentage
measured by XPS indicates that the amount of N of the samples is comprised between 8
and 15 % and thus is not negligible compared to the 0.7 % atomic percentage of the
blank), and the C 1s band at ca. 284.2 eV is due to the GC electrode.'® From now on in
this work and for the sake of brevity, the three sets of NPs formed after 1h-electrolysis at
-1.86 V vs. NHE will be named as CoO-MeCN, CoO(OH)-MeOH and CoO(OH)-DCM.
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Figure 1. Co 2p XPS spectra for the Co-based NPs obtained from 1 in MeCN (black),
DCM (red) and MeOH (blue) after a 1h-electrolysis at -1.86 V vs. NHE and from 1 in
MeOH after a 1h-electrolysis at -1.86 V vs. NHE plus a 2h-CPE at 10 mA-cm (green).
Energies have been calibrated according to the C 1s band of graphite at 284.2 eV.

Electrocatalytic performance

The Co-derived NPs deposited on the surface of a rotating disk electrode (RDE) obtained
in the three different solvents were characterized by rotating disk voltammetry (RDV) at
pH 14 (Figure 2), where an intense irreversible catalytic current with onset potential at
ca. -1.11, -1.15 and -1.20 V vs. NHE appears for CoO-MeCN, CoO(OH)-MeOH and
CoO(OH)-DCM, respectively, with associated current densities of 1.27, 0.76 and 0.26

mA/cm?. According to Ho-sensitive Clark electrode measurements, this process

corresponds to the reduction of protons to generate H» with a Faradaic efficiency between
96% and 98% for all cases (Figure S22). From the experimental onset potential of the
catalytic waves compared to the thermodynamic reduction potential E(H*/H>) at pH 14
(-0.828 V vs. NHE), the MeCN, MeOH and DCM samples show an onset overpotential
of -276 mV, -321 mV and -348 mV, respectively.
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Figure 2. Representative rotating disk voltammograms of CoO(OH)-DCM (red),
CoO(OH)-MeOH (blue) and CoO-MeCN (black). The non-functionalized RDE electrode
(blank) is shown as a black dashed line. Conditions: N2-Saturated 1 M NaOH solution,
0.01 V/s scan rate and 1600 rpm. Inset: zoomed view of the onset potential region.

A thorough electrochemical analysis of the behaviour of the Co-based NPs has
been performed following the procedures described by Jaramillo et al.'* Thus, the
electrochemically active surface area (ECSA) of each modified RDE with Co-based NPs
was estimated from its electrochemical double-layer capacitance (Ca) by measuring the
non-Faradaic capacitive current associated with double-layer charging (Figure S17). The
roughness factor (RF) is calculated by dividing the estimated ECSA by the geometric area
of the electrode. Furthermore, 30s-controlled current step-chronopotentiometry and
chronoamperometry (Figure S19) and 2h-controlled current electrolysis (Figure S21)
measurements have allowed us to determine the overpotential at a constant current density
of 10 mA.cm2 (n)). This is a widely accepted benchmarking parameter for the catalytic
activity of heterogeneous catalysts which corresponds to the approximate current density
expected for a 10% efficient solar-to-fuel conversion photoelectrochemical cell under 1
sun illumination.® The NPs with lower n are CoO-MeCN (-435 mV), followed by
CoO(OH)-MeOH (-465 mV) and finally by CoO(OH)-DCM (-504 mV). Interestingly,
when the CoO-MeCN and CoO(OH)-DCM NPs are submitted to a 2h-controlled current
electrolysis at a constant current density of 10 mA-cm (Figure S21), the n steadily

increases, particularly for CoO-MeCN, denoting the relative instability of both systems
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under HER conditions. Effectively, XPS (Figure S13) and SEM analyses (Figures S6 and
S7) show the lack of stability of both CoO-MeCN and CoO(OH)-DCM NPs after a 2h-
controlled current electrolysis. For the former case, no Co-derived NPs are detected on
the surface of the GC electrode, and for the latter the CoO(OH) composition of the NPs
Is maintained, although their concentration clearly decreases (less intense Co 2p signal
and decrease of the Co atomic concentration from 1.61 % to 0.64 % according to XPS
measurements, Figure S13) while at the same time the average diameter increases from
37.5 nm (Figure S3) to 77.7 nm (Figure S7).

In contrast, as shown in Figure 3a, the n of CoO(OH)-MeOH NPs clearly
decreases over time. The superior activity of the resulting nanomaterial after electrolysis
is also appreciated when comparing its RDV with that of the original CoO(OH) NPs in
the same conditions (Figure 3b). A detailed electrocatalytic analysis of this “activated”
system can be found in Figures S18, S20 and S23. The results corroborate its higher
performance, with a decrease in n by 213 mV and a significant increase in the specific
current density (js) at an overpotential of -480 mV, which is more than triplicated, from
174 to 596 mA-cm™,
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Figure 3. a) 2h-controlled current electrolysis in MeOH at 10 mA.cm? of
CoO(OH)-MeOH; b) representative rotating disk voltammograms of CoO(OH)-MeOH at
t=0 (blue) and after a 2h-controlled current electrolysis at 10 mA-cm2 (green). The non-
functionalized RDE electrode (blank) is shown as a dashed line. Conditions: N»-Saturated
1 M NaOH solution, 0.01 V/s scan rate and 1600 rpm.

In order to better understand the nature of this “activated” system, the 2h-
electrolized cathode was characterized by SEM (Figures S5 and S11) and XPS (Figure 1
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and Figure S12). SEM images show an average diameter of 39.9 £ 16.4 nm, very close to
the precursor CoO(OH) NPs before the activation (Figure S4).

Comparison of the Co 2p XPS spectra of the CoO(OH)-MeOH sample and its 2h-
electrolyzed derivative shows the appearance of two satellite bands for the latter
(Figure 1) and the presence of an O 1s XPS band at 531.2 eV in both samples
(Figure S12, a). Thus, a reduction of the Co'!' atoms to Co'' is taking place without losing
hydroxyl groups. Therefore, we propose the formation of Co(OH). NPs after the 2h
activation process in MeOH. Indeed, the positions of the Co 2p main peaks at 780.7 and
796.5 eV as well as the overall shape of the spectrum are coincident with previous data
reported for Co(OH)2.81121517 Curiously, the low intensity shoulder at ca. 287.5 eV of its
C 1s XPS spectrum (Figure S12, c) could be attributed to the presence of MeOH
molecules coordinated onto the surface of the Co(OH), NPs.?°

Finally, the Tafel plots for all four Co-derived NPs and two blanks prepared in
MeOH from CoCl, and CoCl; in the presence of HsL are shown in Figure 4, in which it
becomes clear the superior HER activity of the Co(OH). NPs obtained after a 2h-CPE in
MeOH (red line).
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Figure 4. Tafel plots registered at pH 14 for the Co-based NPs synthesized in this work
in different solvents and from CoCl; or CoClz+ HsL in MeOH (blanks).

246



Catalytic H2 evolution with CoO, Co(OH)2 and CoO(OH) NPs
generated from a molecular polynuclear Co complex

]

Discussion

A comparison of the physical and electrochemical properties of the Co-derived
NPs formed from 1 in this work with those of the respective blanks prepared from CoCl>
is shown in Table 1. In all cases, the NPs obtained in the blanks (entries 5-8) are one order
of magnitude larger and less uniformly sized than their respective NPs formed from 1
(entries 1-3), showing the relevant role of the molecular precursor for its proper reduction
into small Co-derived NPs. This result highlights the already reported role of metal
complexes in allowing better control over in-situ electrodeposition processes than simple
salts.'® Thus, the initial n (n=0) and the n value after 2h-electrolysis (nt=2) are normally
higher than the respective values for the NPs obtained from 1 (entries 1 vs. 5, 2 vs. 6 and
3 vs. 7) while the js values are between 1 and 3 orders of magnitude lower. Also, the
presence of uncoordinated HsL ligand in the CoCl, blank prepared in MeOH does not
significantly alter the performance of the obtained NPs compared to the blank prepared
in its absence (entries 7 and 8), thus pointing to the importance of starting from a precursor

containing the ligand within its molecular scaffold.

The ECSA and RF values of our Co-based NPs are similar, assuming the one order
of magnitude inherent accuracy of the RF measurements, while they are significantly
lower -around three orders of magnitude- than those of Co electrodes previously
benchmarked.’® These results are consistent with the fact that in our case low
concentrations of 1 are used for the NP electrodeposition (0.25 mM) compared to the
much higher concentrations used in the literature (around 100 mM).*® The low ECSA
values combined with the high catalytic currents measured translate into particularly high
specific current densities (js) in the HER when measured at an overpotential of -480 mV
(entries 1-4, Table 1).

On the other hand, the CoO-MeCN and CoO(OH)-DCM NPs suffer from an
increase in n over time (entries 1 and 2), specially in the former case. This decrease in the
HER activity is more pronounced than that previously reported for the best metallic
cathodes by Jaramillo et al.,® Furthermore, the XPS and SEM measurements performed
after a 2h-CPE (Figures S6, S7 and Figure S13) have shown the instability of these
nanoparticulated systems, probably due to the inability of MeCN and DCM to form
stabilizing hydrogen bonds with the NPs (see below). However, despite this drawback,

our Faradaic efficiencies are comprised in the 96-98% range, which stand out among the
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normal € values found for some of the best metal-based HER catalysts reported so far at
pH 14.13

Contrastingly, CoO(OH)-MeOH NPs undergo a dramatic decrease in n over time
while being converted into Co(OH)2 NPs (entries 3 and 4), reaching a n=2 value as low
as ca. -250 mV at pH 14. This overpotential is lower than that of other published Co-
based NP systems under analogous conditions. Thus, Co NPs encapsulated in N-rich
CNTSs have shown an n of -375 mV at pH 14,% whereas Co/CoOError! Bookmark not
defined.*® and Co NPs* immobilized on N-doped and Co-N-doped C feature n values of
-395 and -314 mV, respectively, at pH 13. Also, a similar n of -250 mV has been measured
at pH 14 for Co NPs on N,S-doped C® and for trimetallic CoNiFe NPs.
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Concerning the CoO(OH)-DCM NPs, it is difficult to rationalize why, having very
similar size and RF values as those of CoO(OH)-MeOH (entries 2 and 3), they clearly
possess lower HER catalytic activity and stability (i.e., higher n -specially over time- and
one order lower js value, and even higher ne=o than its CoCl2 blank counterpart). This may
be due in part to slower mass transport of H" into the NPs in the case of DCM, as
suggested by Jaramillo et al. during the catalytic performance of metallic nanoporous
films compared to non-nanoporous films made from the same metal.’® Thus, the
CoO(OH) NPs obtained in DCM may have a different structure than those synthesized in
MeOH, probably because of the non-coordinating and non-hydrogen bonding abilities of
DCM, which may lead to less stable NPs. In fact, previous studies with metallic NPs have
demonstrated their morphology dependence with the nature/polarity of the solvent
employed for their synthesis.?* Furthermore, it is likely that the hydrogen binding abilities
of MeOH -completely absent in DCM and MeCN- may play a key role in the stabilization
of CoO(OH) NPs and their further conversion into the more active Co(OH). NPs during
the 2h-CPE. Contrastingly, the non-hydrogen binding abilities of both DCM and MeCN
may be one of the reasons for the progressive deactivation of the CoO(OH)-DCM and
CoO-MeCN NPs along time. Nonetheless, the amount of N and C coming from the ligand
initially present in 1 or fragments of it within all Co derived NPs (see N 1s and C 1s XPS
data of Figure S12b-c of the Supplementary Material) should not be ignored, since these
elements may not only contribute to the formation of small and highly dispersed NPs but
could also provide a stabilizing effect to the NPs during catalysis. However, an exact
determination of the amount of C and N originating from 1 is not possible given the use
of GC electrodes as supports and the presence of N in the supporting electrolyte (TBAPF:)
and in MeCN.

Finally, from the analysis of the Tafel plots (Figure 4) it also becomes obvious
that the three more active systems (the ones on the right hand side of the graph) are those
obtained from 1 in MeCN and MeOH (in fact, the activity of CoO(OH)-DCM is very
close to that of the CoCl> blank obtained in MeOH). The slopes for CoO-MeCN,
CoO(OH)-MeOH and Co(OH). are close or above 100 mV/dec. Therefore, consistent
with the literature,?? the rate determining step (rds) for the HER reaction in our three most
active systems must be the VVolmer step, i.e., the electrochemical H adsorption onto the
NP surface. On the other hand, the crossing of the CoO-MeCN (blue line) and the

CoO(OH)-MeOH (green line) curves confirms that the former is more active (higher j) at
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an overpotential lower than ca. -520 mV, but that at overpotentials more negative
than -520 mV the latter performs better in HER.

Conclusions

In this work, we have demonstrated that the molecular Co'/Co"

complex 1
generates electrodeposited ~50 nm CoO or ~35 nm CoO(OH) NPs depending on the
solvent employed (MeCN for the former, MeOH or DCM for the latter) from its
decomposition at -1.86 V vs. NHE. The resulting cathodes, possessing low and
comparable ECSA and RF values, catalyze the electrochemical reduction of water at pH
14 with distinctive specific activities (js) under the application of a -480 mV bias. The
most active system at t=0 h is CoO-MeCN (n=o= -435 mV, js=225 mA-cm? at an
overpotential of -480 mV). However, the CoO(OH)-MeOH NPs, with an initial catalytic
activity very close to those of CoO-MeCN, become significantly more active after a 2h
constant polarization process at 10 mA-cm? (ne=2= -250 mV, js=596 mA-cm? at an
overpotential of -480 mV). These activated NPs correspond to Co(OH); according to XPS
analysis, which show better HER performance than many Co-based NP systems
published elsewhere under analogous conditions. Contrastingly, the HER activity steadily
decreases for CoO-MeCN and CoO(OH)-DCM during a 2h-chronopotentiometry
experiment at 10 mA-cm. This decrease in activity is proposed to be mainly related to
the inability of these solvents to form stabilizing hydrogen bonds with the NPs, in contrast
to MeOH. Finally, the observed increase in Hz evolution activity with increasing presence
of hydroxyl groups in the series CoO(OH)<Co(OH). observed during the 2h-
chronopotentiometry in MeOH is in agreement with previous results in the literature.®
However, further structural studies of the surfaces of both CoO(OH) systems obtained in
DCM and MeOH are under way to fully understand their markedly different catalytic

performance.

Experimental

All reagents used in the present work were obtained from Sigma Aldrich in reagent
grade and were used without further purification. Reagent grade organic solvents were
obtained from Scharlab and Panreac. Anhydrous CoCl, was supplied by Sigma Aldrich.
NaOH was obtained from Panreac (99%), and milliQ quality grade water was employed.

[CosNas(L)a(OH)2(COs)2(py)10] (BF4)2 (1) was prepared as previously reported.*?
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UV-Vis spectroscopy was performed on a HP8453 spectrometer using 1 cm quartz
cells. Scanning Electron Microscopy (SEM) and Energy-dispersive X-Ray Spectroscopy
(EDX) analyses were performed using a JEOL JSM 6700F electron microscope working
at 10 kV.

X-ray photoelectron spectroscopy (XPS) experiments were performed with a
SPECS EA10P hemispherical analyser using a non-monocromated X-ray source (Al Ka
line of 1486.6 eV and 300W). The direction of the X-ray source with respect to the sample
was 90° and ultrahigh vacuum was maintained during the measurements, obtaining a
residual pressure of 10® Pa. GC electrodes analysed by SEM and XPS were
functionalized for 1h by applying a constant potential (-1.86 V or -1.16 V vs. NHE) to a
solution of 1 (0.6 mg, 2 umol) in the different solvents assayed. Afterwards, the GC
surface was washed with distilled H.O, MeCN and acetone. Then, a small section of the
electrode was cut on a Mintom rotating saw (Struers) equipped with a metal cut-off wheel,

washed again with distilled H>O, acetone and Et,O and dried over vacuum for 2h.

Electrochemical measurements were carried out on a Bio Logic Science Instrument
SP-150 potentiostat and CHI660D potentiostat using a three-electrode cell. A glassy
carbon (GC, 3 mm internal diameter) or a rotating disk electrode (RDE, 4 mm GC disk
diameter) were employed as working electrodes, while a platinum wire was used as
counter electrode and Hg/HgSO. or SCE were used as the reference electrodes. The
solvents used for functionalization of the electrode (acetonitrile, methanol or
dichloromethane) were prepared containing the necessary amount of n-BusNPFe
(TBAPFs) as supporting electrolyte to yield a 0.1 M ionic strength. Electrodeposition of
Co NPs was carried out in a 10 mL three electrode cell using RDE as working electrode,
platinum as counter electrode and Hg/HgSOs as reference electrode. Before each
functionalization, the RDE electrode was polished with 1 and 0.05 micron alumina
suspension in distilled water, sonicated for 5 min in H>O and washed with distilled water
and acetone before each measurement. 1 mg (0.3 umol) of 1 was sonicated in the 10 mL
three electrode cell until complete solution in 3 mL of the corresponding organic solvent
(MeCN, DCM or MeOH) containing 0.1 M of electrolyte (TBAPFs). Subsequently, a
constant potential of -1.86 V or -1.16 V vs. NHE was applied to the solution for 1 hour.
Finally, the functionalized RDE electrode was washed with distilled H,O, MeCN and

acetone and dried over vacuum for 30 minutes before electrochemical measurements.
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For the electrochemical characterization and catalytic experiments in HER, the cell
was purged for 30 minutes with N2 and was continuously bubbled during the
measurements. The resistance of the cell (typically Ry ~ 13 Q) was compensated at 85%.
In the case of electrochemical capacitance measurements, linear sweep voltammetry
(LSV) was performed in a potential window where there is a non-Faradaic current
response as determined from cyclic voltammetry. This range is typically 0.1 V centred on
the Open-circuit potential (OCP) for each electrode. The measurements were carried out
by sweeping the potential across the selected potential range at 8 different scan rates
(0.005, 0.01, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8 V/s). The working electrode was held at the

starting potential before beginning the next LSV experiment.

For Faradaic efficiency measurements, Hz was quantified using a Unisense Hz-probe
controlled by a Unisense Microprocessor Multimeter. Measurements were carried out in
a U-compartment cell containing a functionalized GC electrode (3 mm diameter), a
reference electrode (Ag/AgCl) and the hydrogen probe in the first compartment and a
counter electrode in the second compartment, both separated by a frit and filled with 15
mL of NaOH solution (pH 14). For H, measurements, the solution was degassed with a
N2 flow for 30 minutes under vigorous stirring. The baseline was recorded for 20 minutes
and a constant potential of -1.86 V vs. NHE was held at the working electrode containing
Co NPs for 30 min. The increase in pressure of H> was monitored during this time, and
from this the total amount of H> gas formed was determined. Finally, Faradaic efficiency
was calculated by dividing the total amount of H2 produced during the experiment by the
theoretical amount calculated from the total charge passed in the bulk-electrolysis

experiment.

Contribution

Marcos Gil-Sepulcre synthetized and characterized the CoO, Co(OH)2 and CoO(OH)

NPs, performed the catalytic experiments and prepared the manuscript.
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1. Scanning Electron microscopy
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Figure S1. SEM micrographs (left) and corresponding back-scattered electron
micrographs (right) of Co-based NPs obtained after a 1h-electrolysis of 1 in MeCN
at-1.16 V vs. NHE. A size distribution histogram of the NPs is also shown.
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Figure S2. SEM micrographs (top) and corresponding back-scattered electron
micrographs (bottom) of Co-based NPs obtained after a 1h-electrolysis of 1 in MeCN at
-1.86 V vs. NHE. A size distribution histogram of the NPs is also shown
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Figure S3. Back-scattered electron SEM micrographs of Co-based NPs obtained after a
1h-electrolysis of 1 in DCM at -1.86 V vs. NHE. A size distribution histogram of the NPs

is also shown.
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Figure S4. SEM (top) and corresponding back-scattered electron (bottom) micrographs
of Co-based NPs obtained after a 1h-electrolysis of 1 in MeOH at -1.86 V vs. NHE. A
size distribution histogram of the NPs is also shown.
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Figure S5. SEM (top) and corresponding back-scattered electron (bottom) micrographs
of the Co(OH). NPs formed after a 2h-chronopotentiometry at 10 mA-cm2in MeOH of
CoO(OH)-MeOH. A size distribution histogram of the NPs is also shown.
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Figure S6. SEM (top) and corresponding back-scattered electron (bottom) micrographs
of the CoO NPs after a 2h-chronopotentiometry at 10 mA-cm2in MeCN.
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Figure S7. SEM (top) and corresponding back-scattered electron (bottom) micrographs
of the CoO(OH) NPs after a 2h-chronopotentiometry at 10 mA-cm?in DCM. A size
distribution histogram of the NPs is also shown.
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Figure S8. Back-scattered electron SEM micrographs of Co-based NPs obtained after a
1h-electrolysis of CoClz in MeCN (a), DCM (b) and MeOH (c) at -1.86 V vs. NHE, and
representative EDX analysis from SEM measurements of the of Co-based NPs obtained
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2. Energy-Dispersive X-Ray spectroscopy
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Figure S9. EDX analysis from SEM measurements of the of Co-based NPs obtained after
a 1h-electrolysis of 1 in MeCN at -1.16 V vs. NHE (top) and -1.86 V vs. NHE (bottom).
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Figure S10. EDX analysis from SEM measurements of the of Co-based NPs obtained
after a 1h-electrolysis at -1.86 V vs. NHE of 1 in DCM (top) and MeOH (bottom).
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Figure S11. EDX analysis from SEM measurements of the Co-based NPs Co(OH). NPs
formed after a 2h-chronopotentiometry at 10 mA-cm2in MeOH of CoO(OH)-MeOH.
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3. X-Ray spectroscopy
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Figure S12. O 1s (a), N 1s (b) and C 1s (c) XPS spectra for the Co-based NPs obtained

from 1 in MeCN, DCM and

MeOH after a 1h-electrolysis at -1.86 V vs. NHE and from 1

in MeOH after a 1h electrolysis at -1.86 V vs. NHE plus a 2h-CPE at 10 mA-cm. The
blank consists of a bare GC electrode. Please note that the small C 1s band at 292 eV for

the blank is probably due to

CF2 contamination of the GC. Energies have been calibrated

according to the C 1s band of graphite at 284.2 eV.
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Figure S13. Co 2p XPS spectra for the Co-based NPs obtained from 1 in MeCN (black)
and DCM (red) after a 1h-electrolysis at -1.86 V vs. NHE and from 1 in MeCN (blue) and
DCM (green) after a 1h-electrolysis at -1.86 V vs. NHE plus a 2h-CPE at 10 mA-cm™.
Energies have been calibrated according to the C 1s band of graphite at 284.2 eV.

4. UV-Vis

Figure S14. Left: photograph of samples taken from a MeCN solution of 1 after different
electrolysis times at -1.86 V vs. NHE (from left to right: 0 min, 30 min and 16 h). Right:
photograph of laser beam passing through the solution of a MeCN solution of 1 after 16
h of electrolysis at -1.86 V vs. NHE, showing the presence of colloidal particles in
solution.
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Figure S15. UV-vis spectra evolution of a solution of 1 in MeCN during electrolysis at -
1.86 V vs. NHE.

5. Electrochemistry
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Figure S16. Cyclic voltammetry cycles of a 025 mM solution of
[CogNas(L)s(OH)2(CO3)2(py)10](BF4)2 (1) in acetonitrile (0.1 M TBAPFg) at a 0.1 V/s
scan rate. Working electrode: glassy carbon (GC) electrode. Arrows show growing
intensity direction of new bands that appear along time.
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a)

b)

Figure S17. Left column: double-layer capacitance measurements for determining the
ECSA of CoO-MeCN (a), CoO(OH)-DCM (b) and CoO(OH)-MeOH (c) and of the Co-
derived NPs formed at -1.86 V vs. NHE during 1 h from CoCl in MeOH (d) and CoCl>
+ HsL in MeOH (e). Linear sweep voltammograms were measured in a non-Faradaic
region of the voltammogram at the following scan rates: 0.01, 0.025, 0.050, 0.1, 0.2, 0.4
and 0.8 V/s. The working electrode was held at each potential vertex for 10 s before
beginning the next sweep. All currents are assumed to be due to capacitive charging.
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Right column: cathodic (negative slopes) and anodic (positive slopes) charging currents
measured at 0.055 V (a,b,c), -0.09 V (d) or -0.02 V (e) vs. NHE plotted as a function of
scan rate.
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Figure S18. Top: double-layer capacitance measurements for determining the ECSA of
the Co(OH). NPs formed after a 2h-chronopotentiometry at 10 mA-cmin MeOH of
CoO(OH)-MeOH. Linear sweep voltammograms were measured in a non-Faradaic
region of the voltammogram at the following scan rates: 0.01, 0.025, 0.050, 0.1, 0.2, 0.4
and 0.8 V/s. The working electrode was held at each potential vertex for 10 s before
beginning the next sweep. All currents are assumed to be due to capacitive charging.
Bottom: cathodic (negative slope) and anodic (positive slope) charging currents measured
at 0.055 V vs. NHE plotted as a function of scan rate.
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Figure S19. Chronopotentiometry (from 0.1 to 10 mA-cm?, left) and
chronoamperometry (from n=-190 to -680 mV, right) for CoO-MeCN (a), CoO(OH)-
DCM (b) and CoO(OH)-MeOH (c). In this experiment, the current (left) or the potential
(right) is held constant for 30 s, and the resulting potential-time or current-time profile
should decay to a steady-state value at times > 2 s.

272



Catalytic H2 evolution with CoO, Co(OH)2 and CoO(OH) NPs
generated from a molecular polynuclear Co complex

0.0

'
01 !
0.2

\

.

-0.3 "|

'
-0.4

-0.5 L"'l

= E
2 2
= | -
— E
0.6 [ -
H -
==
-0.7 '
i
-0.8 1
—
-0.9
-1.0 T - - . - - -160
'] 50 100 150 200 250 ] 100 200 300 400

t(s) t(s)

Figure S20. Chronopotentiometry (from 0.1 to 20 mA-cm?, left) and
chronoamperometry (from n=-190 to -680 mV, right) for the Co(OH)2 NPs formed after
a 2h-chronopotentiometry at 10 mA.cm? in MeOH of CoO(OH)-MeOH. In this
experiment, the current (left) or the potential (right) is held constant for 30 s, and the
resulting potential-time or current-time profile should decay to a steady-state value at
times > 2s.
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Figure S21. Controlled current electrolysis at 10 mA-cm performed with CoO-MeCN
(@) and CoO(OH)-DCM (b).
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Figure S22. Faradaic efficiency determination from the comparison between the bulk
electrolysis charge at n=-480 mV (dashed lines) and the H»-sensitive Clark electrode
signal (solid lines) for CoO-MeCN (a), CoO(OH)-DCM (b) and CoO(OH)-MeOH (c).
Black lines correspond to the Co-derived NPs deposited onto GCE and red lines to the
bare GC electrode.
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Figure S23. Faradaic efficiency determination from the comparison between the bulk
electrolysis charge at n=-480 mV (dashed lines) and the H»-sensitive Clark electrode
signal (solid lines) for the Co(OH). NPs formed after a 2h-chronopotentiometry at 10
mA-cm2in MeOH of CoO(OH)-MeOH (black lines) and bare GC electrode (red lines).
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CHAPTER VI

General conclusions

Considering the general objectives proposed and the experimental results obtained,
this thesis is summarized in this chapter.
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CHAPTER VI

Chapter 111 - A

v A new family of Ru(ll) mononuclear complexes containing the pentadentate
ligand 1-(2-pyridyl)-1,1-bis(6-2,2'-bipyridyl)ethane (bpy2PYMe) and its derivative
containing a methyl substituent (bpy(bpyMe)PY Me), of general formula [Ru"(L)(X)]"™*
(X=Cl,n=1 and X = H20, n = 2), have been prepared and fully characterized by

spectroscopic and electrochemical techniques.

v The NMR studies carried out have showed that when a solution of
[Ru"(bpy2PYMe)CI]* (1*) in MeOH is irradiated with light and/or warmed up a cis-
trans equilibrium takes place. DFT calculations have been performed for fully
understanding the mechanism of this isomerization, thus allowing the proposal of a
dissociative mechanism in which a chloride and a pyridyl moiety decoordination leads
to the cis-trans interconversion. This isomerization equilibrium can be avoided via the
introduction of a methyl group in the pentadentate ligand, such as in

bpy(bpyMe)PY Me, which increases the steric hindrance in the complex framework.

v When [Ru'(bpy2PYMe)CI]* (1*) is oxidized to its Ru(lll) state in DCM, a new
K-N4-bis-Cl* species is formed. This new compound is formed as result of the
introduction of a CI” counterion inside the coordination sphere of Ru, thus displacing a
pyridyl group. Cis-trans interconversion takes place again through the common
intermediate k-N4-bis-CIl* when the system comes back to Ru(ll). The combination of
electrochemical experiments and simulation through the DigiSim 2.0 CV simulation
software have allowed us to build up the mechanism and calculate the kinetic and
thermodynamic constants associated to the proposed isomeric equilibrium. DFT

calculations performed on this system also strongly supports the proposed mechanism.

v A comparison of the electrochemical properties of the aguo complexes
synthesized in this work with those of related Ru(ll) complexes bearing pentadentate
ligands (PY4Im) and (PY5Mez) shows only a slight difference in the potential of the
Ru(l)/Ru(ll) and Ru(IV)/Ru(lll) redox couples. Interestingly, the strong c-donor
character of the carbene ligand present in [Ru"(PY4Im)(H20)]?* provokes a significant
decrease of the acidy of its aquo group compared to the rest of aqguo complexes, all

containing a RuNsO coordinative environment.
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Chapter 111 - B

v Two new Ru(ll) mononuclear complexes containing the pentadentate ligand
6,6”’-(methoxy(pyridin-2-yl)methylene)di-2,2'-bipyridine (L-OMe) of general formula
trans-[Ru"(X)(L-OMe-k-N®)]™ (X = CI, n = 1, trans-1*; X = H,0, n=2, trans-22")
have been prepared and fully characterized by spectroscopic and electrochemical

techniques.

v A detailed kinetic study of trans-1* and its analogous complex containing a Me
substituent instead of OMe, trans-[Ru'/(bpy2PYMe)CI]* (trans-17), in aqueous
solution at pH 1 is presented. Upon oxidation of Ru(ll) to Ru(lll), the new species
containing an aquo (trans-2%" and trans-2"*"), a chlorido and an aquo (trans-4?* and
trans-4°2") and two aquo (trans-3* and trans-3"") ligands are formed, which are crucial

for explaining the behavior of both complexes towards water oxidation (WO) catalysis.

v The set of complexes have also been tested in WO catalysis triggered by Ce(1V).
The best catalyst is trans-4%*, achieving a TOF of 0.71 s* and a TON of 168. The
different catalytic performances between complexes containing aquo and/or chlorido

ligands puts in evidence the important role of the chlorido ligand in the catalytic output.

v The differences on the values of the kinetic constant of the consecutive steps after
oxidation with Ce'v generate a distinct distribution of intermediate species for trans-1°* as
compared to trans-1+. Thus, for the L-OMe complex trans-1* the major species in solution
during the first minutes is the chlorido-aquo complex trans-4?* In contrast, the aquo
complex trans-2** is the most abundant species for trans-1’*. These differences are
responsible for the higher water oxidation catalytic activity of trans-1" as observed by the
electrochemical analysis and oxygen evolution experiments and supported by DFT

calculations.

v The chlorido ligand in the chlorido-aquo complex trans-42* decreases the potential

necessary to reach the Ru(V) state required for water oxidation, while the presence of a

pendant pyridine group helps the O-O bond formation step, therefore decreasing the
Kinetic activation barrier of the reaction. These factors have been proposed to be

responsible for the high catalytic performance of trans-1".
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CHAPTER VI

Chapter IV

v A new family of Cu(ll) complexes have been synthetized bearing the new ligands
4,4-(([2,2'-bipyridine]-6,6'-dicarbonyl)bis(azanediyl))dibenzenesulfonic acid (1%) and
its homologous with the sulfonate group at orto position with respect to the amidate
group (2%) and further characterized by X-ray diffraction, ESI-MS and electrochemical
techniques.

v The catalytic properties of the complexes have been tested with regards to their
ability to oxidize water into dioxygen, affording a moderate activity for the case of 1%,
For 22, the interaction of the sulfonate group with the copper centre is proposed as the

cause of its lack of catalytic activity.

v The high overpotential necessary to oxidize water into dioxygen of 12~ has been
proposed to be the main weak aspect of this complex. Accordingly, the high working

potentials benefit its deactivation pathway after the formation of a radical anion.

v The absence of Cu heterogeneous materials deposited onto the electrodes
according to SEM and EDX analyses confirm the molecular nature of these catalytic

systems.

v The redox properties and WO catalytic performance of 1% and 2% have been
compared with those of related Cu complexes previously reported in the literature. The
use of tetra-anionic ligands coordinating directly to the Cu centre is a requirement to

reach the reactive Cu(l11) species needed for WO catalysis at low enough overpotentials.

Chapter V

v The formation Co-derived nanoparticles (NPs) from the molecular Co complex
[CogNa,(L),(OH),(CO,),(py),,I(BF,), when submitted to reductive potentials in organic

solvents has been demonstrated.

v The resulting functionalized electrodes have been further characterized by X-ray
photoelectron spectroscopy (XPS), Scanning Electron Microscopy (SEM), Energy-

dispersive X-Ray Spectroscopy (EDX) and electrochemical techniques.

v The influence of the solvent employed in the formation of the Co-derived NPs has
been elucidated. XPS analysis of the systems have shown the formation of CoO NPs in
MeCN and CoO(OH) NPs in DCM and MeOH.

280



General conclusions

v The comparison of the hydrogen evolution catalytic performance and the stability
of the cathodes prepared in different solvents shows that cathodes prepared in MeOH
are stable after long periods of catalysis, while a decrease in the loading of NPs takes
place when DCM or MeCN are employed. Thus, a key role of MeOH in the stabilization
of the CoO(OH) NPs due to its capability of forming hydrogen bonds has been proposed.

v The prepared cathodes are capable of electrochemically reducing water into

hydrogen gas at pH 14, achieving high current densities with small total Co loading.

v The most active NPs in proton reduction catalysis are the CoO(OH) NPs formed
in MeOH, which become “activated” after a 2 h constant polarization process at 10
mA/cm?, generating afterwards Co(OH)2 NPs with an optimized 12 of -250 mV and a

specific current density (js) of 596 mA-cm at an overpotential of -480 mV.
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CHAPTER VII

Annexes

The following papers have been published during this PhD thesis and are closely related
with the work carried out during this PhD. In the first work, a new [Ru"(bpy)]2(p-
bimp)(u- CI)]?* catalyst has been synthesized and its capacity as water oxidation (WO)
and alkene epoxidation catalyst has been studied, resulting a good candidate for the
latter with outstanding stereospecificity for cis and trans olefins. In the second work,
the synthesis of a new family of Ru complexes containing N-heterocyclic carbene
ligands is presented. This new family of complexes has been tested in WO and
epoxidation catalysis, showing how the different auxiliary meridional and facial
ligands affect their catalytic behavior. Finally, the third work is focused on the synthesis
of two new Re complexes and their applications in CO- reduction catalysis. These new
complexes incorporate an imidazolium group in the second coordination sphere, which
not only modulates their redox properties and catalytic activity, but also alters
mechanistic aspects of the catalysis.
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CHAPTER VII

Powerful  Bis-facially = Pyrazolate-Bridged
Dinuclear Ruthenium Epoxidation Catalyst

Aguild, J.; Francas, L.; Bofill, R,; Gil-Sepulcre, M.; Garcia-Anton, J.; Poater, A.; Llobet,
A.; Escriche, L.; Meyer, F.; Sala, X. Inorg. Chem. 2015, 54, 6782-6791.

Contribution

Marcos Gil-Sepulcre resynthesized the complexes and performed part of the epoxidation
catalytic experiments.
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ABSTRACT: A new bis-facial dinuclear ruthenium complex,
{[Ru''(bpy)],(u-bimp) (u-C1)}**, 2**, containing a hexadentate pyrazo-
late-bridging ligand (Hbimp) and bpy as auxiliary ligands has been
synthesized and fully characterized in solution by spectrometric,
spectroscopic, and electrochemical techniques. The new compound has
been tested with regard to its capacity to oxidize water and alkenes. The in
situ generated bis-aqua complex, {[Ru"(bpy) (H,0)],(u-bimp)}**, 3%*, is an
excellent catalyst for the epoxidation of a wide range of alkenes. High
turnover numbers (TN), up to 1900, and turnover frequencies (TOF), up
to 73 min ™!, are achieved using PhIO as oxidant. Moreover, 3*" presents an
outstanding stereospecificity for both cis and trans olefins toward the
formation of their corresponding epoxides due to specific interactions
transmitted by its ligand scaffold. A mechanistic analysis of the epoxidation

process has been performed based on density functional theory (DFT) calculations in order to better understand the putative

cooperative effects within this dinuclear catalyst.

he epoxidation of olefins, a process of great industrial and
economical importance, has historically constituted a
great challenge for the organic synthetic chemists."> Epoxides
constitute a family of essential chemicals, particularly for the
synthesis of various polymers (polyglycols, polyamides, polyur-
ethanes, etc.),z"4 and fine chemicals, such as pharmaceuticals,
food additives, or flavor and fragrance compounds.’ For
instance, propylene oxide monopolizes the epoxide chemical
business with a yearly 8 million ton production and an expected
annual increase of 5%.°
Enantioselective epoxidation of olefins and allylic alcohols is
a chemical process of utmost industrial relevance. Numerous
works by the Nobel laureate K. B. Sharpless with the Ti tartrate
catalyst”® or by H. Jacobsen with Mn"'—salen catalysts”'® have
been proven eflicient in this field. Thus, the Ti—tartrate catalyst
consistently affords high enantioselectivities for widely different
substrates thanks to a combination of stereoelectronic and
steric factors, which leads to a concerted formation of both
epoxide C—O bonds.® Concerning the Mn"'—(salen) catalysts,
enantioselectivity is provoked by the presence of a chiral
diimine bridge and of bulky groups at the 3,3’-positions of the
salen ligand and the existence of 7 conjugation of the olefinic
double bond.” In this case, epoxidation occurs by the direct
attack of one of the C atoms of the C=C bond on the oxo

i i © 2015 American Chemical Society
~ ACS Publications
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ligand of a Mn(V)=0 intermediate, generating a triplet radical
species that would then collapse before or after rotating, thus
generating the cis or the trans epoxide, respectively, depending
on the relative height of the activation barriers for collapse and
rotation.'?

Ru complexes have also been proven to serve as excellent
catalysts for redox transformations such as alcohol oxida-

11— 19-22 23-32

18 o S
sulfoxidation, water oxidation, and epox-

183374 Iy all these cases, a Ru'Y=0 or Ru'=0 group

tion,
idation.
has been shown to be the active catalytic unit. Most of the
literature related to redox catalysis using Ru complexes is based
on mononuclear complexes, since they are generally easily
accessible from a synthetic point of view. In sharp contrast, two
powerful diruthenium epoxidation catalysts in terms of epoxide
selectivity and substrate conversion have been recently reported
by our research group.*”* In addition, these new catalysts
display distinctive reactivity with regards to cis and trans
alkenes. Both features are proposed to originate from a
hydrogen bonding interaction between the second Ru™=0
site and the substrate employed, together with steric effects.
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Our groups have extensive experience in the synthesis,
characterization, and evaluation of the oxidative catalytic
performance of dinuclear Ru complexes, most of them inspired
by the well-known {[Ru"(trpy)],(u-bpp)(u-Cl)}** water
oxidation catalyst.** Modifications around this paradigmatic
compound, like the replacement of the trpy auxiliary ligands by
facially coordinating scaffolds such as bpea or tpym, as well as
the exchange of the bpp~ bridge by other tetradentate bridges,
for instance, pdz-dc*”, pyr-dc”, or pbl™ (see Chart 1 for a

Chart 1. Bridging and Auxiliary Ligands Discussed in This
Work

Hapdz-dc

drawing of these ligands), and by bis-meridional hexadentate
bridges, have been prepared, characterized, and catalytically
evaluated.**~** The use of facial ligands such as bpea and tpym
allowed an “up, down” relative orientation of the two Ru=0
groups, which dramatically affects both the steric and electronic
properties of these complexes as well as their final reactivity and
water oxidation reaction mechanism.

The use of a bis-facial bridging ligand to prepare dinuclear Ru
catalysts for water oxidation or olefin epoxidation has not been
attempted so far. Therefore, in order to explore the properties
of this kind of system, herein we report the synthesis and
spectroscopic and redox properties of a new dinuclear complex
with formula {[Ru"(bpy)],(-bimp)(u-Cl)}**, 2**, and its bis-
aqua derivative {[Ru''(bpy)(H,0)],(u-bimp)}**, 3% (bpy =
2,2'-bipyridine; bimp = 3,5-bis[bis(1,4,5-trimethyilmidazol-2-
yl)-methoxymethyl]pyrazolate). The already reported bimp~
ligand* will act as bridging and bis-facial coordinating ligand.
Finally, the reactivity of 3°* toward the epoxidation of olefins
and a theoretical study on its putative epoxidation mechanism
are reported in this work.

Bl RESULTS AND DISCUSSION

Synthesis and Structural Characterization of 2(PF),
and 33*. The synthetic strategy followed for the preparation of
the respective p-chloro and bis-aqua dinuclear complexes
2(PFg), and 3% is depicted in Scheme 1.

Preparation of precursor 1 from RuCl;-nH,0O involved the
presence of sodium methoxide as a base to deprotonate the
pyrazolic NH group of the Hbimp ligand. Because of the high
solubility of 1 in the reaction media, the addition of diethyl
ether was compulsory in order to precipitate the desired
product as a green powder (see ESI-MS spectrum of 1 in Figure
S1, Supporting Information). The reaction of 1 in the presence
of LiCl, triethylamine, and 2,2"-bypyridine (2 equiv) ended up
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Scheme 1. Synthetic Pathway for the Preparation of 2(PF),
and 3%
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“2,2'-Bipyridine (Bpy) ligands have been represented schematically
(red N atoms) for the sake of clarity.

generating 2>" after overnight stirring at room temperature.
The addition of water and 1 mL of a saturated aqueous solution
of NH,PF yielded a violet powder corresponding to the
desired complex, 2(PFg),. The dissolution of 2(PFy), in a pH
1.0 aqueous solution (triflic acid 0.1 M) resulted in the
generation of the bis-aqua complex 3.

Each tridentate unit of the hexadentate y-bimp~ ligand, given
its configuration, can only coordinate in a facial fashion to an
octahedral metal center. In addition, the y-bimp~ ligand can
potentially generate the C, (cis) and C, (trans) isomers depicted
in Figure 1. The terms cis and trans indicate whether the two
bipyridines are located both on the same side (cis) of or one
above and one below (trans) the distorted plane formed by the
pyrazolate ring, the Ru metal centers, and the chlorido bridge
or the two coordinated aqua ligands.

Complex 2(PFg), has been characterized in acetone solution
by NMR spectroscopy (Figure 2 and Figure S2, Supporting

DOI: 10.1021/acs.inorgchem.5b00641
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trans

Figure 1. Mercury plot of the y-Cl front view corresponding to the
DEFT calculated structures of cis- and trans-2**. Atom color code: blue,
nitrogen; light green, chlorine; dark green, ruthenium; light gray,
carbon; red, oxygen. Hydrogen atoms have been omitted for clarity
purposes.

Information) as well as by ESI-MS (Figure S4 in the
Supporting Information).

The broad 'H NMR signals of 2> (Figure S2a, Supporting
Information) show the paramagnetic character of the sample,
probably due to the partial oxidation of 2**. This oxidation is
avoided under the presence of a reducing agent (Zn amalgam),
when significantly narrower peaks are observed (Figure S2b,
Supporting Information). Figure 2 and Figure S2c—e,
Supporting Information, display both 'H and “C {'H} 1D
and 2D (COSY, HSQC, and HMBC) NMR spectra for 2**.
From these spectra, the presence of a single isomer of 2(PFy),
in solution could be deduced. However, the low solubility of
the complex in the regular deuterated solvents and its above-
mentioned ease of oxidation prevented the recording of a
NOESY NMR spectrum. Therefore, the pyridine rings of each
bpy and the four methyl groups bonded to the imidazole
moieties could not be distinguished. For this reason, only a
partial assignment of the 'H (Figure 2, top) and "*C resonances
of 22* could be accomplished (see the Experimental Section).

Density functional theory (DFT) calculations have been
carried out in order to further extract structural and electronic
information about the potential cis/trans isomers. These
calculations show for the chlorido-bridged complex 2** an
energy value of 32 kcal/mol lower for the trans isomer
compared with its cis counterpart (Figure 1 and Table S,
Supporting Information). When the same calculations were
carried out for the corresponding cis and trans-bis-aqua complex
3% (Figure 3 and Table S1, Supporting Information), the cis/
trans energy gap increased to 8.2 kcal/mol, again demonstrating
the higher thermodynamic stability of the trans isomer. Even
though these energy differences are not large enough to totally
discard the formation of the cis isomer under the reaction
conditions, they are a good indication of the potential
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Figure 2. "H NMR spectra (400 MHz, 298 K, acetone-dg) for 2**: 1D
spectrum including partial assignment of signals (top) and 2D-COSY
spectrum (bottom).

Cis

Figure 3. Mercury plot of the bis-H,O front view corresponding to the
DFT calculated structures of cis- and trans-3%". Atom color code: blue,
nitrogen; dark green, ruthenium; light gray, carbon; red, oxygen.
Hydrogen atoms have been omitted for clarity purposes.
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formation of the trans compound given the isomeric purity of
the obtained complex. Moreover, this hypothesis is further
supported by the trends observed when performing a detailed
comparison of the DFT-calculated structures for cis- and trans-
2** (Figure S3, Supporting Information). Thus, for cis-2>*, we
observe the presence of repulsive H---H interactions among the
methyl groups, between the methoxy and the CH group of the
pyrazole ring, and among the CH groups of the bpys, together
with the absence of z—r stacking interactions between the
pyridine rings of neighboring bpys (torsion angle of 22.2°). In
addition, significant tension within the cis complex exists, since
the dihedral angle between the pyr rings of the same bpy is
27.0° and the Ru binding angles are far from ideal octahedral
coordination. On the contrary, for trans-2*" the repulsive H---H
interactions are now abated (longer average H—H distances),
while more favorable C---H interactions between the C atoms
of the pyr rings and the H atoms of the methyl groups are
observed (four interactions for the trans isomer compared with
only one for the cis one). These data, together with a less
tensioned conformation for the trans isomer (dihedral angle
between pyr rings of the same bpy of only 16.3° and Ru
binding angles a bit closer to ideal octahedral geometry),
indicate a clear preference of 2** for the trans configuration.

Electrochemical and Spectroscopic Characterization
of 2%* and 3%'. The cyclic voltammetry (CV) of 2** in
dichloromethane (DCM) (Figure SSa, Supporting Informa-
tion) exhibits two reversible waves, also confirmed by
differential pulse voltammetry (DPV) (Figure SSb, Supporting
Information), which can be assigned to the following
electrochemical reactions (the bimp~ and the bpy ligands are
not shown for the sake of clarity):

[Ru™(u-CDRa"P* + 1e~ — [Ru"(4-C)Ru"JP*
(0.55 V vs SSCE) (1)

[Ra™(u-CDHRu™** + 1™ » [Ru™(u-CHRu"P*
(0.98 V vs SSCE) (2)

The electrochemical properties of 3*" have been investigated
after its “in situ” generation in an acetone/water (pH 1.0,0.1 M
triflic acid) 1:9 mixture by using 2** as a precursor (see Scheme
1 and the pH dependence of the DPV signals of the resulting
complex in Figure S5¢, Supporting Information, which confirms
the “in situ” formation of the bis-aqua complex 3**). From the
CV and DPV (Figure 4) measurements of 3**, a total of four
waves can be observed. The first three can be tentatively
assigned, taking into account previous results on related
complexes,25 to the following redox processes:

[HO—Ru"'(y-bimp)Ru"—OH, ** + 1e” + 1H'
— [H,0—Ru"(y-bimp)Ru"—OH, **
(0.27 V vs SSCE) (3)

[HO—Ru"(y-bimp)Ru™—OHP* + 1¢~ + 1H*
— [HO—Ru"(4-bimp)Ru"—OH, **
(0.46 V vs SSCE) (4)

1,3E-05
1,1E-05
8,5E-06

6,5E-06

1(A)

4,5E-06
2,5E-06
5,0E-07

-1,5E-06

-3,5E-06

E(V)

Figure 4. CV at 100 mV/s scan rate (red) and DPV (black) for the
bis-aqua complex 3%" in acetone/water 1:9, pH 1.0 (0.1 M triflic acid).
The DPV blank in the absence of catalyst is also shown (dashed line).
A glassy carbon electrode was used as working electrode and the
potential was measured vs SSCE. For further details, see Experimental
Section.

[O=Ru" (u-bimp)Ru™—OH* + 1e” + 1H*
— [HO—Ru"(y-bimp)Ru"'—OHP**
(0.69 V vs SSCE) ()

When the potential is increased further up to 1.4 V, a large
anodic current is observed in the DPV that is associated with an
additional complex oxidation with a concomitant electro-
catalytic oxidation of water to dioxygen. For the case of a
further one electron oxidation, this would be in agreement with
eqs 6 and 7.

[0O=Ru" (u-bimp)Ru"V=0P" + 1e” + 1H"
— [O=Ru"(u-bimp)Ru""—OH**
(foot of the wave at 1.2 V vs SSCE) (6)

[0O=Ru" (u-bimp)RuV=0" + 2H,0
— [H,0—Ru"(u-bimp)Ru"—OH,]** + O, )

Table 1 displays the E;/, values for 2*%, 3*', and a set of
related compounds containing the Hbpp ligand. The
compounds have been classified depending on the o-donor
character of the coordinated N-donor ligand (pyridine <
pyrazole ~ imidazole < tertiary aliphatic amine) and the
number of coordinated chlorido anions per Ru center (0 for the
bis-aqua derivatives, 1/2 when a chlorido-bridge connects two
Ru metal ions, or 1). Thus, a down-shift of E,/, is observed
when comparing 2** with {[Ru"(trpy)],(u-bpp)(u-Cl)}**
(entry 2), in agreement with the higher o-donor and lower 7-
acceptor capacity of the imidazole rings relative to the pyridines
that are part of the trpy ligand and also present in the Hbpp
ligand. The redox potentials of 2" have also been compared
with those of other bis-facial Ru dinuclear complexes (entries 3
and 4). With respect to the bpea complex (entry 3), both
processes are anodically shifted by 180 and 260 mV,
respectively, as a consequence of both the lower o-donor and
higher 7-acceptor capacity of the imidazole rings in 2>* relative
to the central tertiary aliphatic amine in the bpea ligand and the
lower o-donation power of the unique chlorido-bridged anion
of 2** in contrast to the two chlorido anions present in trans-
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Table 1. Redox Potentials in V (vs SSCE) at a 100 mV/s Scan Rate for 2?*, 33*, and Related Ru Complexes

entry complex IILIT/ILIT  TIOII/XI0 1T
1 22+ 0.55 0.98
2 {[Ru(trpy)],(p-bpp) (u-CD 071 L12
3 trans-{[Ru" (bpea) (Cl)],(u-bpp) }** 0.37 0.72
4 trans-{[Ru'(tpym)(Cl1)],(u-bpp) }** 0.54 0.84
s 3 027 0.46
6 cis-{[Ru"(trpy) (H,0) ], (u-bpp) }*** 0.59 0.65
7 trans-{[Ru"(bpea) (H,0)],(u-bpp) }*** 0.21 043
8 trans—{[Ru"(tpym)(HZO)]Z(M—bpp)}%b 0.54 0.75

IVI/ILIL IVIV/IVIT Npgne Nppoolefimidarole Naiphaticamne ~ Cl ref
2 3 12 ¢
4 1 12 25
3 1 1 1 45
4 1 1 46
0.69 1.20 2 3 ¢
0.88 1.10 4 1 25
0.61 3 1 1 45
1.18 1.52 4 1 46

“CH,Cl, using TBAPF (0.1 M) as electrolyte. “Aqueous solution at pH 1.0 (0.1 M triflic acid). “This work.

{[Ru"(bpea)(Cl)],(u-bpp)}*. Interestingly, the redox poten-
tials of 22* are similar to those of the tpym chlorido complex
(entry 4). While in the latter each Ru is coordinated to four
pyridines, one pyrazolato, and one chlorido anion, in 2** each
Ru is bound to two pyridines, three imidazole/pyrazolato rings,
and only half chlorido ligand. In consequence, the lower CI™
content in 2% might compensate the more pronounced o-
donating character of its imidazole and pyrazole rings, thus
revealing the influence of both the N-ligands and the chlorido
anions into the final E,/, values, and how this property is a
perfect combination of both factors.

Concerning the bis-aqua species, a cathodic shift of the E,
values of 3%* relative to those of cis-{[Ru"(trpy)(H,0)],(u-
bpp)}** and trans-{[Ru"(tpym)(H,0)],(u-bpp)}** (entries 6
and 8) is observed, which can be explained again by the higher
o-donor and lower 7-acceptor character of the imidazole rings
compared with pyridines. Finally, similar E,;, values are
observed for trans-{[Ru"(bpea)(H,0)],(u-bpp)}** (entry 7)
and 3% Thus, the presence in the bpea complex of a strong o-
donor (aliphatic tertiary amine) and three pyridines results in
similar average donor/acceptor properties as combining two
imidazoles, two pyridines and one pyrazole in 3*".

The UV—vis spectra of 2** and 3*" have been recorded in
acetone and acetone/water 8:2 (pH 1), respectively (Figure S6,
Supporting Information). The region between 250 and 350 nm,
usually displaying very intense bands due to the intraligand 7 —
7% transitions, could not be registered since it was out of the
solvent window. With respect to the region between 350 and
550 nm, unsymmetrical broad metal-to-ligand charge transfer
(MLCT) bands appear.®>' For the chlorido-bridged complex
2%, the MLCT bands are shifted to longer wavelengths due to
the relative destabilization of the dz(Ru) levels provoked by the
chlorido ligand compared with the aqua ligands.

Epoxidation Catalysis. Complex 3** has been tested with
regards to its ability to oxidize alkenes. The catalytic reactions
have been carried out using a catalyst/substrate/oxidant/water
ratio of 1:2000:4000:4000 after a 120 min mixing period of
catalyst 2** in the absence of substrate (see Experimental
Section for further details), during which the excess of water
ensures the generation of the oxidant PhIO species from
PhI(OAc),”” and of the bis-aqua derivative 3*" from its chloro
counterpart 2**. This mixing period before substrate addition is
crucial in order to improve the rate of the catalytic reaction.
Scheme S1, Supporting Information, summarizes the set of
reactions that take place during the catalytic epoxidation of
alkenes for the proposed system. All products of each catalytic
experiment have been identified by gas chromatography
(GC)—mass spectrometry (MS) (see Figures S7—S10 in the
Supporting Information for further details).

6786

The catalytic activity of 3** toward the epoxidation of alkenes
has been initially tested and optimized for the oxidation of cis-f-
methylstyrene, and its reaction progress monitored by GC and
GC-MS. After that, six cis- and trans-olefins have been tested as
substrates. All results from epoxidation catalysis are displayed in
Table 2.

Table 2. Catalytic Performance of 3** in the Epoxidation of
cis- and trans-Alkenes Using PhIO as Oxidant in DCE“

entry alkene conv. (%)¥  selec. (%) TN/TOF<

1 cis-f-methylstyrene >99 88 1760/73
2 trans-f-methylstyrene 50 80 800/21
3 cis-stilbene >99 24 480/11
4 trans-stilbene >99 14 280/4

S cis-2-octene 95 100 1900/34
6 trans-2-octene 42 100 840/24
7 cis-2-hexene 93 100 1860/83
8 trans-2-hexene 58 100 1160/19
9 cyclooctene 95 65 1235/17

“Catalyst/substrate/oxidant/water ratio of 1:2000:4000:4000. See
Experimental Section for further procedural details. “Substrate
conversion = {[substrate];;y — [substrate]s,,}/[substrate]; i X
100. “Epoxide selectivity = [epoxide]s,,/{[substrate];q — [sub-
strate] g} X 100. “TN is the turnover number with regard to the total
epoxide obtained. TOF; is the initial turnover frequency expressed in
epoxide cycles per minute (TN,/min).

The system 3" 0.85 mM/cis-B-methylstyrene 1.7 M/
PhI(OAc), 3.4 M/H,0 3.4 M in 1,2-dichloroethane (DCE)
renders 1.50 M cis-f-methylstyrene oxide, which represents a
turnover number (TN) of 1760 with regard to the initial
catalyst concentration after 90 min of reaction. The conversion
of the initial substrate is total (>99%) after this time, and an
epoxide selectivity of 88% is obtained. The activity of 3% for
the epoxidation of other alkenes is also very remarkable. For
instance, the system 3*/cis-2-octene generates an impressive
1.62 M cis-2-octene oxide that represents a TN of 1900 with
regard to the initial catalyst concentration with an initial
turnover frequency (TOF,) of 34.0 cycles per minute.

Although the results herein reported are difficult to compare
with those of related complexes from the literature because the
catalysts and oxidants used are substantially different, some
conclusions can be drawn. First, as a general trend, the reported
Ru mononuclear species in the literature show lower epoxide
selectivities and substrate conversions.”** And second, to our
knowledge 3** is more than 30 times faster than the best
reported mononuclear Ru catalyst. Therefore, both figures
suggest the existence of a potential cooperative effect between
the two metal centers strategically situated in 3°" (see
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discussion below). Also, when compared with our recently
reported Ru dinuclear catalysts,“’43 3% performs better in the
presence of aromatic cis substrates (e.g, higher conversion,
selectivity, and TN and TOF; values for cis-f-methylstyrene
compared with the pdz-dc42 and pyr-dc43 counterparts, and for
cis-stilbene higher conversion and TN figures compared with
both previous catalysts and an even higher TOF, value than its
pdz-dc counterpart™).

A deeper look at Table 2 also shows that 3*" performs much
better with substrates containing electron-donor groups than
with those bearing electron-withdrawers. Thus, the best results
are obtained for cis-2-octene and cis-2-hexene, whereas the
poorest values are obtained for trans-stilbene, the latter also
suffering from potential steric effects due to the bulkiness of its
two phenyl rings. Also, the performance of 3** in front of cis-
and trans-f-methylstyrene, which could be seen as hybrids
between the corresponding cis-/trans-stilbene and cis-/trans-2-
octene/hexene substrates from a steric and electronic point of
view, is indeed intermediate between the two extremes
probably due to a combination of the two effects described
above. Furthermore, the electronic effects are in agreement
with the electrophilic character of the RuV=0 active site
proposed in related works.*** Also, the lower activity and
selectivity of the catalyst toward trans substrates with regard to
their related cis counterparts is worth mentioning (Table 2 and
Figure S, top). Given the nearly identical electronic nature of
the cis and trans alkenes, the differential reactivity can only be
due to distinctive interactions with the catalyst. To understand
and rationalize the origin of this differentiated reactivity, we
carried out DFT calculations of the energy and structure of the
putative cis- and trans-O=Ru""—RuY=0 active species, which
pointed to a higher thermodynamic stability for the trans-
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Figure S. (top) Evolution of cis--methylstyrene oxide (black line) and
trans-f-methylstyrene oxide (red line) when employing 3** as catalyst.
(bottom) Mercury spacefilling plot of the structure of the trans-O=
RuV—Ru"Y=0 DFT-calculated state for catalyst 3*". Color code:
oxygen, red; carbon, light gray; hydrogen, white; nitrogen, light blue;
ruthenium, green.
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configuration (12.9 kcal/mol) compared with its cis counterpart
(Figure S, bottom, and Table S1, Supporting Information).
Knowing the potential structure of the catalytic active species, it
is clear that the aforementioned interactions may be a
consequence of the high steric constrictions imposed by the
cavity of the catalyst around the Ru'V=0 active sites. Thus,
selectivity in favor of the cis or trans isomer of the substrate is
determined by the ability of the alkene isomers to better fit into
the reactive pocket of the catalyst (Figure S, bottom).

Another interesting feature of the system studied in this work
is the stereospecific nature of the catalytic process, since no cis/
trans isomerization takes place for either the cis- or the trans-
alkenes. This points toward a mechanism of either a concerted
oxygen atom transfer from the Ru'V=0 active site to the
double bond of the alkene (path I, Scheme 2) or a radical
pathway where the C—C rotation of the generated radical is
much slower than the ring closing that generates the final
epoxide (path II1, Scheme 2).55%°

Scheme 2. Proposed Stereoselective (I, I11) and
Nonstereoselective (I12) Mechanisms for the Epoxidation of
Alkenes by Ru™Y=0 Species
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DFT calculations have been performed for 3°' in the
presence of cis- and trans-f-methylstyrene, cis- and trans-
stilbene, and cis- and trans-2-octene in order to quantify the
energetics associated with the steric constraints that direct the
epoxidation process (Table 3 and Figure S11 and Table SI,

Table 3. Relative Energies in kcal/mol with Respect to Initial
Substrate and Catalyst trans-3** of the Most Stable
Epoxidation Pathway of the cis and trans Isomers of f-
Methylstyrene, Stilbene and 2-Octene®

A TS(A —B) B TS(B—C) ©
cis-f-methylstyrene 0.0 21.0 11.5 11.6 0.3
trans-f-methylstyrene 0.0 23.1 12.6 12.7 0.3
cis-stilbene 0.0 23.5 S.1 13.8 -13
trans-stilbene 0.0 24.4 8.9 17.8 8.5
cis-2-octene 0.0 23.6 =51
trans-2-octene 0.0 29.2 -0.8
“A = trans-3%" + substrate, B = radical intermediate, C = epoxide

product bound to trans-3**.

Supporting Information). The ground state multiplicity of all
putative species was accurately evaluated, revealing that the
initial bis-aqua species is a singlet, whereas the bis-oxo species is
a quintuplet, and the presumed radical species present during
the formation of the new C—O bond as well as the final epoxide
species are triplets.
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The results obtained show that the rate-determining step
(rds) of the whole process involves the interaction of the
double bond of the alkene with one of the Ru==0 groups that
eventually will bond the O atom to the olefin (steps I or II,
Scheme 2, and transition state (TS) (A — B), Figure S11 and
Table S1, Supporting Information, and Table 3). However, the
interaction of a Ru=0 group with both carbon atoms of the
olefin in a concerted way is not feasible, and thus all attempts
collapse in a mono O--C interaction. This radical pathway is
analogous to the one proposed for the [Mn'(salen)Cl]
catalyst'® and differs fundamentally from the mechanism
proposed for the Ti tartrate catalyst, where both epoxide C—
O bonds are formed simultaneously.® Finally, the low stability
of the radical species formed facilitates the formation of the
final epoxide, except for the case of cis-2-octene, where its
nonaromatic nature probably does not allow the localization of
such radical intermediate, which could in turn be the reason
why selectivity is as high as 100% (Table 2).

Interestingly, DFT calculations indicate that the transition
state of this rds (TS(A — B)) is favored by 2.1, 0.9, and 5.6
kcal/mol for the cis isomer with respect to the trans substrate in
the cases of pf-methylstyrene, stilbene, and 2-octene,
respectively (Table 3 and Table S1, Supporting Information),
which could be an explanation for the higher observed
experimental rates (TOF,) for the cis substrates (Table 2).

Additionally, an analysis of the Ru=0---H distances lower
than 3 A in TS(A — B) for the reaction of trans-33* with both
cis and trans substrates (Figures S12—S14, Supporting
Information) shows that while for trans-f-methylstyrene three
different H interactions between the oxo groups and the
substrate exist (O1—CH, O1—CH,;, O2—CHs; O1 being the
epoxy-forming atom and O2 the second oxo group, not
involved in O transfer), for cis-f-methylstyrene an additional
O1-CHj; interaction happens (Figure S12, Supporting
Information). Analogously, for trans-stilbene three different H
interactions between the oxo groups and the substrate exist
(OI_CHarom) Ol_CHoIefmic) OZ_CHoIefmic; O1 being the
epoxy-forming atom and O2 the second oxo group), while
for cis-stilbene an additional O2—CH interaction happens
(there are two O1—CH,j 4y interactions plus an O2—CH,jegnic
and an O2-CH,_,, interaction, Figure S13, Supporting
Information). In the two previous cases, those differences can
only arise from the dissimilar orientation of the C=C bond as
well as the different configuration of the cis vs trans substrates,
thus demonstrating the more favored TS(A — B) for the
substrate in cis configuration, which in turn may be in
accordance with the lower calculated TS(A — B) energies
(Table 3) and the higher experimental conversion, TN and
TOF, values (Table 2) reported above. At the same time, this
could also explain the better performance of 3*" in front of
aromatic cis substrates compared with its pdz-dc** and pyr-dc*®
counterparts. Concerning 2-octene, no clear differences among
the Ru=O---H distances arise between the cis and trans
substrate (four interactions of an average 2.5 A distance, Figure
S14, Supporting Information), although since in this case no
clear mechanism has been envisaged by DFT calculations
(attempts to detect states B and TS(B — C) have been
unsuccessful, Table 3 and Table S1, Supporting Information),
the explanation of the observed reactivity differences between
the cis and trans substrate may not be as straightforward as in
the two previous cases.

In short, in TS(A — B) the catalyst interacts with the
substrate through the second Ru=O group, provoking
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intermolecular H-bond interactions with the aliphatic or
aromatic substituents of the alkene or both. The latter
phenomenon may be crucial for dictating the stereoselectivity
of the catalyst. This second Ru=0 group is situated in the
cavity shown in Figure S (bottom), and in consequence the
degree of interaction with a particular substrate will depend on
the synergistic effect of combining the accommodation capacity
of the substrate (steric effects) within the cavity with the
substrate capacity to generate H-interactions with this second
Ru=0 group. This synergy between both Ru=0 groups may
also be responsible for the observed higher epoxidation rates
and selectivities of 3** compared with the already reported Ru
mononuclear epoxidation catalysts.*"*%°

Bl CONCLUSIONS

The in situ generated bis-aqua, bis-facial Ru dinuclear complex
33" containing the hexadentate pyrazolate-bridging ligand
bimp™~ is a catalyst with an impressive performance toward
the epoxidation of a wide range of olefins. From the scope of
the analyzed substrates, the following results can be pointed
out: (a) cis-alkenes are epoxidized faster and in higher yields
than their corresponding trans counterparts, (b) substrates
containing electron-donor groups yield better results than those
bearing electron-withdrawers because of the highly electrophilic
character of the Ru™'=0 active sites, and (c) the catalytic
system is stereospecific in nature, that is, no cis/trans
isomerization takes place. We have also shown that a radical
pathway where the C—C rotation of the generated radical is
slower than the ring closing that generates the final epoxide is
the likely mechanism for this transformation, at least for the
cases of f-methylstyrene and stilbene. Also, the dinuclear
complex 3% in the form trans-O=Ru"V—Ru"“=0 behaves
stereoselectively probably due to the different role of the two
Ru=O0 groups. While the first one is responsible for oxygen
transfer, the second one appears to be involved in H
interactions. The latter may also be influenced by the ligand
architecture of the catalyst, thus generating a discriminating
pocket for the incoming substrates. The combination of these
factors renders 3°* one of the few examples of powerful
stereoselective epoxidation catalysts that do not need the use of
substrates with specific modifications.

B EXPERIMENTAL SECTION

Materials. All reagents used in the present work were obtained
from Aldrich Chemical Co. and were used without further purification.
Reagent-grade organic solvents were obtained from Scharlab. RuCl;-
3H,0 was supplied by Alfa Aesar and was used as received. Synthesis
and characterization of Hbimp ligand are reported in the literature.*’
All synthetic manipulations were routinely performed under nitrogen
atmosphere using Schlenk tubes and vacuum-line techniques.

Instrumentation and Measurements. UV—vis spectroscopy was
performed with an HP8453 spectrometer using 1 cm quartz cells.
NMR spectroscopy was performed on a Bruker DPX 250 MHz, DPX
360 MHz or a DPX 400 MHz spectrometer. Samples were run in
CDCl;, CD;CN, or acetone-dg with internal references. Electrospray
ionization mass spectrometry (ESI-MS) experiments were carried out
on an HP298s gas chromatography (GC-MS) system from the Servei
d’Anilisi Quimica of the Universitat Autdnoma de Barcelona (SAQ-
UAB). Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) experiments were performed on an Ij-Cambria HI-660
potentiostat using a three-electrode cell. A glassy carbon electrode
(2 mm diameter) was used as working electrode, a platinum wire as
auxiliary electrode, and a sodium saturated calomel electrode (SSCE)
as a reference electrode. Working electrodes were polished with 0.05
pm alumina paste and washed with distillated water and acetone
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before each measurement. The complexes were dissolved in acetone,
DCM, or acetone/water 1:9 containing the necessary amount of n-
Bu,NPF, (TBAPF) for the purely organic solvent cases or triflic acid
pH 1.0 for the latter as supporting electrolyte to yield 0.1 M ionic
strength solution. CV were recorded at a 100 mV-s™! scan rate, and
DPV were recorded using pulse amplitudes of 0.05 V, pulse widths of
0.05 s, sampling widths of 0.02 s, pulse periods of 0.1 s, and quiet times
of 2 s. E,j, values reported in this work were estimated from CV
experiments as the average of the oxidative and reductive peak
potentials (E,, + E,.)/2. Epoxidation catalytic experiments were
performed as follows. First, a mixing period of 120 min was carried out
by adding in a vial 1 mL of 1,2-dichloroethane (DCE) as solvent, 1.60
g (5.0 mmol) of (diacetoxyiodo)benzene (PhI(OAc),) as oxidant, 1
mmol of dodecane as internal standard, 1.8 mg (1.25 X 10~ mmol) of
catalyst 27*, and 90 uL (5.0 mmol) of water. This mixing period before
substrate addition was observed to be key in order to improve the rate
of the catalytic reaction. Then, the substrate (2.5 mmol) was added to
the previous mixture, thus achieving a final volume of approximately
147 mL and the corresponding initial concentrations: catalyst, 0.85
mM; substrate, 1.7 M; dodecane, 0.68 M; PhI(OAc),, 3.4 M; water,
3.4 M. These concentrations correspond to a catalyst/substrate/
oxidant/water ratio of 1:2000:4000:4000. Aliquots were taken every S,
10, 185, 20, 25, or 30 min until completion of reaction. Each aliquot was
filtered through a Pasteur pipet filled with Celite; after that diethyl
ether was added in order to elute the organic compounds, and the
filtrate was analyzed in an Agilent 6890N gas chromatograph (GC)
coupled to a mass selective detector with ionization by electronic
impact, or in an Agilent 6890 GC with a flame ionization detector
(FID) detector using a HPS column. The characterization of the
reaction products was done by comparison with commercial products
or by GC-MS spectrometry. GC conditions: initial temperature 40 °C
for 10 min, ramp rate variable for each substrate (typically from 10 to
20°/min), final temperature 250 °C, injection temperature 220 °C,
detector temperature 250 °C. Yield of epoxide and substrate
conversion was calculated with regard to the initial concentration of
substrate.

substrate], .., — [substrate
substrate conversion = { i = [ Jina} X 100
[substrate], ;i
epoxide
epoxide selectivity = Lep Jina X 100
{[substrate], ;;q — [substrate]s ..}

Computational Details. Density functional theory (DFT)
calculations have been carried out with the Gaussian 09 set of
programs,®’ using the BP86 functional of Becke and Perdew.®>”%* The
electronic configuration of the molecular systems was described with
the standard split-valence basis set with a polarization function of
Ahlrichs and co-workers for H, C, N, O, and Cl (SVP keyword in
Gaussian).®> For Ru, we used the small-core, quasi-relativistic
Stuttgart/Dresden effective core potential, with an associated valence
basis set contracted (standard SDD keywords in Gaussian 09).66_68
The geometry optimizations were performed without symmetry
constraints, and the characterization of the located stationary points
was performed by analytical frequency calculations.

The reported energies include solvent effects estimated with the
polarizable continuous solvation model, PCM,**”° using DCE as a
solvent, calculated through single point energy calculations on the
BP86 geometries using the MOGL functional” and the 6-311+G(d,p)
basis set’>”* for main group atoms.

Overall, the relative Gibbs energies reported in this work include
energies computed using the MO6L/6-311+G(d,p)//BP86/SVP
method together with solvent effects obtained at the MOG6L/6-
311+G(d,p) level and zero-point energies, thermal corrections, and
entropy effects calculated at 298 K with the BP86/SVP method.

Synthetic Preparations. {[Ru"'Cl,],(u-bimp)(u-Cl)} [1]. A sample
of Hbimp (0.382 mmol) was dissolved in 40 mL of dry methanol; then
1.8 mL of 0.2108 M MeONa (0.382 mmol) was added. The mixture
was stirred at room temperature (RT) during 10 min, and 200 mg
(0.765 mmol) of RuCl;-3H,0 was added. The resulting solution was
heated at reflux overnight while vigorous magnetic stirring was
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maintained. After this time, the volume was reduced in the rotary
evaporator, and diethyl ether was added. The resulting solid was
filtered and washed with diethyl ether. Yield: 336 mg (91%). ESI-MS
(MeOH): m/z = 926.1 ([M — 2Cl + MeO~]"). Elemental analysis
caled for C5;H,3CIN,(O,Ru,: C, 38.51; H, 4.49; N, 14.50. Found: C,
38.62; H, 4.50; N, 14.39.

{[RU"(bpy)](u-bimp) (u-C}PFy), [2(PF),]. A mixture of 300 mg
(0.311 mmol) of complex 1, 39 mg (0.933) of LiCl, and 172.5 uL
(1.244 mmol) of NEt; was dissolved in 90 mL of dry methanol. The
mixture was stirred during 30 min, and then 96 mg (0.622 mmol) of
bpy was added. The resulting solution was stirred overnight at RT.
After this time, the crude was filtered, and 3 mL of NH,PF, saturated
aqueous solution and 30 mL of water were added to the filtrate. The
volume was reduced until a violet precipitate appeared, which was
filtered and washed with cold diethyl ether. Yield: 200 mg (45%). 'H
NMR (400 MHz, [D4]acetone): & = 8.76 (d, 2H, J = 5.20 Hz, H20 or
H23), 8.53 (d, 2H, ] = 5.20 Hz, H20 or H23), 8.36 (d, 2H, J = 7.30
Hz, H17 or H26), 8.20 (d, 2H, J = 7.30 Hz, H17 or H26), 7.88 (t, 2H,
J =890 Hz, J = 7.75 Hz, H18 or H25) 7.77 (t, 2H, ] = 8.90 Hz, ] =
7.75 Hz, H18 or H25), 7.36 (t, 2H, H19 or H24), 7.34 (t, 2H, H19 or
H24), 7.26 (s, 1H, H1), 4.25 (s, 3H, H16), 4.05 (s, 3H, H9 or H15),
3.90 (s, 3H, H9 or H1S), 2.02, 1.96, 1.93, 0.16.). *C{'H} NMR (100
MHz, [DgJacetone): § = 161.57 (C21/22), 161.07 (C21/22), 157.32
(C20/23), 156.51 (C20/23), 154.86 (C2), 14541 (C4/10), 14332
(C4/10), 137.37 (C7/13), 136.06 (C7/13), 135.60, (C18/25), 134.53
(C18/25), 12847 (CS/11), 126.66 (C19/24), 125.80 (C5/11),
124.30 (C17/24), 124.07 (C19/24), 122.88 (C17/24), 106.28 (C1),
85.35 (C3), 57.03 (C16), 33.05 (C9/15), 32.83 (C9/15), 13.62, 9.13,
8.67, 8.51. ESI-MS (MeOH): m/z = 1283.2 ([M — PF4]"). Elemental
analysis caled for CgHgoCIF,N,0,P,Ru,: C, 42.85; H, 4.16; N,
13.73. Found: C, 42.83; H, 4.20; N, 13.67.
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Mononuclear ruthenium compounds bearing
N-donor and N-heterocyclic carbene ligands:
structure and oxidative catalysist

Hai-Jie Liu,® Marcos Gil-Sepulcre,? Laia Francas,® Pau Nolis,© Teodor Parella,®
Jordi Benet-Buchholz,” Xavier Fontrodona,® Jordi Garcia-Antén, Nuria Romero,?
Antoni Llobet,®® Lluis Escriche,*® Roger Bofill*® and Xavier Sala*®

A new CNNC carbene-phthalazine tetradentate ligand has been synthesised, which in the reaction with
[Ru(MCls] (T = trpy, tpm, bpea; trpy = 2,2;6',2"-terpyridine; tpm = tris(pyrazol-1-yl)methane; bpea =
N,N-bis(pyridin-2-ylmethyl)ethanamine) in MeOH or iPrOH undergoes a C—N bond scission due to the
nucleophilic attack of a solvent molecule, with the subsequent formation of the mononuclear com-
plexes cis-[Ru(PhthaPz-OR)(trpy)X]"*, [Ru(PhthaPz-OMe)(tpm)X]"* and trans,fac-[Ru(PhthaPz-OMe)
(bpea)X]"" (X = Cl, n = 1; X = H,O, n = 2; PhthaPz-OR = 1-(4-alkoxyphthalazin-1-yl)-3-methyl-1H-
imidazol-3-ium), named 1a*/2a%* (R = Me), 1b*/2b%* (R = iPr), 37/4%" and 57/6%*, respectively.
Interestingly, regulation of the stability regions of different Ru oxidation states is obtained by different
ligand combinations, going from 6%, where Ru(i) is clearly stable and mono-electronic transfers are
favoured, to 2a*/2b>*, where Ru(in) is almost unstable with regard to its disproportionation. The cata-
lytic performance of the Ru-OH, complexes in chemical water oxidation at pH 1.0 points to poor stabi-
lity (ligand oxidation), with subsequent evolution of CO, together with O,, especially for 4> and 6°*. In
electrochemically driven water oxidation, the highest TOF values are obtained for 2a%" at pH 1.0. In
alkene epoxidation, complexes favouring bi-electronic transfer processes show better performances
and selectivities than those favouring mono-electronic transfers, while alkenes containing electron-
donor groups show better performances than those bearing electron-withdrawing groups. Finally,
when cis-p-methylstyrene is employed as the substrate, no cis/trans isomerization takes place, thus

rsc.li/dalton

Introduction

N-Heterocyclic carbenes (NHCs) are neutral compounds featur-
ing a divalent C atom that possesses six electrons in its
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indicating the existence of a stereospecific process.

valence shell and is inserted into an N-heterocycle. NHCs are
excellent ligands for transition metal ions (M), forming rather
strong M-C bonds and often stable complexes under ambient
conditions.” Transition metal complexes containing NHCs
have found multiple applications in important catalytic trans-
formations, such as hydrogenation, transfer hydrogenation,
water reduction and water oxidation.?

When designing catalysts for redox processes, controlling
the oxidative power, the accessibility and stability of the oxi-
dation states involved in the catalytic cycle is of paramount
importance for the selectivity of the catalysed reaction. In
general, in the presence of electron-donating ligands (such as
carbenes) high oxidation states of the central metal ion will be
stabilised, and hence its redox potentials decrease,’ thus facili-
tating oxidative catalytic processes. Additionally, when a water
molecule is directly coordinated to the metal centre, the redox
properties of the complex will be affected by proton exchange.
The successive 1e” oxidations taking place are accompanied by
a sequential loss of protons favoured by the enhanced acidity

Dalton Trans., 2017, 46, 2829-2843 | 2829
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of the bonded aqua ligand. This phenomenon, known as
proton coupled electron transfer (PCET), allows transition
metals to achieve high oxidation states quite easily, since the
successive loss of protons - going from the aqua to the
hydroxo and finally oxo ligand - allows the maintenance of the
total charge of the complex.” In addition, the ¢ and n donation
of the oxo ligand present at high oxidation states further stabil-
ises high oxidation states at the metal centre. Thus, promising
examples of water oxidation catalysis have been reported
within the last 6 years with Ir* and Ru® NHC complexes, most
of which are monometallic, although a few are multimetallic.
Interestingly, during the past few years researchers have
emphasised the distinctive and sometimes superior perform-
ance of bimetallic catalysts because of the possible cooperative
interactions existing between both M-OH, active sites thanks
to their relative disposition imposed by the bridging ligand.”

Furthermore, Ru NHC complexes have also found relevant
applications in alkene epoxidation catalysis.® A remarkable
example is the use of Ru-aqua complexes with an increasing
number of NHC units that stabilise the Ru(iv)/Ru(m) redox
potential to a much higher extent than the Ru(ur)/Ru(u) one,
thus favouring the disproportionation of the Ru(u) oxidation
state. As a consequence, the Ru(wv)=O species becomes a
powerful two-electron oxidant. This is interesting because it
avoids radical reaction pathways associated with 1 electron oxi-
dation processes,’ and becomes particularly attractive for the
olefin epoxidation reactions, since it will favour a concerted
pathway that will generate a stereoselective product.®

Within this context, and given the feasible preparation of
thermodynamically stable NHCs and the interest in using them
as ligands in oxidative catalytic systems, we have synthesised
and characterised a new tetradentate imidazolium precursor
ligand (1,4-bis(1-methylimidazolium-1-yl)phthalazine; H,L1>")
and evaluated its effect on the electrochemical properties and
oxidative catalytic activity of the corresponding Ru complexes
obtained in combination with an additional auxiliary tri-N-
dentate ligand such as the meridional ligand trpy, the facial
ligand tpm and either the meridional or facial ligand bpea
(trpy = 2,2":6',2"-terpyridine, tpm = tris(pyrazol-1-yl)methane,
bpea = N,N-bis(pyridin-2-ylmethyl)ethanamine) (Chart 1).
However, this new ligand H,L1*" loses a carbene moiety upon

I/\NRN/@\‘

//\N OMe //\N QiPr
N N-N \/\ N \N—l\i N \N—l\i
HoL12* Me-HL2* iPr-HL2*
=N lﬁ
N ( ®
> = N N
N : -
tpm bpea trpy

Chart 1 Drawing of the imidazolium precursor ligands (H,L1%*,
Me-HL2*, iPr-HL2") and the auxiliary tri-N-dentate ligands (tpm, bpea
and trpy) used in this work.
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reacting with Ru(m) precursors under reflux in MeOH or
iPrOH, generating two new imidazolium precursor ligands
1-(4-alkoxyphthalazin-1-yl)-3-methyl-1H-imidazol-3-ium (PhthaPz-
OR; R = Me, iPr), named, respectively, Me-HL2" and iPr-HL2"
(see Chart 1). As a consequence, we have obtained the mono-
nuclear complexes cis[Ru(Me-L2)(trpy)X]", cis[Ru(iPr-L2)
(trpy)X]™, [Ru(Me-L2)(tpm)X]*" and trans,fac-[Ru(Me-L2)(bpea)
X" (X = Cl, n = 1; X = H,0, n = 2), named, respectively, 1a*/
2a**, 1b*/2b**, 3%/4*" and 5°/6**, which show interesting redox
properties when employed in water oxidation and alkene
epoxidation catalysis.

Results and discussion
Synthesis of the ligand H,L1**

H,L1(Cl), and H,L1(PF,), were obtained following a one-step
nucleophilic attack of 1-methylimidazole to 1,4-dichlorophthal-
azine (dcp) in DMF (Scheme 1). The insolubility of H,L1(Cl),
in DMF allowed the easy isolation of the ligand by simple
filtration and subsequent washing with diethyl ether (yield
70%). Subsequent treatment of H,L1(Cl), with a NH,PF, satu-
rated solution in MeOH allowed the exchange of the chloride
by the PF,~ counterion (H,L1(PF),).

Characterization of the ligand H,L1>*

NMR spectroscopy for L1** has been carried out both in
acetone-dg (H,L1(PF¢),) and methanol-d, (H,L1(Cl),). Both 1D
(*H, “c{'H}) and 2D (HSQC and HMBC) experiments were
necessary to characterise the structure of the ligand in solution
(Fig. 1 and S1 in the ESIT). All resonances could be unambi-
guously assigned based on their integrals, multiplicity and the
C,, symmetry of the ligand in solution. For H,L1(PF¢),, both
H9 and H10 (or H9' and H10') display a doublet of doublets
with a mirror effect, which is in agreement with the typical AA’
BB' (9 9'10 10’ in our case) pattern of this kind of systems,"'® as
shown in the inset of Fig. 1. The singlet appearing at very low
fields in acetone-dg (Fig. 1a) can be assigned to the imidazolic
protons 6 and 6’ in accordance with the high electron-

Ha

=,
L/N_ A
Cl—, »—Cl /N@ N-N v
N-N DMF or = or
dep 120°C, 4h HaL1(Cl),
NH,PFg
MeOH
r"\:é i_.,/ﬁ
NN DL
PFg PFg
H,L1(PFg)s

Scheme 1 Synthetic procedure for the synthesis of H,L1(Cl), and
H,L1(PFe),.
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Fig.1 600 MHz *H NMR spectrum of H,L1(PFe), in acetone-dg (a) and
of H,L1(Cl), in MeOD (b). Inset: Zoomed image of the aromatic region
of H,L1(PFe),. Note the sharp decrease in the intensity of the acidic
protons H6 when recorded in MeOD due to fast exchange with the
solvent.

withdrawing effect of the two heteroatoms present in the
« position, as previously reported for similar ligands."' However,
the integral of this resonance at 9.9 ppm sharply decreases (up
to only 5% of the expected value) when the "H NMR spectrum of
H,L1(Cl), is recorded in methanol-d, (Fig. 1b), showing the fast
exchange rate of these acidic protons with a protic solvent.
Suitable crystals for X-ray diffraction analysis were obtained
by slow diffusion of diethyl ether into a solution of H,L1(PF),
in acetone (Fig. 2). It is worth mentioning that the steric con-
gestion of both five membered rings with the central phthala-
zine moiety (especially protons H6'-H9' and H4-H9, at
2.40-2.45 A) place the three scaffolds in different planes, with
the left-side imidazole ring 42.5° below the phthalazine plane
and the right-side imidazole ring 44.3° above (Fig. 2). The
ORTEP plot for the cationic moiety of H,L1** and the acqui-

Fig. 2 ORTEP plot of the crystal structure of H,L12*. The hydrogen
atoms at closer distances have been labelled, and the angles between
the plane of two imidazoles and the phthalazine scaffold are included.
Color code: nitrogen, violet; carbon, black; hydrogen, blue.
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sition and crystallographic data for H,L1(PFs), can be found in
Fig. S2 and Table S1 in the ESIL, respectively.

Reaction of H,L1>* with [Ru(T)Cl;] (T = trpy, tpm, bpea).
Breakage of ligand H,1.1*>" and synthesis of complexes
1a*/2a**, 1b*/2b**, 3"/4** and 5*/6**

Following synthetic strategies previously reported by our
group””*'? 2 molar equivalents of [Ru"(T)Cl;] (T = trpy, tpm,
bpea) were mixed with H,L1**, triethylamine (Et;N) as the
reducing agent and LiCl to ensure the presence of a labile site
in the generated complexes, and refluxed in MeOH for 16 h.
After hot filtration, addition of a few drops of a saturated
aqueous solution of NH,PF, to the crude solution and partial
solvent evaporation under vacuum, a brown precipitate
appeared in all cases. However, despite the expected bimetallic
species with the general formula [Ru}/(T),(p-Cl)(p-L1)]*" or
[Ru¥(T),(Cl),(p-L1)]**, when the obtained compounds were
subjected to "H NMR analysis, their integrals matched those
of a mononuclear Ru complex (see, for example, the "H NMR
spectrum shown in Fig. S3 in the ESIf for the mononuclear
compound obtained after reflux of [Ru"(trpy)Cls] with H,L1
(Cl), in MeOH, where the sum of the integrals of the aromatic
protons is a multiple of 17 instead of the expected number of
30 for a dinuclear complex).

As a consequence, although H,L1>" shows excellent stability
in air and also dissolves in acetone or methanol at room temp-
erature, it decomposes when refluxed overnight in methanol,
thus pointing to the replacement of one imidazole ring of
H,L1>" by a methoxy group due to the nucleophilic attack of
the solvent (Scheme S1 in the ESIf and Chart 1). Similar
phenomena have already been reported by other authors when
using related tetradentate CNNC or tridentate CNN ligands
under similar conditions."* Then, isopropanol, with increased
steric hindrance compared to methanol, was also tested as the
solvent for the coordination of H,L1*' to Ru. However, the
same process occurred, with decomposition of the tetradentate
ligand and formation of a mononuclear complex (Scheme 2).
As a result, the new ligands PhthaPz-OMe (Me-HL2') and
PhthaPz-OiPr (iPr-HL2") have been obtained from H,L1*"*
(Chart 1 and Scheme S17), which can only act as CN bidentate
ligands towards Ru. The breakage of H,L1*" can also be
explained from an electronic point of view, since when H,L1**
coordinates to the first electrophilic Ru ion, there is a flow of
electron-density from the ligand to the metal centre and, there-
fore, the nucleophilic attack of a MeOH or iPrOH solvent mole-
cule becomes still more favourable.

As a consequence, due to the breakage of H,L1*" under the
conditions used, we adjusted the [Ru"(T)Cl;]: H,L1** molar
ratio to 1.5:1 in order to maximise the yield of formation of
the Ru mononuclear species. Therefore, complexes 1a* (cis-
[Ru"(Me-L2)(trpy)CI|PFs), 1b" (cis-[Ru"(iPr-L2)(trpy)Cl|PF¢), 3°
([Ru"(Me-L2)(tpm)CI]PF;) and 5" (trans,fac-[Ru”(Me-L2)(bpea)
Cl]PF¢) were obtained in good yields. The subsequent syn-
thesis of the corresponding aqua complexes involved the pres-
ence of AgBF, in acetone/H,0, which promotes the decoordi-
nation of the chlorido ligand by formation of an AgCl

Dalton Trans., 2017, 46, 2829-2843 | 2831
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Scheme 2 Synthetic procedures used for the synthesis of 1a*/2a®*, 1b*/2b?*, 3*/4?* and 5*/6%*. Note the breakage of H,L1%* when refluxed in

MeOH or iPrOH.

precipitate and allows the coordination of a water molecule.
After AgCl filtration, acetone was slowly evaporated under
vacuum. The counter ion could be easily exchanged from BF,~
to PFs~ by adding excess NH,PF4(aq) into the aqueous solution,
obtaining the whole set of Ru-aqua complexes [Ru(R-HL2)(T)
(H,0)](PFg), (R = Me, T = trpy, 2a>"; R = iPr, T = trpy, 2b°"; R =
Me, T = tpm, 4°; R = Me, T = bpea, 6°*) as red (or brown) pre-
cipitates in yields ranging from 35 to 68% (Scheme 2).

Structural characterisation of complexes 1a*/2a>*, 1b*/2b**,
3*/4*" and 5°/6>"

All mononuclear complexes have been characterised by
spectroscopic (1D and 2D NMR) and spectrometric (ESI-MS)
techniques and by elemental analysis (EA).

In the '"H NMR spectrum of 1a* (Fig. 3), the loss of the
“ABBA” spin-spin coupling pattern perfectly agrees with the
reduced symmetry of H,L1>" after nucleophilic decomposition.
Furthermore, the two singlets integrating three protons each at
4.78 and 3.47 ppm can be assigned to the methyl group of the
intact imidazole ring and the methyl group of the new
methoxy substituent formed, respectively. Additional *C NMR
and 2D-NMR spectra allowed full assignment of all resonances
(see Fig. S4 in the ESIf).

As expected, a similar 'H NMR spectrum to 1a* was
obtained for 1b'. However, now the singlet at 3.47 ppm
assigned to the methoxy substituent in 1a" is replaced by a

2832 | Dalton Trans., 2017, 46, 2829-2843
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Fig. 3 600 MHz *H NMR spectrum of 1a* in CD,Cl, and its corres-
ponding proton assignment.

doublet and a septuplet (at 1.09 and 4.54 ppm, integrating six
and one protons, respectively) due to the presence of the
isopropoxy substituent (Fig. S5a in the ESIT). Furthermore, the
integrity and purity of 1a” and 1b" were confirmed by EA and
ESI-MS (Fig. S8a and b in the ESIt).

The chlorido compounds 1a* and 1b" display C, symmetry
in solution, with the symmetry plane passing through the
PhthaPz-OMe (1a‘) and PhthaPz-OiPr (1b') ligand, the
Ru centre, the chlorido ligand and carbons C(27) (1a") or C(28)
(1b") of the trpy ligand, interconverting the two sides of the

This journal is © The Royal Society of Chemistry 2017
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molecule. Thus, with respect to the relative position of the
chlorido ligand in relation to the Ru carbene bond, both the
cis and trans isomers could be formed either for 1a" or 1b".
However, only one isomer was obtained in the reaction crude
for both 1a" and 1b", as determined by "H NMR (Fig. 3 and
S5at). 2D ROESY NMR spectra were then obtained to identify
the cis or trans nature of the obtained compounds. As shown
in Fig. 4, in the case of 1b" (see Fig. S5ef for the ROESY NMR
spectra of the aromatic region of 1b") strong interactions were
observed between the isopropyl group and H24, H27 and H28
of the trpy ligand as well as between the methyl group of the
imidazole ring and H21 of the trpy ligand, which clearly allow
the identification of the cis disposition of the 1b" complex.
The same conclusion could be extracted from the ROESY NMR
spectra of 1a" (Fig. S4ef), and therefore the only obtained
isomer is also cis in nature. Again, additional >*C NMR and
2D-NMR spectra allowed full assignment of all resonances of
1b" (Fig. S5 in the ESIY).

With regard to 3", due to the C; symmetry of the tpm ligand
and its characteristic facial coordination mode, no isomeric
mixtures are expected. This has been corroborated by its
"H NMR spectrum (Fig. S6af). The lack of symmetry of 3°
(C, group) converts the whole set of protons in different reson-
ances, and a complex spectrum is obtained. The assignment
of each resonance to a single proton and carbon was carried
out by 2D NMR experiments (HSQC, HMBC, ROESY and
TOCSY), while the integrity and purity of 3" were confirmed by
EA and ESI-MS (see Fig. S6 and S8c, respectively, in the ESI}).

Concerning 5", due to the flexibility of the tridentate bpea
ligand, able to potentially coordinate the Ru metal ion either
facially or meridionally,"* seven diastereomers could be poten-
tially formed when combining bpea with the non-symmetric
bidentate CN ligand Me-L2 (Fig. 5)."” The notation fac and mer
refers to the facial or meridional disposition of the bpea
ligand, respectively, whereas up and down indicate the relative
orientation of the ethyl group of bpea with regard to the chlor-
ido ligand upon coordination. In the fac complexes, the cis/
trans notation refers to the position of the chlorido ligand with
respect to the aliphatic N atom of the bpea ligand, while in the

18§
1 — L]

Wz fa fa T4 f3 s

Fig. 4 Expanded area of 2D ROESY NMR spectrum of 1b* in acetone-
de and schematic drawing of the observed interactions.
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Fig. 5 Possible diastereomers for 5*. The Me-L2 ligand is represented
as a CN connector for the sake of clarity.

mer cases the cis/trans notation refers to the position of the
chlorido ligand with respect to the carbene atom of Me-L2.
Both steric and electronic interactions between the ligands co-
ordinated to the Ru metal ion play a key role in the formation of
the synthetically obtainable isomeric mixture. However, in the
synthesis of 5', only the trans,fac isomer is formed (see below).
Hydrogen bonding interactions between the protons « to the
pyridylic nitrogens of bpea and the chlorido ligand dramatically
stabilise the trans,fac conformation, lowering the energy of the
system. This strong stabilisation of the transfac isomer has
already been reported and thoroughly studied by means of
theoretical DFT calculations for similar Ru-based systems,®
and the predominance of these hydrogen-bonding interactions
over other factors for stabilising and selectively obtaining the
trans,fac isomer in a series of related complexes has already
been established by several research groups.'” Furthermore, the
preference of bpea for the facial coordination upon heating
(thermodynamic conditions) has also been reported.*
Effectively, the trans,fac nature of the 5" complex was con-
firmed by selective NOESY NMR experiments, whose key inter-
actions unambiguously revealed its stereoisomeric nature
(Fig. S7e in the ESIt). Thus, interactions between H1 and H20-
H21 and between H18 and H34 are observed, confirming its
trans,fac configuration. As a consequence, analogously to what
happened with 3%, no symmetry is observed in its "H NMR
spectrum (Fig. 6). Finally, the assignment of each resonance to

4 i} 2&25?3
o Ju ‘-ﬂn:”fz UZ' J aar |
_J.L H___J\.'- A LIL e NN O S T
10 8 & 7 H H H 3 2 1 o

s B B3 e 2

Fig. 6 600 MHz 'H NMR spectrum of 5 in acetone-dg and its corres-
ponding proton assignment.
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a single proton and carbon was carried out by 2D NMR experi-
ments (HSQC, ROESY), while the integrity and purity of 5"
were confirmed by EA and ESI-MS (see Fig. S7 and S8d,
respectively, in the ESIT).

Suitable crystals for X-ray diffraction analysis of 5" were
obtained by slow diffusion of diethyl ether into a solution of
the complex in methanol (Fig. 7), and a selection of the more
relevant bond distances and angles is reported in Table S2.f
An ORTEP plot for the cationic moiety of this complex as
well as that corresponding to its unit cell can be found in
Fig. S9 of the ESL{ Thus, 5" crystallises in a small unit cell
containing one PFs~ anion and one independent complex
molecule. Additionally, a complete description of the acqui-
sition and crystallographic data can be found in Table S3 of
the ESL.T

The Ru(n) ion adopts a distorted octahedral geometry with
bond distances and angles that resemble those of analogous
complexes reported in the previous literature."””'® The Ru
carbene bond distance (1.962 + 0.004 A) is shorter than the
Ru-N bonds, which range between 2.0 and 2.1 A. The N1-Ru-
Cl (171.63° + 0.10°), N2-Ru-Cl (94.92° + 0.12°) and N3-Ru-Cl
(90.90° + 0.11°) bond angles clearly confirm the facial coordi-
nation of bpea to Ru. In addition, the Ru-Cl bond appears
trans to the aliphatic N atom of bpea, confirming again the
trans,fac nature of 5'. Furthermore, the imidazole and the
phthalazine rings do not lie exactly on the same plane.
Instead, there is a torsion angle of 10.6° + 0.7°. However, this
angle is obviously shorter with regard to the one observed for
the free ligand, which is around 43° (Fig. 2). The methoxy
group is nearly on the same plane of the phthalazine skeleton,
since the observed torsion angle C18-O-C14-N5 is only

Fig. 7 ORTEP plot of the crystal structure of the cationic part of 5%.
Color code: ruthenium, blue; nitrogen, violet; oxygen, red; chlorine,
green; carbon, black; hydrogen, blue. Atoms appearing in Table S27 or
throughout the text have been labelled accordingly.
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1.9° + 0.6°. Finally, the N1-Ru-N3 and N1-Ru-N2 angles are,
respectively, 81.15° + 0.14° and 81.68° + 0.15°, away from the
90° angle for an ideal octahedral geometry, due to the for-
mation of two five-membered rings when bpea coordinates to
the central Ru ion. In addition, clear hydrogen-bonding inter-
actions are observed between the pyridyl protons of bpea on
€20 and €34 and the chlorido ligand (2.68-2.71 A). This elec-
tronic interaction is responsible for the strong stabilisation of
the trans,fac configuration of 5%, as stated before.'®"”

Replacement of the chlorido ligand by a water molecule in
this family of complexes induces significant chemical shift dis-
placements. This is exemplified by the 1a*/2a>* "H NMR com-
parison shown in Fig. S10,7 where mainly protons close to
these monodentate ligands such as H22, H26 and H27 are
affected. Similar displacements of the chemical shifts were
obviously observed for the very similar 1b"/2b** couple, and
both complexes maintain their cis conformation after the
coordination of the aqua ligand (see Fig. S11 and S12,}
respectively, for a full NMR assignment of all proton and
carbon resonances of 2a*>" and 2b*").

Complexes 4°" and 6> also maintain their original confor-
mation in solution after chloride displacement, as can be
deduced from the NMR spectra shown in Fig. S13 and S14 in
the ESI, respectively. Furthermore, the integrity and purity of
all four aqua complexes were confirmed by EA and ESI-MS
(Fig. S15 in the ESIY).

Electrochemical and spectrophotometric characterisation of
complexes 1a*/2a>*, 1b*/2b**, 3*/4*" and 5%/6**

CV and DPV techniques have been used to determine the
electrochemical properties of all complexes. The CVs of com-
plexes 1a’, 1b*, 3" and 5" in dichloromethane are depicted in
Fig. S16 in the ESIL{ All chlorido complexes exhibit a single
reversible wave corresponding to the Ru™/Ru" process. The
redox potentials vs. SCE are very close for 1a* (0.79 V) and 1b"
(0.78 V) given the high structural and chemical similarity of Ru
in both meridional complexes, while a clear downshift of E;,
is observed for the facial derivatives 3" (0.71 V) and 5" (0.68 V).
This is in agreement with the higher c-donating and lower
m-acceptor capacity of both the pyrazolyl rings (3") and the ali-
phatic N (5) with regard to the pyridyl units of the trpy
scaffold. The observed decrease in the redox potentials lies
within a 70-110 mV range and is in agreement with previous
results obtained for analogous Ru carbene complexes contain-
ing trpy or bpea.'*”

The redox behaviour of the four Ru-OH, complexes has
been extensively investigated in aqueous media and their
redox potentials and pK, values are summarised in Table 1,
together with those of related aqua complexes containing the
bpy ligand instead of the carbene bidentate scaffold for the
sake of comparison.

At pH 1, a single reversible wave corresponding to the Ru
OH,/Ru™-OH, process is observed for all aqua complexes
(black lines in Fig. S17, S19, S21 and S22 in the ESIt), in which
again a cathodic shift of E;,, (110-130 mV) takes place when
introducing the facial ligands (entries 3 and 4 vs. entries 1 and

I_
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Table 1 Redox potentials (V) vs. SCE and pK, values of complexes 2a>* to 62" and related aqua complexes where the carbene bidentate scaffold

has been replaced by bpy

Entry BN pYm pun g gyme guw Ref
pH 1° pH 7” PKa, pK,,

1 22> 0.74 0.52 0.49 0.03 0.50 1.29 3.0 11.5 ¢

2 2b*" 0.73 0.51 0.48 0.03 0.49 — 2.8 11.0 e

3 e 0.62 — 0.35 — — 1.33 1.8 11.2 ¢

4 6> 0.61 0.52 0.32 0.20 0.42 1.28 12 11.7 ¢

5 [Ru(trpy)(bpy)(OH)>* 0.81 0.62 0.49 0.13 0.55 — 1.7 9.7 19

6 [Ru(tpm)(bpy)(OH,)[** 0.70 0.71 0.40 0.31 0.55 — 1.9 10.8 20

7 [Ru(bpea)(bpy)(OH,)** 0.70 0.46 0.34 0.12 0.40 — 1.2 11.1 21

0.1 M triflic acid. ” Phosphate buffer solution (x = 0.1 M). © AE;, = (Ei%m B ™. 4 Calculated as (Ell\;ém + Elll/lén)/z. ¢This work.

2, Table 1), following the same trend observed for the Ru-aqua
complexes bearing bpy instead of the bidentate carbene ligand
(entries 5-7, Table 1).

At neutral pH, two very close redox processes separated by
only 30 mV can be observed for 2a>* and 2b**, corresponding
to the Ru"v-O/Ru™-OH and Ru"™-OH/Ru"-OH, processes
(red lines in Fig. S17 and S197%), thus making the stability
region of the Ru(um) species very small (AE;, = 30 mV,
Table 1). The decrease in the stability region of Ru(u) when
introducing carbene ligands into Ru polypyridilic complexes
has already been described,®'*” which can be confirmed in
our case when comparing with the AE;,, value for [Ru(trpy)
(bpy)(OH,)]** (130 mV, Table 1). This tendency, however, can
be reversed when replacing the trpy ligand in 2a®>* and 2b>*
by the facial aliphatic ligand bpea (Fig. S227), since the
higher c-donating and lower n-acceptor capacity of bpea
provoke a stabilisation of the Ru(m) state® (lowering the Elll/lén
potential by 160-170 mV while keeping Ell‘%m unaltered,
entries 1, 2 and 4, Table 1). Consequently, AE,, is 200 mV for
6>". Unfortunately, for the tpm derivative 4" the Ru'v-0/
Ru™-OH process could not be detected (Fig. S21%). The
absence of the Ru(wv/m) redox couple in CV experiments is
quite common for aqua complexes and is due to slow hetero-
geneous electron-transfer kinetics from the solution to the
electrode surface.”” Finally, the effect of the higher c-donat-
ing character of the carbene ligand compared to bpy is evi-
denced when comparing the Ei%n values of 4>* and [Ru(tpm)
(bpy)(OH,)]** (cathodic shift of 50 mvV, entries 3 and 6,
Table 1). The simultaneous removal of protons and electrons
(PCET processes) taking place for the four aqua-complexes
can be observed in their Pourbaix diagrams (Fig. 8 and S207),
which allows the measurement of their pK,, (Ru"'-OH,) and
pK,, (Ru'-OH,) values. Thus, the aqua groups of 6>" (bpea)
and 4> (tpm) for the Ru(m) state are more acidic than those
corresponding to their meridional (trpy) counterparts (pK,,
values of 1.2 and 1.8 vs. 3.0-2.8, Table 1), while no significant
differences are observed among the pK,, values. Finally,
higher acidities are observed for their non-carbene analogues
(lower pK,, and especially pK,, values, entries 5-7, Table 1),
given the lower o-donating character of bpy compared to the
carbene bidentate ligand.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Plot of E;/, vs. pH (Pourbaix diagram) for complexes 2a* (a), 42*
(b) and 62* (c). The pH/potential regions of stability for the various oxi-
dation states and their dominant proton compositions are indicated by
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Also, in order to confirm the correspondence of all
observed redox waves to mono-electronic electrochemical pro-
cesses, bulk electrolysis experiments were carried out at pH
4.9 for the aqua complexes (Fig. S18 in the ESIf). Thus, for
2a®" at 0.75 V vs. SCE (just after the predicted potential of the
second redox wave) a value of 2.06 electrons per complex
molecule was obtained (Fig. S18af), while for 4" at 0.6 V
(after the potential of the unique redox wave was observed)
a value of 0.97 electrons per molecule was obtained
(Fig. S18bt). Finally, the stability of the Ru'"-OH species and
the stepwise mono-electronic nature of both Ru"™" and
Ru™™ processes have been confirmed for 6>, since after
applying a potential of 0.57 V vs. SCE (just after the expected
potential of the first redox process), a value of 0.91 electrons
per molecule was obtained (Fig. S18ct), while when the
potential was set at 0.75 V, 1.87 electrons were transferred per
molecule (Fig. S18d7). In summary, from an electronic point
of view all aqua complexes favour mono-electronic transfers
between Ru(m), Ru(m) and Ru(wv). However, for 2a’ and 2b"
their tendency for a bielectronic Ru™"/" process is very similar
to the one electron transfer process Ru'"™"', whereas in all the
other cases the 1 electron transfer process is clearly favoured,
as evidenced when comparing their respective Ell\;éu and
Ei%m values (Table 1).

The UV-vis spectra of the eight complexes described in
this work have been recorded in methanol and are displayed
in Fig. S23 in the ESL.{ Two regions can be observed in all
cases: one region between 260 nm and 350 nm (or 325 nm for
5%/6°") with very intense bands due to intra ligand n-n* tran-
sitions, and a second one between 350 nm (or 325 nm for
5%/6>") and 550 nm, where typical broad unsymmetrical
metal-to-ligand charge transfer (MLCT) bands appear, which
could be tentatively assigned to Ru(dn)-N ligand(n*) tran-
sitions.’®?' Also, the electronic nature of the monodentate
ligand influences to some extent the energies of the tran-
sitions involving Ru d orbitals. Thus, the MLCT bands for the
Ru-aqua complexes are blue-shifted with regard to those of
their Ru-Cl counterparts due to the relative stabilisation of
the Ru(dn) levels provoked by the almost non-n-donor charac-
ter of the aqua ligand.

Electrochemical and chemical water oxidation by complexes
2a**, 2b**, 4" and 6>*

The capacity of the aqua complexes to oxidise water into dioxy-
gen was initially tested electrochemically. For this purpose, the
CVs of 2a®", 4*" and 6" were recorded in aqueous solution at
pH 1.0 until redox potentials were high enough to reach the
oxidation states potentially able to oxidise water. Accordingly,
a large electrocatalytic wave above 1.4 V vs. SCE corresponding
to the oxidation of water to dioxygen was observed in all cases
(see below).

In order to obtain kinetic information about the catalytic
process, a “foot of the wave analysis” (FOWA)** was carried out
to calculate the apparent rate constant k.ps. For this purpose
we followed the equations adopted for water oxidation recently
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reported by some of us.** Thus, under catalytic conditions,
eqn (1) is operative:

8.96 RTk
. I obs

= (1)
«0 - F

where E‘QQ is the standard potential for the catalysis-initiating
redox couple (which corresponds to the pH independent
Ru'O/Ru™O wave, observed at 1.29 V for 2a*", at 1.33 V for 4**
and at 1.28 V for 6" according to the DPVs shown in Fig. $24
in the ESIT and shown in Table 1), i is the CV current intensity
in the presence of the substrate, ig is the peak current intensity
of a one-electron redox process of the catalyst (we approximate
this current to the current associated with the Ru"/Ru"
couple), F is the Faradaic constant, and v is the scan rate and
R is 8.314 ] mol™" K™%, thus allowing the extraction of k.. AS
an example, Fig. 9 shows the CV of a 0.69 mM solution of 4**
at pH 1.0 (Fig. 9a) and the plot of #/7) vs. 1/{1 + exp[(F/RT)(Epq —
E)]} (Fig. 9b) as well as the dependence of ks on the catalyst
concentration (Fig. 9b, inset). Identical studies have been per-
formed for 2a*>" and 6>, which can be found in Fig. S25 in the
ESL{

In all cases, the largest slope at the very beginning of the
catalytic process (which translates to the foot of the wave in
the original CVs) gives the value of ks, which is independent
of the catalyst concentration, indicating the existence of a
water nucleophilic attack (WNA) mechanism.>® Moreover,
under the used electrocatalytic scheme, ks is equivalent to
the maximum turnover frequency (TOF,,,,) that a catalyst
molecule can operate the water oxidation reaction when the
applied potential tends to infinite.>®> At pH 1.0, the obtained
kops values (expressed in s™*) follow the trend 2a** (0.570) > 6>
(0.051) > 4" (0.015).

Finally, the relationship between the turnover frequency
TOF and the overpotential (y), defined as the difference
between the applied potential E and the thermodynamic
potential of the catalysed reaction E3., in this case water

(a) (b)

03 -

SE-05 - 14 1 01 4
! ; (St ST SRR
4E-05 4 12 0,1
36-05 J | 03—
— 10 02 04 06 08
=< 2605 e 424 (mM
= & 08 1 [4**] (mM)
1E-05 0.6 -
0E+00 04
-1E-05 T T T ' ' 1 02 . . . . ,
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E(V) 1/{1+exp[(F/RT)(E%q-E)]}

Fig. 9 Background corrected CV of a 0.68 mM solution of 42" in 0.1 M
aqueous triflic acid (pH 1.0) at 100 mV s™* scan rate (a), and “foot of the
wave analysis” of 4%* by plotting ili8 vs. 1/{1 + expl(F/RT)(E3q — E)]} (b).
Inset: Plot of different k.s values extracted from the “foot of the wave
analysis” at each concentration (the dotted line represents the trend of
the kops values).

This journal is © The Royal Society of Chemistry 2017



Open Access Article. Published on 25 January 2017. Downloaded on 21/11/2017 12:02:36.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Dalton Transactions

log (TOF)
w

-8 T T T T 1
0 0,1 0,2 0,3 0,4 0,5
nv)

Fig. 10 Catalytic Tafel plots for 2a®* (green), 4%* (red) and 62" (blue) at
pH 1.0.

oxidation, is governed by eqn (2), whose logarithms for all
three aqua compounds at pH 1.0 are plotted in Fig. 10
(catalytic Tafel plots).

TOF = 7 Kobs (2)
1+exp ﬁ(Eng *Egc —n)

Fig. 10 shows how the higher value of E?,Q for 4°* (1.33 V,
Table 1) translates in lower turnover frequencies when 7 is low
(red line before reaching the plateau, when 5 makes the TOF
reach its maximum and equals kops). Also, the higher perform-
ance of 2a>" (green line) is evident, in concordance with the
higher ks values deduced by the “foot of the wave analysis”.
However, it should be noted that the kinetic parameters for
catalytic reactions derived from electrochemical measurements
depend on various details of the experimental procedures, and
therefore values from different studies should be compared
carefully.”®

The four aqua complexes were also tested as chemically
triggered water oxidation catalysts in the presence of Ce(v) as
the sacrificial oxidant. The total gas evolved was manometri-
cally measured (Fig. S26 in the ESIf) and its composition in
terms of the O, : CO, ratio was analysed by means of on-line
mass spectrometry (Fig. S271). In the presence of 100 equiva-
lents of Ce(wv) at pH 1, 4*" generated more gas (~ 15 mBar)
after 30 min of reaction than the other three complexes
(Fig. S267). In general, only considering the amount of gener-
ated gas, facial complexes are superior to their meridional
counterparts. However, when the composition of the generated
gases is analysed by on-line MS (Fig. S271), 4°* has the lowest
0, : CO, ratio (1:5.5), followed by 6", with a 1: 1.4 ratio, while
the O,:CO, ratio is much higher for 2a®" and 2b*" (1:0.6).
Therefore, despite being poor, the stability of the meridional
trpy-based complexes 2a®"/2b*" is clearly higher than that of
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their facial (tpm or bpea) counterparts 4>*/6>", which easily get
oxidised under the harsh reaction conditions of chemical
water oxidation by Ce(wv) at pH 1.0. This is clearly reflected in
Fig. S28,7 where the profile of O, evolution of the four aqua
complexes has been compared. Therefore, taking into account
the volume of the vial (16.04 mL) and the amount of catalyst
used (2.0 umol), the turnover numbers (TN) at 298 K for 2b**
and 2a** (2.39 and 2.17, respectively) are higher than those of
6> (1.63) and 4" (0.75). Moreover, this behaviour is consistent
with the results obtained during the electrochemically trig-
gered water oxidation at pH 1.0, with the highest TOF value
corresponding to the trpy derivatives (2a®>*/2b>") and the lowest
one to the tpm complex (4>").

Catalyst-catalyst intermolecular oxidative degradation invol-
ving Ru™V=0 species®” or the direct degradation of the com-
plexes by the highly oxidant Ce(wv) species are considered as
the potential origin of the evolved CO,. In our system, the only
relevant differences between the four evaluated complexes are
the tridentate ligands employed. Therefore, tpm and bpea
(both containing aliphatic carbon atoms prone to be easily
oxidised under the harsh catalytic conditions employed)
quickly decompose, generating large amounts of CO, that
arise from ligand oxidation. Given that a great number of
robust water oxidation catalysts containing the trpy ligand
have been reported,*® the observed evolution of CO, from
2a”"/2b”" clearly reflects a relative weakness of the PhthaPz-OR
family of ligands under oxidative conditions.

Alkene epoxidation by complexes 2a**, 2b**, 4°* and 6**

Complexes 2a>", 2b**, 4> and 6" have been tested with regard
to their ability to chemically oxidise alkenes. The catalytic reac-
tions have been carried out using a catalyst: substrate:
oxidant : water ratio of 1:1000:2000:2000 after a 120 min
mixing period of the catalysts in the absence of the substrate
(see the Experimental section for further details), during
which the excess of water ensures the generation of the
oxidant PhIO species from PhI(OAc),.">*° This mixing period
before substrate addition is crucial in order to improve the rate
of the catalytic reaction. Scheme S2f summarises the set of
reactions that take place during the catalytic epoxidation of
alkenes for the proposed systems. All products of each catalytic
experiment have been identified by GC-MS, and all gathered
results are shown in Table 2. For instance, the system: 1.7 mM
of 2a®", 1.7 M of cis-p-methylstyrene, 3.4 M of PhI(OAc),, and
3.4 M of H,O0 in 1,2-dichloroethane (DCE, entry 2) gives 1.42 M
of cis-p-methylstyrene oxide in 525 minutes, which represents
a TN value of 840 and a TOF value of 1.6 min™", and since the
conversion of the initial substrate is complete the selectivity in
the epoxide formation is 84%.

Similar figures are obtained for both trpy-based aqua-
complexes (2a*'/2b*") on the one hand and for both facial
derivatives (4°7/6>") on the other. Also, when comparing both
sets of catalyst pairs, a clearly higher epoxidation capacity
(higher conversion and selectivity) is observed for 2a**/2b>*
compared to 4°°/6>". For example, styrene 2a>" yields a 42%
conversion (entry 1), while 4> and 6> only reach 23 and 21%
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Table 2 Catalytic performance of 2a®* to 62 in the epoxidation of cis-
and trans-alkenes using PhlO as the oxidant in DCE?

Conv.”  Selec.t
Cat.  Entry  Alkene (%) (%) TN/TOF?
22°% 1 Styrene 42 46 194/0.8
2 cis-p-Methylstyrene ~ >99 84°¢ 840/1.6
3 trans-Stilbene” >99 68 680/1.3
4 Cyclooctene >99 93 930/1.9
2> 5 Styrene 29 66 191/1.1
6 cis-p-Methylstyrene ~ >99 82°¢ 816/1.3
7 trans-Stilbene” >99 60 596/1.1
8 Cyclooctene 99 96 946/2.2
4 9 Styrene 23 26 60/0.5
10 cis-p-Methylstyrene 97 56° 545/0.4
11 trans-Stilbene” 90 16 148/0.3
12 Cyclooctene >99 76 756/0.3
6> 13 Styrene 21 13 27/0.1
14 cis-p-Methylstyrene 99 69°¢ 687/0.7
15 trans-Stilbene” 91 15 136/0.2
16 Cyclooctene >99 94 940/0.4

¢ Catalyst : substrate : oxidant : water ratio of 1:1000:2000:2000. See
the Experimental section for further details. ? Substrate conversion =
{[substrate]initial — [substrate]final}/[substrate]initial x 100.  Epoxide
selectivity = [epoxide]final/{[substrate]initial — [substrate]final} x 100.
4TN is the turnover number with regard to the total epoxide obtained.
TOF is the turnover frequency expressed in epoxide cycles per minute
(TN min™"). ® cis-Epoxide.” DCE volume is 5 mL.

conversion, respectively (entries 9 and 13), and selectivity for
2b*" is 66% (entry 5) while it is only 26% and 13% for 4> and
6>, respectively. Also, for cis-p-methylstyrene selectivities
above 80% are obtained for 2a®>" and 2b** (entries 2 and 6),
while for 4** and 6> they are below 60% and 70%, respectively
(entries 10 and 14), and for ¢rans-stilbene complete conversion
and selectivities above 60% are obtained for 2a** and 2b**
(entries 3 and 7), while for 4*" and 6" conversion is around
90% and selectivity is close to 15% (entries 11 and 15). This
behaviour can be rationalised on the basis of the electronic
nature of the two pairs of complexes. Thus, while for 2a>*/2b**
bi-electronic transfers between the Ru(u) and Ru(wv) species are
thermodynamically almost as favourable as the mono-elec-
tronic processes (Ru(m) stability region is minimal with regard
to its disproportionation, Fig. 8a and $207t), for 4**/6>" clearly
mono-electronic processes take place (Fig. 8b and c). It is well
known that catalysts favouring bi-electronic processes drive
epoxidation reactions to concerted pathways and mono-
electronic ones drive them to radical mechanisms, the latter
usually ending up reducing the selectivity of the whole
process by the generation of a wide set of by-products
(Scheme $3+).51°73% Therefore, the existence of bi-electronic
processes for 2a”*/2b>" could explain the higher selectivity
observed with regard to their mono-electronic counterparts 4>*
and 6*. Also, together with these electronic arguments, other
conceivable reasons for the reduced epoxidation capacity of
4°'/6>" may arise due to the chemical nature of their facial
ligands, since tpm and bpea are prone to be oxidised under
oxidative conditions (they possess aliphatic C atoms), and
their steric bulkiness may also hinder the interaction between
the substrates and the catalyst active site. Interestingly,
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different results have been obtained with related Ru-N;C
complexes containing the same auxiliary trpy or bpea ligands
but the smaller NHC ligand N-methyl-N'"-2-pyridylimidazolium,
where the bpea-containing complex yields higher selectivity in
front of styrene and higher conversion efficiency and selectivity
towards trans-stilbene than its corresponding trpy-complex.'*”
Therefore, these results demonstrate again the dramatic in-
fluence of the electronic and steric properties of the carbene
ligand on the catalytic performance of the Ru complexes.

Table 2 also shows that the studied aqua complexes
perform much better with substrates containing electron-
donor groups than with those bearing electron-withdrawing
substituents, indicating the strong electrophilic character of
the Ru™Y=0 group in all cases. Therefore, the best results are
gathered for cyclooctene (entries 4, 8, 12 and 16) whereas the
poorest values are obtained for styrene (entries 1, 5, 9 and 13)
and trans-stilbene (entries 3, 7, 11 and 15), the latter also
suffering from potential steric effects due to the bulkiness of
its two phenyl rings.

Finally, another interesting feature observed is the stereo-
specific nature of the catalytic epoxidation process. For the
whole set of aqua complexes when cis-f-methylstyrene is
employed as the substrate no cis/trans isomerisation takes
place. Therefore, for 4**/6>* ring closure must be faster than
C-C rotation for the radical intermediates proposed to be
formed (Scheme S3,f top), while for 2a**/2b** the stereo-
specificity could be explained on the basis of the proposed
concerted bi-electronic oxene insertion into the double bond
(Scheme S3, bottom).

Conclusions

A new tetradentate imidazolium precursor ligand has been
synthesised and fully characterised by NMR and X-ray diffrac-
tion analysis. This ligand decomposes in nucleophilic solvents
at high temperatures due to C-N bond cleavage, generating a
bidentate NHC-phthalazine scaffold (R-L2) during the syn-
thesis of the corresponding four Ru chlorido and aqua com-
plexes [Ru(R-L2)(T)X]"" (X = Cl, n =1, X = H,0, n = 2; R = Me,
iPr; T = trpy, tpm, bpea), which have been fully characterised
electronically and spectroscopically.

Modulation of the thermodynamic stability in aqueous
media of the Ru(m) oxidation state has been observed for the
four aqua compounds. Thus, while for 4**/6>" (T = tpm/bpea)
the Ru(m) state is clearly stable at moderately high potentials
and they increase their oxidation state from Ru(u) through
mono-electronic processes (AE;,, = 200 mV for the latter), for
the trpy-based complexes 2a**/2b®" the Ru(m) state is almost
unstable with regard to its disproportionation (AE,, = 30 mV).
This divergence in the electronic behaviour has direct impli-
cations in the epoxidation capacity of alkenes with PhI(OAc),,
since the higher conversion and selectivity observed for 2a>/2b>*
can be rationalised on the basis of the existence of bi-
electronic transfers that avoid the generation of radical inter-
mediates of high energy that could reduce the selectivity of the
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whole process. Additionally, the absence of cis/trans isomer-
isation in all cases - therefore leading to stereospecific epoxi-
dation processes — may be explained on the basis of either a
concerted bi-electronic process (2a>"/2b**) or a radical mech-
anism in which the ring closure is much faster than C-C
rotation (4°7/6>").

We have also shown that the four aqua complexes are
moderately unstable during catalytic water oxidation triggered
by Ce(v) addition due to ligand oxidation under the harsh con-
ditions employed, especially those containing aliphatic carbon
atoms (4>*/6>*). Also, under electrochemically triggered con-
ditions 2a”" is the fastest catalyst at pH 1.0.

In conclusion, in this work we have evidenced that it is
possible to modulate the electronic and catalytic properties of
Ru NHC complexes by using different auxiliary meridional or
facial N-tridentate ligands.

Experimental section
Materials and instrumentation

All reagents used in the present work were obtained from
Sigma Aldrich Chemical Co. and were used without further
purification. Reagent-grade organic solvents were obtained
from Scharlab. RuCl;-3H,0 was supplied by Alfa Aesar. The
starting ligands tri(1H-pyrazol-1-yl)methane (tpm) and N,N-bis
(pyridin-2-ylmethyl)ethanamine (bpea) were prepared as
described in the literature.?’** The synthetic manipulations
were routinely performed under a nitrogen atmosphere using a
Schlenk flask and vacuum-line techniques.

UV-vis spectroscopy was carried out with a HP8453 spectro-
meter using 1 cm quartz cells. NMR spectroscopy was
performed on a Bruker DPX 250 MHz, DPX 360 MHz, Avance-1I
400 MHz, DPX 500 MHz or a Avance-II 600 MHz spectrometer.
Samples were run in MeOD, DCM-d, or acetone-ds with
internal references. Elemental analyses were performed using
a Carlo Erba CHMS EA-1108 instrument from the Chemical
Analysis Service of the Universitat Autonoma de Barcelona
(SAQ-UAB). Electrospray ionisation Mass Spectrometry
(ESI-MS) experiments were performed on an HP298s gas
chromatography (GC-MS) system from the SAQ-UAB. Cyclic vol-
tammetry and differential pulse voltammetry experiments were
performed on a Bio Logic Science Instrument SP-150 potentio-
stat using a three-electrode cell. A glassy carbon electrode
(7 mm diameter) was employed as the working electrode while
a platinum wire as the auxiliary electrode and a SCE as the
reference electrode. Working electrodes were polished with
0.05 micron alumina paste and washed with distilled water
and acetone before each measurement. The complexes were
dissolved in acetonitrile, methanol or dichloromethane solu-
tions of 0.1 M ionic strength containing the necessary amount
of n-Bu,NPF, (TABH) as the supporting electrolyte. For electro-
chemical analysis performed in water, the complexes were dis-
solved in pH 1 triflic acid solution or solutions of phosphate
buffer for other pH values, with a 0.1 M ionic strength. The pH
values were increased or reduced by adding drops of 0.1 M
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NaOH solution or the pH 1 triflic acid solution. E;/, values
here presented were estimated from CV experiments from the
average of the oxidative and reductive peak potentials (Ep, +
Ey, c)/2. For the epoxidation catalytic studies, experiments were
performed as follows. First, mixing for a period of 120 min was
carried out by adding in a vial 1 mL of 1,2-dichloroethane
(DCE) as the solvent, 1.60 g (5.0 mmol) of (diacetoxyiodo)
benzene (PhI(OAc),) as the oxidant, 1 mmol of 1,1’-biphenyl as
the internal standard, 2.5 x 10> mmol of catalyst (2a>" to 6°*)
and 90 pL (5.0 mmol) of water. This mixing period before sub-
strate addition was observed to be important in order to
improve the rate of the catalytic reaction. Then, the substrate
(2.5 mmol) was added to the previous mixture, achieving a
final volume of approx. 1.47 mL and the corresponding initial
concentrations: catalyst, 1.7 mM; substrate, 1.7 M; biphenyl,
0.68 M; PhI(OAc),, 3.4 M; water, 3.4 M. These concentrations
correspond to a catalyst:substrate : oxidant:water ratio of
1:1000:2000:2000. Aliquots were taken every 5, 10, 15, 20, 25
or 30 min until completion of the reaction. Each aliquot was
filtered through a Pasteur pipette filled with Celite; after that
diethyl ether was added in order to elute the organic com-
pounds and the filtrate was analysed in an HP 5890 PACKARD
SERIES II Gas Chromatograph (GC) coupled to a mass selective
detector with ionisation by electronic impact. The characteris-
ation of the reaction products was carried out by comparison
with commercial products or by GC-MS spectrometry. GC con-
ditions: initial temperature 40 °C for 10 min, ramp rate vari-
able for each substrate (typically from 10 °C min™" to 20 °C
min~'), final temperature 250 ©°C, injection temperature
220 °C, detector temperature 250 °C. Yield of epoxide and sub-
strate conversion were calculated with regard to the initial con-
centration of the substrate.

substrate]; .. }/
[substrate]; ;. x 100.

Substrate conversion = {[substratel; ;. — |

Epoxide selectivity
— [substrate]g,, } x 100.

= [epoxide]g;,, /{ [substrate];;q,,
On-line manometry measurements were performed on a
Testo 521 differential pressure manometer with an operating
range of 1 to 100 hPa and a measurement accuracy of 0.5%,
coupled to thermostatted reaction vessels for dynamic moni-
toring of the headspace pressure above each reaction. On-line
monitoring of the gas evolution was carried out on a Pfeiffer
Omnistar GSD 301C mass spectrometer. Typically, a degassed
vial of 16.04 mL containing 1.5 mL of a 1.33 mM solution of
the catalysts in 0.1 M triflic acid was connected to a capillary
tubing apparatus. Subsequently, 0.5 mL of an Ar degassed
solution of 400 mM (NH,),Ce"(NO;)s in 0.1 M triflic acid
(100 equiv.) were injected by using a Hamilton gastight
syringe, and the reaction was dynamically monitored at 25 °C.
A response ratio of 1:2 was observed when equal concen-
trations of dioxygen and carbon dioxide were injected, which
was used for the calculation of their relative concentrations.
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X-ray crystal structure determination

Crystals of H,L1** were grown by slow diffusion of diethyl
ether into a solution of H,L1(PFg), in acetone. Crystals of 5"
were prepared by slow diffusion of diethyl ether into a solution
of 5" in methanol.

Structure solution and refinement were performed using
SHELXTL. The crystal data parameters of H,L1*" and 5" are
listed in Tables S1 and S3.1 The structures of H,L1*" and 5"
were analysed using the programs ORTEP and Mercury. All
information related to the structures can be found in the
deposited CIF-files.

Synthetic preparations

1,4-Bis(1-methylimidazolium-1-yl)phthalazine dichloride
(H,L1(Cl),). To an evacuated Schlenk flask a mixture of 1,4-
dichlorophthalazine (dcp) (990 mg, 0.5 mol) and 1-methyl-
imidazole (2.050 g, 3 mol) was dissolved into 2 ml of DMF. The
mixture was stirred under a nitrogen atmosphere at 120 °C for
4 hours. A white precipitate appeared in the reaction crude,
which was filtered off, washed with DMF and diethyl ether and
dried under vacuum. Yield: 1.26 g (70%). "H-NMR (600 MHz,
acetone-dg, 298 K) & 9.95 (s, 2H, H6, H6'), 8.57 (dd, 2H, Jo_10 =
6.2, 3.0 Hz, H9, H9'), 8.50 (s, 2H, H4, H4'), 8.46 (dd, 2H, J10_0 =
6.3, 3.0 Hz, H10, H10’), 8.23 (s, 2H, H3, H3'), 4.39 (m, 6H, H1).
BC-NMR (151 MHz, acetone-dg, 298 K) § 150.65 (C7), 138.44
(C6), 136.50 (C10), 125.28 (C3), 124.16 (C9), 124.08 (C8), 123.57
(C4), 36.84 (C1). Elemental analysis (% found): C, 52.98;
H, 4.49; N, 23.09. Calcd for C;¢H,cCl,Ng: C, 52.90; H, 4.44;
N, 23.14.

cis-[Ru"(Me-L2)(trpy)CI]PF; (1a(PFg)). [Ru(trpy)Cls] (130 mg,
0.3 mmol), 1,4-bis(1-methylimidazolium-1-yl)phthalazine
dichloride (H,L1(Cl),) (73 mg, 0.2 mmol) and LiCl (38 mg,
0.9 mmol) were mixed in a round bottom flask and dry metha-
nol (20 mL) was added as the solvent. Triethylamine (121 mg,
166 pL, 1.2 mmol) was added to the solution and the mixture
was refluxed at 65 °C for 16 hours. After cooling to room temp-
erature, the reaction crude was filtered through Celite® to
remove the black solid formed and then 20 drops of saturated
aqueous NH,PF, solution were added to the filtrate. The solu-
tion was concentrated under vacuum until about 10 mL, when
a brown precipitate appeared. The precipitate was filtered off,
washed with diethyl ether and dried under vacuum. Yield:
62 mg (41%). 'H-NMR (600 MHz, CD,Cl,, 298 K) § 8.63 (d, 1H,
Jas = 2.4 Hz, H4), 8.53 (d, 1H, Jo_1 = 8.7 Hz, H9), 8.37 (d, 2H,
Jo6-27 = 8.1 Hz, H26), 8.22 (d, 2H, J,3.5, = 8.0 Hz, H23), 8.18 (t,
1H, J57-26.26 = 8.1 Hz, H27), 8.12 (d, 1H, J1,_1; = 8.1 Hz, H12),
8.07 (td, 1H, J10-0,11 = 7.8 Hz, J10_1» = 1.1 Hz, H10), 7.94 (d, 2H,
J20-21 = 5.3 Hz, H20), 7.85 (t, 1H, J11_10,1» = 7.6 Hz, H11), 7.82
(t, 2H J55 21,3 = 7.8 Hz, H22), 7.69 (d, 1H J5 4 = 2.4 Hz, H3),
7.20 (td, 2H, /51 0.2 = 6.5 Hz, J51_»3 = 1.1 Hz, H21), 4.78 (s, 3H,
H1), 3.47 (s, 3H, H18). >*C-NMR (151 MHz, CD,Cl,, 298 K)
5 200.66 (C6), 158.75 (C24), 158.43 (C14), 156.51 (C20), 155.50
(C25), 151.45 (C7), 136.59 (C22), 135.43 (C27), 133.91 (C10),
132.29 (C11), 126.88 (C21), 125.83 (C3), 124.51 (C12), 122.95
(C23), 121.16 (C26), 121.00 (C8), 120.20 (C9), 119.51 (C13),
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118.77 (C4), 54.61 (C18), 38.15 (C1). UV/vis (methanol): Apax,
nm (g, M~' em™') = 281 (11988), 313 (14247), 413 (4700),
475 (4332). ESI-MS (MeOH): m/z = 610.1 ([M — PF]). Elemental
analysis (% found): C, 44.58; H, 3.10; N, 12.95. Caled for
C,sH,;CIFgN,OPRu: C, 44.54; H, 3.07; N, 12.99.

cis-[Ru"(iPr-L2)(trpy)CI|PFs (1b(PFg)). [Ru(trpy)Cl;] (130 mg,
0.3 mmol), 1,4-bis(1-methylimidazolium-1-yl)phthalazine
dichloride (H,L1(Cl),) (73 mg, 0.2 mmol) and LiCl (38 mg,
0.9 mmol) were mixed in a round bottom flask and dry isopro-
panol (20 mL) was added as the solvent. Triethylamine
(121 mg, 166 pL, 1.2 mmol) was added to the solution and the
mixture was refluxed at 83 °C for 16 hours. After cooling to
room temperature, the reaction crude was filtered through
Celite® to remove the black solid formed and 20 drops of satu-
rated aqueous NH,PF¢ were added to the filtrate. The solvent
was then totally removed in a rotary evaporator and the brown
solid obtained was redissolved in isopropanol. The mixture
was filtered through Celite® and isopropanol was removed
from the filtrate under vacuum until about 10 mL was left.
During this process a brown precipitate appeared, which was
filtered off, washed with diethyl ether and dried under
vacuum. Yield: 55 mg (35%). "H-NMR (600 MHz, acetone-d,
298 K) & 9.02 (d, 1H J,_; = 2.4 Hz, H4), 8.84 (d, 1H, Jo_10 =
9.0 Hz, H9), 8.75 (d, 2H, J,,_,s = 8.1 Hz, H27), 8.57 (d, 2H,
J2a23 = 15.8 Hz, H24), 8.35 (t, 1H, /5 2727 = 8.1 Hz, H28), 8.11
(m, 4H, J212> = 7.2 Hz, H21; Ji541 = 4.8 Hz, H12; J19911 =
9.0 Hz, H10), 8.00 (d, 1H, J;_4 = 2.4 Hz, H3), 7.92 (m, 3H, H11,
H23), 7.29 (ddd, 1H, J2; 212324 = 7.0, 5.6, 1.2 Hz, H22), 4.79
(s, 3H, H1), 4.54 (sept, 1H, Ji5_1o = 6.2 Hz, H18), 1.09 (d, 1H,
Jio-15 = 6.2 Hz, H19). >C-NMR (151 MHz, acetone-ds, 298 K)
5 200.91 (C6), 159.08 (C25), 157.41 (C14), 156.82 (C21), 155.61
(C26), 151.44 (C7), 136.70 (C23), 135.48 (C28), 133.82 (C10),
132.09 (C11), 126.85 (C22), 126.03 (C3), 124.30 (C12), 123.13
(C24), 121.64 (C27), 121.28 (C8), 120.94 (C9), 119.61 (C13),
119.14 (C4), 70.79 (C18), 37.48 (C1), 20.96 (C19).
UV/vis (methanol): Ama, nm (e, M™" em™) = 276 (11315),
314 (14 616), 413 (5036), 479 (3889). ESI-MS (MeOH): m/z =
638.1 (M — PF¢]). Elemental analysis (% found): C, 46.07;
H, 3.52; N, 12.49. Caled for C;0H,;CIFgN;OPRu: C, 46.01;
H, 3.48; N, 12.52.

[Ru"(Me-L2)(tpm)CI|PFs (3(PFg)). [Ru(tpm)Cl;] (130 mg,
0.3 mmol), 1,4-bis (1-methylimidazolium-1-yl)phthalazine
dichloride (H,L1(Cl),) (73 mg, 0.2 mmol) and LiCl (38 mg,
0.9 mmol) were mixed in a round bottom flask and dry metha-
nol (20 mL) was added as the solvent. Triethylamine (121 mg,
166 pL, 1.2 mmol) was added to the solution and the mixture
was refluxed at 65 °C for 16 hours. After cooling to room temp-
erature, the reaction crude was filtered through Celite® to
remove the black solid formed and 20 drops of saturated
aqueous NH,PF, were added to the filtrate. The methanolic
solution was concentrated in a rotary evaporator until about
10 mL and a brown precipitate was obtained. The precipitate
was filtered off, washed with diethyl ether and dried under
vacuum. Yield: 88 mg (60%). "H-NMR (600 MHz, acetone-dg,
298 K) 6 9.66 (s, 1H, H24), 8.88 (d, 1H, J,_; = 2.3 Hz, H4), 8.87
(d, 1H, Jo_10 = 8.6 Hz, H9), 8.68 (d, 1H, /0 = 1.6 Hz, H20),
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8.57 (d, 1H, J3;_3, = 2.3 Hz, H31), 8.52 (d, 1H, J5,»; = 2.2 Hz,
H22), 8.47 (d, 1H, J33-3, = 1.7 Hz, H33), 8.46 (d, 1H, J27 =
2.5 Hz, H26), 8.39 (d, 1H, Ji,.1; = 8.0 Hz, H12), 8.20 (t, 1H,
Jio-0,11 = 7.3 Hz, H10), 8.07 (t, 1H, J11_10.12 = 7.6 Hz, H11), 7.64
(d, 1H, J5_4 = 2.3 Hz, H3), 6.89 (d, 1H, J,5,; = 1.9 Hz, H28),
6.74 (t, 1H, Jo1 000, = 2.3 Hz, H21), 6.67 (t, 1H, J32 3133 =
2.4 Hz, H32), 6.33 (t, 1H, /57 26,5 = 2.4 Hz, H27), 4.16 (s, 3H,
H18), 3.73 (s, 3H, H1). "*C-NMR (151 MHz, acetone-dg, 298 K)
5 205.44 (C6), 157.87 (C14), 151.40 (C7), 149.12 (C33), 146.71
(C28), 146.66 (C20), 134.70 (C26), 133.97 (C31), 133.75 (C10),
132.43 (C22), 132.27 (C11), 124.89 (C3), 124.34 (C12), 121.57
(C8), 121.28 (C9), 120.17 (C13), 119.63 (C4), 108.41 (C32),
108.27 (C27), 107.51 (C21), 76.77 (C24), 55.04 (C18), 36.27 (C1).
UV/vis (methanol): Ay, nm (6, M™' em™) = 302 (7799),
410 (4745). ESI-MS (MeOH): m/z = 591.1 ([M — PF)). Elemental
analysis (% found): C, 37.60; H, 3.05; N, 18.99. Calcd for
C,3H,,CIFgN, (OPRu: C, 37.53; H, 3.01; N, 19.03.

trans,fac-[Ru"(Me-L2)(bpea)CI|PF, (5(PF)). [Ru(bpea)Cl;]
(130 mg, 0.3 mmol), 1,4-bis(1-methylimidazolium-1-yl)phthala-
zine dichloride (H,L1(Cl),) (73 mg, 0.2 mmol) and LiCl (38 mg,
0.9 mmol) were mixed in a round bottom flask and dry metha-
nol (20 mL) was added as the solvent. Triethylamine (121 mg,
166 pL, 1.2 mmol) was added to the solution and the mixture
was refluxed at 65 °C for 16 hours. After cooling to room temp-
erature, the reaction crude was filtered through Celite® to
remove the black solid formed and 20 drops of saturated
aqueous NH,PFs were added to the filtrate. The methanolic
solution was concentrated in a rotary evaporator until about
10 mL was left and a brown precipitate appeared. The precipi-
tate was filtered, washed with diethyl ether and dried under
vacuum. Yield: 68 mg (45%). "H-NMR (600 MHz, acetone-dg,
298 K) 6 9.63 (d, 1H, Jo9_»; = 5.3 Hz, H20), 9.56 (d, 1H, J34_33 =
5.0 Hz, H34), 8.84 (d, 1H, J,_; = 2.0 Hz, H4), 8.79 (d, 1H, Jo_;, =
8.3 Hz, H9), 8.25 (d, 1H, Ji,.4; = 8.0 Hz, H12), 8.12 (t, 1H,
Jio-011 = 7.5 Hz, H10), 7.97 (t, 1H, J11 1012 = 7.6 Hz, H11), 7.92
(t, 1H, Jsp-313 = 7.3 Hz, H32), 7.82 (t, 1H, Jos 2123 = 7.4 Hz,
H22), 7.58 (m, 2H, J;_, = 2.3 Hz, [3;_3, = 7.3 Hz, H3, H31), 7.50
(m, 1H, /23 2233-32,34 = 7-3 Hz, H23, H33), 7.41 (t, 1H, J51 20,20 =
6.5 Hz, H21), 4.52-4.42 (m, 4H, H25, H29), 3.65 (s, 3H, H18),
3.58 (s, 3H, H1), 2.53 (m, 1H, Jo7 57,8 = 13.8, 6.8 Hz, H27),
2.35 (m, 1H, Jo7 27,5 = 13.7, 6.8 Hz, H27'), 0.91 (m, 3H, H28).
BC-NMR (151 MHz, acetone-ds, 298 K) & 204.97 (C6), 161.42
(C20), 160.02 (C34), 158.07 (C14), 151.65 (C24), 150.15 (C13),
149.42 (C30), 136.55 (C32), 125.73 (C22), 133.74 (C10), 131.47
(C11), 125.00 (C3), 124.30 (C12), 123.63 (C21), 123.13 (C33),
121.52 (C8), 121.01 (C23), 120.70 (C9), 120.64 (C31), 119.44
(C7), 118.85 (C4), 67.49 (C25), 66.09 (C29), 61.96 (C27), 53.89
(C18), 35.45 (C1), 7.98 (C28). UV/vis (methanol): Amax, DM
(e, M™* em™) = 299 (5226), 434 (5612). ESI-MS (MeOH): m/z =
604.1 ([M — PF¢]). Elemental analysis (% found): C, 43.37;
H, 3.94; N, 13.05. Caled for C,,H,oCIFN,OPRu: C, 43.29;
H, 3.90; N, 13.09.

cis-[Ru"(Me-L2)(trpy)(OH,)](PF), (2a(PFe),). 1a” (120 mg,
0.16 mmol) was dissolved in a mixture of acetone and water
(acetone : water = 1: 3, 40 mL). AgBF, (109 mg, 0.56 mmol) was
added into the solution, which was then refluxed at 90 °C for
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4 hours. After cooling to room temperature, the reaction crude
was filtered through Celite® to remove the black solid formed.
The red-brown solution was concentrated under vacuum until
about 20 mL was left, followed by centrifugation (10 000 rpm,
10 min) to remove the potential colloidal silver still remaining.
To the clear red solution 20 drops of saturated aqueous
NH,PF; solution were added and the precipitate formed was
filtered off, washed with diethylether and dried under vacuum.
Yield: 91 mg (65%). 'H-NMR (600 MHz, acetone-dg, 298 K)
§9.01 (d, 1H, J,-3 = 2.4 Hz, H4), 8.80 (d, 2H, J36-27 = 7.4 Hz,
H26), 8.78 (d, Jo_10 = 8.7 Hz, H9), 8.62 (d, 2H, J,3_,, = 8.0 Hz,
H23), 8.44 (t, 2H, J57 2626’ = 8.1 Hz, H27), 8.19 (d, 2H, J20 21 =
5.0 Hz, H20), 8.12 (t, 1H, J10-9,11 = 8.7 Hz, H10), 8.04-8.00 (m,
4H, H12, H3, H22), 7.91 (t, 1H, J1; 101> = 7.5 Hz, H11), 7.37
(m, 2H, H21), 4.56 (s, 3H, H1), 3.46 (s, 3H, H18). "*C-NMR
(151 MHz, acetone-ds, 298 K) & 200.62 (C6), 159.47 (C24),
158.01 (C14), 157.82 (C20), 156.41 (C25), 153.08 (C7), 138.22
(C22), 137.65 (C27), 134.20 (C10), 132.83 (C11), 127.53 (C21),
126.29 (C3), 124.05 (C12), 123.85 (C23), 122.38 (C26), 121.12
(C9), 120.90 (C8), 119.57 (C14), 119.21 (C3), 54.43 (C18), 36.55
(C1). UV/vis (methanol): Ayay, N (e, M~ em ™) = 275 (12 189),
309 (13 040), 388 (4338), 467 (4474). ESI-MS (MeOH): m/z =
594.1 ([M — 2PF; + 1]). Elemental analysis (% found): C, 38.14;
H, 2.89; N, 11.06. Caled for C,gH,sF,N,0,P,Ru: C, 38.11;
H, 2.86; N, 11.11.

cis-[Ru"(iPr-L2)(trpy)(OH,)](PFs), (2b(PFs),). 1b" (120 mg,
0.15 mmol) was dissolved in a 40 mL mixture of acetone and
water (1:3). AgBF, (109 mg, 0.56 mmol) was then added to the
solution, which was then refluxed at 90 °C for 4 hours. After
cooling to room temperature, the reaction crude was filtered
through Celite® to remove the silver chloride formed. The
brown filtrate was then concentrated in a rotary evaporator
until about 20 mL, followed by centrifugation (10000 rpm,
10 min) to remove the remaining solids. To the clear red solu-
tion 20 drops of a saturated aqueous NH,PF, solution were
added. The brown precipitate formed was filtered off, washed
with diethyl ether and dried under vacuum. Yield: 91 mg
(65%). "H-NMR (600 MHz, acetone-ds, 298 K) § 9.03 (d, 1H,
Jas = 2.4 Hz, H4), 8.84 (d, 2H, J,,_5 = 6.7 Hz, H27), 8.81 (d,
1H, Jo_10 = 8.7 Hz, H9), 8.63 (d, 2H, J,4_»; = 8.0 Hz, H24), 8.50
(t, 1H, Jos 27,7 = 8.1 Hz, H28), 8.23 (dd, 2H, Jy1 55,3 = 10.5,
5.6 Hz, H21), 8.13 (t, 1H, J10.011 = 8.5 Hz, H10), 8.10 (d, 1H,
Jiz-11 = 8.7 Hz, H12), 8.06-8.01 (m, 3H, H3, H23), 7.93 (t, 1H,
Ji1-1012 = 7.6 Hz, H11), 7.38 (ddd, 1H, J25 212324 = 7.0, 5.6,
1.2 Hz, H22), 4.58 (s, 3H, H1), 4.49 (dt, 1H, Ji5 1040 = 12.3,
6.2 Hz, H18), 1.07 (d, 6H, Jio45 = 6.2 Hz, H19). "*C-NMR
(151 MHz, acetone-ds, 298 K) & 200.66 (C6), 159.47 (C25),
157.96 (C21), 157.31 (C14), 156.32 (C26), 152.73 (C7), 138.23
(C23), 137.53 (C28), 134.05 (C10), 132.74 (C11), 127.63 (C22),
126.16 (C3), 124.24 (C12), 123.77 (C24), 122.47 (C27), 121.15
(C8), 121.07 (C9), 119.80 (C13), 119.62 (C4), 70.98 (C18), 36.39
(C1), 20.90 (C19). UV/vis (methanol): Ayay, nm (g, M~ em™) =
280 (12006), 311 (14895), 392 (4700), 463 (4220). ESI-MS
(MeOH): m/z = 622.1 (M — 2PF, + 1]). Elemental analysis
(% found): C, 39.63; H, 3.24; N, 10.74. Caled for
C30H,0F;,N,0,P,Ru: C, 39.57; H, 3.21; N, 10.77.
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[Ru"(Me-L2)(tpm)(OH,)](PFs), (4(PFe),). 3" (120 mg,
0.16 mmol) was dissolved in a 40 mL mixture of acetone and
water (1:3). AgBF, (109 mg, 0.56 mmol) was added into the
solution that was then refluxed at 90 °C for 4 hours. After
cooling to room temperature, the reaction crude was filtered
through Celite® to remove the silver chloride formed. The
brown filtrate was then concentrated in a rotary evaporator
until about 20 mL, followed by centrifugation (10000 rpm,
10 min) in order to remove the remaining solids. To the clear
red solution 20 drops of saturated aqueous NH,PFy solution
were added. The red precipitate formed was filtered off,
washed with diethyl ether and dried under vacuum. Yield:
76 mg (55%). "H-NMR (600 MHz, acetone-dg, 298 K) 6 9.90 (s,
1H, H24), 8.99 (d, 1H, J,_; = 2.4 Hz, H4), 8.97 (d, 1H, Jo_10 =
8.5 Hz, H9), 8.83 (d, 1H, /021 = 1.7 Hz, H20), 8.72 (d, 1H,
J31-32 = 2.9 Hz, H31), 8.67 (d, 1H, J5,51 = 2.7 Hz, H22), 8.58 (d,
1H, J33-3> = 2.0 Hz, H33), 8.53 (d, 1H, Jy6»; = 5.5 Hz, H26),
8.47 (d, 1H, Ji5 11 = 8.1 Hz, H12), 8.29 (dd, 1H, J10.011 = 8.2,
7.7 Hz, H10), 8.17 (t, 1H, Ji1-10,12 = 7.7 Hz, H11), 7.74 (d, 1H,
Jsa = 2.3 Hz, H3), 6.85 (M, /51 2022 = 2.4 Hz, Jo5 57 = 2.2 Hz,
H21, H28), 6.80 (t, 1H, J3, 3133 = 2.5 Hz, H32), 6.34 (t, 1H,
J272628 = 2.5 Hz, H27), 4.20 (s, 3H, H18), 3.74 (s, 1H, H1).
BC-NMR (151 MHz, acetone-dg, 298 K) & 200.22 (C6), 158.58
(C14), 152.76 (C7), 148.70 (C33), 148.04 (C28), 147.06 (C20),
135.74 (C26), 134.89 (C31), 134.17 (C10), 133.64 (C22), 133.40
(C11), 125.84 (C3), 124.48 (C12), 122.02 (C9), 121.75 (C8),
120.96 (C13), 120.61 (C4), 109.06 (C32), 108.69 (C27), 108.04
(C21), 76.61 (C24), 55.38 (C18), 36.65 (C1). UV/vis (methanol):
dmaw DM (e, M™' ecm™) = 295 (8297), 392 (5315). ESI-MS
(MeOH): m/z = 575.1 ([M — 2PFs + 1]). Elemental analysis
(% found): C, 32.02; H, 2.81; N, 16.19. Caled for
C,3H,4F1,N;00,P,Ru: C, 31.99; H, 2.80; N, 16.22.

trans,fac[Ru"(Me-L2)(bpea)(OH,)]|(PFs),  (6(PFs),). 5"
(120 mg, 0.16 mmol) was dissolved in a 40 mL mixture of
acetone and water (1:3). AgBF, (109 mg, 0.56 mmol) was then
added into the solution, which was refluxed at 90 °C for
4 hours. After cooling to room temperature, the reaction crude
was filtered through Celite® to remove the silver chloride
formed. The red-brown solution was concentrated in a rotary
evaporator until about 20 mL, followed by centrifugation
(10000 rpm, 10 min) to remove the remaining solids. To the
clear red solution 20 drops of saturated aqueous NH,PF; solu-
tion were added. The precipitate formed was filtered off,
washed with diethyl ether and dried under vacuum. Yield:
96 mg (68%). "H-NMR (600 MHz, acetone-dg, 298 K) 6 8.99 (d,
1H, J4_3 = 2.4 Hz, H4), 8.96 (d, 1H, J34_33 = 5.3 Hz, H34), 8.93
(m, 2H, H20, H9), 8.36 (d, 1H, J;,_1; = 8.1 Hz, H12), 8.23 (t, 1H,
Jio-0,11 = 7.7 Hz, H10), 8.08 (t, 1H, J11_10.12 = 7.6 Hz, H11), 7.99
(td, 1H, J3p3331 = 7.8, Jso.34 = 1.4 Hz, H32), 7.88 (td, 1H,
J22-2301 = 74, Jan 20 = 1.7 Hz, H22), 7.72 (d, 1H, J5 4 = 2.4 Hz,
H3), 7.67 (d, 1H, J31-3, = 7.9 Hz, H31), 7.57 (m, 1H, H33), 7.55
(d, 1H, Jo3.2o = 7.9 Hz, H23), 7.50 (t, 1H, J51 220 = 6.6 Hz,
H21), 4.57-4.40 (m, 4H, H25, H29), 3.71 (s, 3H, H1), 3.65 (s,
3H, H18), 2.40 (m, 1H, Jo7 2728 = 9.2, 5.0 Hz, H27), 2.30 (m,
1H, Jo727.8 = 9-2, 5.0 Hz, H27'), 0.91 (t, 3H, J15 57,7 = 7.0 Hz,
H28). C-NMR (151 MHz, acetone-ds, 298 K) & 202.85 (C6),
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161.20 (C24), 159.56 (C30), 158.81 (C14), 151.85 (C7), 149.37
(C20), 147.67 (C34), 137.42 (C32), 136.72 (C22), 134.06 (C10),
132.67 (C11), 125.82 (C3), 124.41 (C12), 124.30 (C21), 123.78
(C33), 121.63 (C8), 121.54 (C23), 121.49 (C31), 121.35 (C9),
120.47 (C13), 119.89 (C4), 67.89 (C25), 67.29 (C29), 62.80 (C27),
54.19 (C18), 35.89 (C1), 7.97 (C28). UV/vis (methanol): Amax
nm (&, M' ecm™') = 299 (5810), 423 (5753). ESI-MS (MeOH):
m/z = 586.1 (M — 2PF¢]). Elemental analysis (% found):
C, 37.06; H, 3.60; N, 11.15. Caled for C,,H;,F;,N,O,P,Ru:
C, 36.99; H, 3.56; N, 11.19.
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ABSTRACT: We present the first examples of CO,
electro-reduction catalysts that feature charged imidazo-
lium groups in the secondary coordination sphere. The
functionalized Lehn-type catalysts display significant differ-
ences in their redox properties and improved catalytic
activities as compared to the conventional reference
catalyst. Our results suggest that the incorporated
imidazolium moieties do not solely function as a charged
tag but also alter mechanistic aspects of catalysis.

he development of selective electrocatalysts for the

reduction of carbon dioxide (CO,) to yield C, products
such as CO (2e¢7), HCHO (4e”), CH;OH (6e”), and CH,
(8e™) or higher C, products would allow for a broad utilization
of CO, as a C, feedstock." However, the typically high energy
barriers for the direct reduction of CO, on electrode or
semiconductor surfaces necessitate reduction potentials sig-
nificantly more negative than the corresponding thermody-
namic CO, reduction potentials. The development of improved
electrocatalysts which can lower overpotential requirements
while maintaining appropriate catalytic rates and selectivity is
therefore a key challenge toward future solar-driven CO,
conversion technologies.2

Molecular catalysts are an attractive option due to the high
degree of tunability of electronic and geometric parameters
which allows for systematic reactivity studies that can lead to
new catalyst design guidelines. For example, electron density at
the reactive metal ion is readily tunable via incorporation of
electron-withdrawing or -donating groups into the ligand
backbone, which results in positively or negatively shifted
redox potentials, respectively.” However, lowering electron
density at the reactive transition metal ion does allow for less
negative reduction potentials only at the cost of significantly
decreased catalytic activity."

More recently, focus has been given to tuning molecular
electro-reduction catalysts via incorporation of functional
groups into the secondary coordination sphere of transition
metal complexes. Relevant examples include the incorporation
of steric bulk® and incorporation of functional groups as proton
relays and/or facilitators for substrate binding via hydrogen-
bonding interactions, as well as intermediate stabilization.® Very
recently, positively charged ammonium groups have also shown

i i © 2017 American Chemical Society
~ ACS Publications

to improve electrocatalytic CO, reduction by metal porphyrin
complexes.”

Our work is inspired by reports of efficient direct CO,
reduction in ethyl-methyl-imidazolium (EMIM)-based ionic
liquids on electrode materials® as well as by homogeneous
catalysts.” We hypothesized that the incorporation of charged,
slightly acidic, and redox-active imidazolium groups into the
secondary coordination sphere of molecular complexes may
provide alternative routes to tune redox potentials as well as
allow for synergistic intramolecular interactions between
reactive metal sites, imidazolium, and CO, substrate molecules.
To test our hypothesis we functionalized the CO, electro (and
photo)-reduction catalyst system based on Re(bpy)(CO);Cl
which was first discovered by Lehn et al.'’ and has been subject
of detailed mechanistic studies.'’ Here, we present the first
evaluation of imidazolium-functionalized CO, electro-reduction
catalysts. We utilized precatalyst {Re[bpyMe(ImMe)]-
(CO);Cl}PF¢ (1PF,) (Figure 1) and compared its redox
properties and catalytic activity to those of unfunctionalized
Re(bpy)(CO);Cl (3). To evaluate the possible involvement of
the imidazolium C2—H bond of 1PFg during catalysis, we
expanded our studies to include {Re[bpyMe(ImMe,)]-
(CO),CI]PF4 (2PF;) which is devoid of aforementioned C—
H bond.

The functionalized complexes 1PF4 and 2PF were obtained
as described in the Supporting Information. The molecular
structures of 1* and 2* (Figure 1, Tables S1 and S2) feature
octahedral Re(I) ions with Re—N, Re—C,,, Re—C,,, and Re—Cl
distances of 2.206[3] A (2*: 2.224[6] A), 1.916[5] A (2*:
1.925[9] A), 1.924(5) A (2*: 1.993(9) A), and 2.485(1) A (2*:
2.462(2) A), respectively, which are comparable to those
reported for related Re(CO),Cl complexes.'” Importantly, the
structure of 1PF features close proximity between imidazolium
C2—H groups and Re-bound chloride ions of a neighboring
molecule which likely indicates hydrogen-bonding like or
electrostatic interactions between them in the solid state."
Binding between imidazolium moieties and anions in a C2—
H--X~ fashion has been broadly utilized for the sensing of
anions in solution.'* We therefore suggest that similar C2—H---
X interactions have also to be considered in solutions of 1PFg
and may include intramolecular C2—H:--Cl™ as well as C2—H:--
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CN—Re—CO

1(1e)

Figure 1. Molecular structures of (2) 1* and (b) 2* and (c) HOMO of
calculated neutral species 1(1e) (S = 1/2). Color code: purple = Re,
green = Cl, red = oxygen, blue = nitrogen, gray = carbon). Hydrogen
atoms (other than imidazolium C—H, shown in black), counter-
anion(s), and co-crystallized solvent molecules have been omitted for
clarity.

CO,” and C2—H--OH, interactions (vide infra) during
catalysis.

The cyclic voltammograms (CVs) of 1*, 2*, and 3 recorded
in CH;CN under Ar (Figure S2) display initial redox couples at
—1.65, —1.65, and —1.74 V, respectively (Table S3). The ~100
mV positive shift in E, /, for the initial redox couple for 1" and
2" as compared to 3 is a likely consequence of the positive
charge introduced by the imidazolium moiety. Reversibility of
the initial redox couples of 1" and 2" becomes more apparent at
faster scan rates (Figure 2). It is well established that the first
le” reduction of 3 yields [Re(I)(bpy®”)(CO),Cl]~ which
features a bipyridine based radical species. Importantly, the
cationic ligands employed in 1* and 2* feature not only a redox-
active bpy moiety but also a redox-active imidazolium group
which could potentially be reduced by one electron to yield a
neutral radical species."

We thought to investigate the origin of the first le” reduction
observed for 1" via computational methods using density
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Figure 2. (a, b) Scan rate dependence of initial reduction of 1" and 2*
under Ar (normalized current (I/v7'?) shown). (c) Proposed
imidazolium-promoted CI~ dissociation in 1" upon le~ reduction.

functional theory (see Supporting Information). Importantly,
the highest occupied molecular orbital (HOMO) of the le~
reduced species 1(1e) (S = 1/2) is exclusively centered on the
7% system of the bipyridine moiety (Figure lc). No
contributions from the imidazolium unit to the HOMO are
observed. We therefore assign the initial reduction of 1" and 2*
to the le™ reduction of the bipyridine moiety which parallels
the initial redox behavior of unfunctionalized 3. The altered
reversibility of the initial redox couples for 1" and 27 is
therefore likely the result of accelerated CI™ dissociation rates.
Simulations of the CV profiles at varying scan rates according
to an EC mechanism (Figure S3) suggests a ~5.4 times faster
chloride dissociation rate for 1PF4 than for 2PF,. We suggest
that intramolecular C2—H---Cl” interactions may allow for
faster dissociation of Cl™ from the one-electron-reduced species
1(1e) (Figure 2). Electrostatic and C4,5-H--Cl” interactions
may contribute to the faster Cl™ dissociation observed for 2PF
as compared to 3. It is also important to note that this stands in
contrast to reports for 3 in neat EMIM-based ionic liquids for
which two le” reductions can precede CI~ dissociation.'®
Consequently, we argue that the intramolecular incorporation of
imidazolium moieties allows for distinct chemistry as compared
to intermolecular imidazolium—catalyst systems. The diffusion
coefficients of 1%, 2%, and 3 are similar as judged by DOSY
NMR spectroscopy (Figures S4—S6) and rotating disk
electrode voltammetry (Figures S7—S9), which suggests that
(i) 1* is not dimeric in solution and (ii) diffusional behavior is
not significantly affected by functionalization.

The activities of all complexes toward electrocatalytic
reduction of CO, were investigated using identical conditions
in CO, saturated CH;CN solutions (Figure 3). Functionalized

1.8
15
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E 09

‘2 0.6

503
0.0

16 -18 20 -22 -24
Potential vs Fe/F¢', V

Figure 3. CVs of 1.0 mM 1% (red), 2* (blue), and 3 (black) recorded
at 100 mV s~' under CO, in CH;CN (0.1 M NBu,PFy).

complexes 17 and 2" exhibit comparable reductive current
enhancement following the initial le” reduction event under
CO,. Most notably, the current enhancement occurs at
significantly less negative potentials as compared to reference
complex 3. Catalytic half-wave potentials (Table S3) of
reductive current enhancements of 1* and 2* are ~170 and
140 mV less negative than that of 3. The ratios of catalytic peak
currents (ic,,) and initial peak currents (i,; peak current of the
initial 1e~ reduction under Ar at the same scan rate) are also
given in Table $3."*'” Interestingly, for 1" we find a i,/ i,, ratio
of 4.7 which is higher than the one observed for 3 (4.4), even
though the corresponding catalytic potential is significantly
more positive than that of 3. However, for complex 2*, we
observe smaller i,/i, (3.5) as compared to 3. We also note that
the potential differences between the initial le™ reduction and
onset (or half-wave) potential of catalysis is much smaller for 1*
(AE = 100 mV) as compared to 2* (150 mV) and 3 (180 mV)
at a given scan rate. The latter observation (AE) further

DOI: 10.1021/jacs.7b07709
J. Am. Chem. Soc. 2017, 139, 13993—-13996
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Figure 4. Effect of [H,0] on catalytic response under CO, by (a) 1, (b) 2*, and (c) 3 at 100 mV s™". Insets display i.,/i, values over various [H,0].
(d) Scan rate dependence of TOF,,,, (according to eq 1) for 1* (red), 2* (blue), and 3 (black). All CVs were recorded in a CH;CN solution of 1.0

mM catalyst, 0.1 M NBu,PF, under CO,.

supports the hypothesis that Cl™ dissociation after le”
reduction is accelerated for 1%, while the former (i,/ iP) may
indicate synergistic effects of the C2—H group in 1" for CO,
reduction catalysis, leading to higher current densities.

Although CO, itself can act as an oxide acceptor during
catalysis,"'* the addition of a proton source can facilitate the
two-electron and two-proton reduction of CO, to CO and we
decided to utilize H,O as a proton source. CVs of 1%, 2*, and 3
were recorded under CO, with cumulative addition of H,O.
Ratios of i, over i, were plotted versus concentration of H,O
and are presented in insets of Figure 4. Both imidazolium-
functionalized catalysts show similar current responses to the
addition of H,0. Catalytic currents of 1" and 2" drastically
increase upon addition of a small amounts of H,O, which
results in significant increase in i.,/i, values from ~4 to 9 at a
low H,O concentration (0.28 M). Interestingly, the catalytic
currents decrease up to ~1 M H,O and increase again upon
further addition of H,O displaying the highest i./i, values
(~12 and 10 for 1* and 27, respectively) at 2—3 M H,0. The
catalytic currents start to decrease gradually at concentrations
higher than 3 M H,O. It should also be noted that catalytic
half-wave potentials gradually shift to more positive potentials
as the H,O concentration increases. At high [H,0], catalytic
onset potentials are close to those where the initial le™
reduction was observed. In general, 1" exhibits higher i/,
values and faster positive potential shifts than 2* as [H,0]
increases.

The unusual i,/i, dependence on [H,0] observed for 1
and 2" contrasts the classical behavior obtained for 3, which
shows a linear increase of i,/i, with increasing [H,0]. These
findings suggest that the mechanism for CO, reduction by 1*
and 27 is significantly altered as compared to unfunctionalized 3
and also dependent on [H,0]. While the origins of these
mechanistic changes for 17 and 2" are subject of ongoing
studies, we highlight that similar proton source dependence of
ice/i, has been reported recently for manganese bipyridyl
tricarbonyl catalysts containing pendant methoxy groups.”*
Here the presence of secondary coordination sphere R,O
groups was implicated in R,0-~-HO(O)C—Mn interactions
which allowed for easier C—OH bond cleavage. It is reasonable
to assume that for 1* C—H--"O(O)C—Re and/or C—H:-
OH,-OH(O)C—Re interactions are also implicated during
catalysis. Complex 2" on the other hand, could only feature
potential interactions involving the C4—H and C5S—H groups.
However, these would be expected to be weaker than hydrogen
bonding via C2—H moieties in 1*.'® This important difference
is a likely cause for the differences in catalytic activity and
selectivity between 1" and 2* as will be discussed in detail.

In an effort to obtain rate estimates for CO, reduction we
studied the catalytic response at varying scan rates at the
optimized [H,0] of 2.8 M. The obtained i,/i, values were
used to estimate TOF,,,, values according to eq 1."” We found

RT -
i/, = 4484 /? JTOE__ v '/? -

that scan rate independence is nearly reached at scan rates of 4
V s7! (Figure 4d). Although scan rate independence could not
completely be achieved, it is clear that complex 1" operates at
higher rates than 2*. However, 2% shows significantly higher
rates than parent complex 3.

Controlled potential electrolysis (CPE) experiments were
performed for all catalysts for 1 h in the presence of 2.8 or 9.4
M H,O (Supporting Information) and the headspace after CPE
was analyzed by gas chromatography (GC). CO was the only
detectable reduction product after all CPE experiments. At 2.8
M H,0, 1" consumes the largest charge with the highest
faradaic efficiency generating the most CO among the three
catalysts (Figure S). We note that the charge consumed by 1*
in 2.8 M H,0 is nearly twice as much as the charge consumed
by 3. 2" also consumes ~1.5 times more charge than 3 with
comparable faradaic efficiency. However, 1" as well as 2 show a
gradual decrease in current over time (Figures S24 and $29).
CVs recorded immediately after CPE experiments display the
characteristic initial one-electron reductions of the complexes
but a substantial decrease in the catalytic current (Figures S23
and S$28). Resaturation of the solutions with CO, did not
restore the high initial catalytic currents. As such, CO, substrate
depletion or deactivation of catalysts*® likely do not contribute
to decrease in catalytic currents. These findings suggest that the

140c 143C N
31

B2
3

144

Charge, C

28MH,0
.77 V vs F¥

9.4 M H,0
-1.74 V vs Fco

Figure S. Results from CPE experiments at [H,0] = 2.8 and 9.4 M for
1.0 mM 1%, 2%, and 3. Each column represents charge consumed by
the respective catalyst. The shaded areas represent charge used for CO
generation.
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consumption of protons during electrolysis at low H,O
concentrations causes the decreased catalytic activity. CPE
experiments were also performed at 9.4 M H,O, in which
reference complex 3 exhibits a higher i.,./i, value. Interestingly,
1" shows significantly improved catalytic performance in CPE
experiments while 3 does not show any noticeable improve-
ments. In fact, not only does the higher H,O concentration
increase the rate for 1% but also results in improved faradaic
efficiency as well as longevity of the catalyst (Figures S37—
S41). CVs recorded after CPE experiments show no obvious
reduction in the catalytic current (Figure S38). However, 2%,
devoid of the C2—H moiety, exhibits the lowest faradaic
efficiency (35%) among the three catalysts at 9.4 M H,0
although it consumes as much charge as 1*. The observed
faradaic efficiencies are in good agreement with previous results
for Lehn-type catalyst systems in CH;CN (61%;>" 46%>%).
Taken together, our results show that the incorporation of
intramolecular imidazolium groups into CO, electro-reduction
catalysts results in beneficial effects for catalysis. The differences
in rate and selectivity between 1" and 2" point to the
potentially crucial role of the C2—H bond of the imidiazolium
moiety. To the best of our knowledge, this constitutes the first
report of successfully utilizing intramolecular imidazolium
groups to improve electrocatalysis. Computational results
suggest that the redox-active imidazolium group does not
interfere with the initial bipyridine-based reduction event.
Detailed studies of the catalytic mechanism and potential
imidazolium substrate interactions are currently underway.
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