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Chapter I. Carbon dioxide reduction: a general introduction

I. Global warming: a general perspective

I.1. Global energy sources

Since the beginning of the 20 century, fossil fuels have become an essential resource for mankind
in almost every aspect of life, having an essential role in transport, industries and technologies

that we enjoy nowadays.

Fossil fuels still are the most important energy sources, having a 41% participation in the energy
sources balance in 2018, which corresponds to 168 million of tons of oil equivalents (MTOE),
meanwhile renewable sources constitute the 17% of the world energy consumption corresponding
to 78 MTOE (Figure 1.1). The current hegemony of fossil fuels is caused by the relative easiness of
their extraction, transport, purification and transformation into available energy (heat) and

valuable products, thanks to efficient and cheap processes.

Nevertheless, all of those technologies have the disadvantage of generating by-products which are
toxic for most of living organisms on Earth. Moreover, the combustion of fossil fuels generates
huge amounts of greenhouse gases which are now widely recognized as being the main factor of
the increase of global temperature on Earth, achieving an increase of + 1°C in the last decade

according to the IPCC - Intergovernmental Panel on Climate Change- in 2019.

‘World consumption
Milicn tannes of sguivalent

W Coal

L1
B Hydroslectricity

W Nuclear energy
W Natural gas
m 0l

93 94 9 96 9 98 9 00 01 0z 03 04 05 06 07 08 09 0

Figure 1.1. Energetic world consumption in millions of tons of oil equivalents from 1993 to 2018,
with an oil consumption increase of almost the double between 2010 and 2018, mostly due to the

industrialization of countries such as China and India. Reproduced from Ref. [2].
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Chapter I. Carbon dioxide reduction: a general introduction

Due to the direct consequences of global warming, such as melting glaciers® or shifting
precipitation patterns, different agreements have been made such as the Paris Agreement at
COP 21 (Conference of the Parties) in 2015, where members of the UNFCCC (United Nations
Framework Convention on Climate Change) agreed to participate in a global response to the
climatic change in an effort to avoid a global 2°C temperature rise above preindustrial levels.
Among the global actions proposed in these agreements, the decrease of the production/use of
fossils fuels by the development of alternative technologies combined with a change of the

industrial framework have been mainly targeted (Figure 1.2).1"!

Renewable Energy Investment, 2004 to 2015

Investment in renewable energy technologies per year in billion US dollars by region.

. Middle East and
Africa
_ Americas (excl.
US and Brazil)
. United States of
America

$250 billion

India

$200 billion

Asia and
Oceania (excl.
China and India)

$150 billion

$100 billion China
$50 billion
$0
2004 2006 2008 2010 2012 2014 2015
Source: International Renewable Energy Agency, 2017 OurWorldInData.org/energy-production-and-changing-energy-sources/ s CC BY

Figure 1.2. Investment in billion US dollars per year and region from 2004 to 2015 in renewable

energy technologies. Reproduced from Ref. [6].
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Chapter I. Carbon dioxide reduction: a general introduction

I.2. The enhanced greenhouse effects

When sunlight that arrives to the Earth’s surface is absorbed, the Earth radiates back to space the
same amount of thermal energy, mainly as infrared radiation. The absorption of a part of this
thermal radiation by the atmosphere with a consequent re-radiation back to the Earth is what is
called greenhouse effect, warming the surface of the planet much more than without atmosphere.
Greenhouse gases are the ones responsible for this effect, including water vapor, CO;, methane
and ozone as the four major greenhouse gases that are identified by the overlap of the emission

and absorption bands of the gases.!”!

The disruption of Earth’s climate equilibrium is influenced directly by the increase of the amount
of anthropogenic greenhouse gases emitted in the atmosphere as they increase the back-radiation
to Earth’s surface, consequently enhancing the greenhouse effect and increasing the temperature

of the Earth’s surface (Figure 1.3).
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Figure 1.3. Radiative forces of greenhouse gases until 2019. Reproduced from Ref. [8].

Concentration of greenhouse gases in the Earth atmosphere has been moderately varying

between 200 and 300 ppm for the last 800000 vyears. The anthropogenic emission of
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Chapter I. Carbon dioxide reduction: a general introduction

“greenhouse” gases has dramatically increased since the industrialization of the business factory

during the 19% century, to attain more than 400 ppm nowadays.?"(%

Among all greenhouse gases, one of the most impactful molecules is carbon dioxide, which,
because of its high concentration in atmosphere, accounts for about 81% of total greenhouse
effects in the US. CO; is an inert molecule that is being generated either by living organisms during
aerobic respiration and by the combustion of carbon-based materials, such as fossils fuels, but also

by deforestation, land clearing for agriculture and degradation of soils (Figure 1.4).

Global Greenhouse Gas Emissions
by Economic Sector

\ Other
% Energy

N\ 10%

Electricity and
Heat Production

it
Industry e

21%

Agriculture, Forestry
Transportation and Other Land Use

14% 24%

Figure 1.4. Global gas emissions distribution in 2014 by economic sectors. Reproduced from Ref.

[1].

From a chemical perspective, carbon dioxide has a linear geometry with two carbon-oxygen
double bonds. Carbon dioxide possesses a longer C-O bond than carbon monoxide (1.163 A vs.
1.128 A, respectively). Moreover, C=0 bond energy in CO, equals to 750 kJ.mol™, a higher value in
comparison with other common bonds such as C-C or C-H (346 and 417 kJ.mol? respectively),
hence making carbon dioxide harder to be transformed, thus explaining its accumulation in the

atmosphere.[*!
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Chapter I. Carbon dioxide reduction: a general introduction

Il. Strategies for CO; transformation

I1.1. Industrial applications

CO; recycling has become one of the most urgent issues to be addressed in the last decades,
motivating intensive scientific researches to find new technologies that could decrease the use of

conventional methods that are fossil fuel dependent and still in use nowadays.

Traditional CO, transformation processes have been present since the 19" century, being possible
to form methanol, formic acid, carbon monoxide and methane, among other hydrocarbons, as
products. One of the first reactions described that uses carbon dioxide as a reagent was the
Sabatier process (Scheme 1.1), discovered in 1889 as the reaction of hydrogen and carbon dioxide
at high temperature and pressure to produce methane and water, all in the presence of a nickel
catalyst.[*?
CO, +4H, ﬂ» CH,+2H,0
400 °C, 9 atm

Scheme I.1. Total reaction of the Sabatier process.

The use of Sabatier reaction for methane production is a very important step in a lot of industrial
processes, such as the production of ammonia and synthetic natural gas.™3! Noteworthy, Sabatier
reaction has been used in the International Space Station life recover service in order to recycle
the CO, exhaled, recovering water that can be further used for dioxygen production by

electrolysis.[*4

Another traditional process is the modified Fischer-Tropsch process, one of the most common
hydrocarbon synthetic routes in the 20™" century that use CO, as carbon source, reacting with H; at
high temperatures and pressure to produce hydrocarbons. Iron oxides are typically used as
catalysts, having a two-step process with CO as intermediate via CO, hydrogenation (Scheme

1.2).0%
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Chapter I. Carbon dioxide reduction: a general introduction

[cat]
CO,+H, ——> CO+H,0
600°C, 1 atm
[cat]
nCO+2nH, —— -[CH,] -+ n H,0
600°C, 1 atm

Scheme I.2. Reaction scheme of the modified Fischer-Tropsch process.

An alternative process with a more focused carbon dioxide recycling perspective is the carbon
capture and storage (CCS) technology that is used in critical points of CO, emissions, such as in

cement factories, being able to recover the 90% of the carbon dioxide produced (Figure 1.5).1¢!

Heat
Biohydrogen
Biomethane
Synthetic biofuels

Electricity
liquefaction

products
|
i Sc0udn

CO,
Energy crops Capture Non-energy
High biomass yield compression byproducts

Combustion

Fermentation
Aerobic digestion
Gasification

Fuel upgrading:
gas cleaning,

Extensive availability transport
Biomass residues

Geological Saline aquifers
storage Depleted oil and gas fields

Figure I.5. General scheme of CCS technology. Reproduced from Ref. [17].

CCS involves three different processes, the efficiency of which are equally important and essential:
capture, transport and storage of the carbon dioxide from the factories to the underground
geological rock formations. Some of these processes also need energy, generally generated by
combustion of fossil fuels. However, this issue can be solved by using technologies that combine

renewable biomass and CCS (BECCS),!*® leading to a “carbon-negative” recycling of carbon dioxide.

Another example of a CO; recycling technology is the enhanced oil recovery (EOR) process in
which CO; facilitates the extraction of crude oil,[**! even if nowadays this technique is in disuse due

to economic factors. Alternatively, projects such as emissions-to-liquid (ETL) plants are becoming
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Chapter I. Carbon dioxide reduction: a general introduction

attractive, as they allow the combination of CO;, with H, to produce green methanol within a

circular economy perspective.?%

In conclusion, few industrial processes have been developed for the recycling and conversion of

carbon dioxide into valuable products.

11.2. COzin nature

Most of the technologies focused on the use of carbon dioxide have been developed to mitigate
the increase of the anthropogenic CO, emission. But nature has different ways to deal with carbon
dioxide. While approximately 25% of the CO, globally emitted is absorbed by plants and trees,
another 25% is absorbed from some areas of the ocean, leaving the 50% remaining in the

atmosphere.[?

The most important natural process which uses CO; is photosynthesis, as it is able to convert 200
billion tons of CO, every year, making this process the most effective one to recycle all the
anthropogenic carbon dioxide ever emitted.?? It is performed by cyanobacteria and vegetation
that convert solar energy into chemical energy in the form of organic molecules such as

carbohydrates, only by the use of carbon dioxide and water.

The fundamental process of photosynthesis is shown in Scheme 1.3. It involves two stages: light-
driven reactions which produce adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH), and dark reactions that transform CO; into sugars, both of these
processes being performed by chloroplasts in plants.

hv
H,0 + CO, — CH,0 + O, AGP =473 kJ-mol?

Scheme 1.3. Total chemical reaction of photosynthesis.

The first light-dependent reaction is water oxidation, which takes place in the Photosystem I, a
protein complex existing in chloroplasts. Electrons which are generated upon charge separation by

light input are transported through an electron transport chain, forming a proton gradient that
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Chapter I. Carbon dioxide reduction: a general introduction

helps to the production of ATP, which is further used in the Calvin cycle (Figure 1.6). Formation of
another important molecule, NADPH, requires two excited electrons after passing through a
second leg of the electron transport chain, according to the well-known “Z-Scheme”.[?3! Both ATP

and NADPH products are involved in the Calvin Cycle in order to transform CO; into sugars.

The reaction is catalyzed by ribulose 1,5-biphosphate carboxylase (called rubisco) in the stroma,

forming 2 molecules of 3-phosphoglycerate by adding CO; to ribulose 1,5-biphosphate, a sugar

ADP
+
ATP Q"&' RuBisCO 2n
R Step: 1
FIXATION

( CALVIN CYCLE | 3_PG

Step: 3 Step: 2
REGENERATION REDUCTION

Figure 1.6. Simplified representation of the Calvin cycle. Reproduced from Ref. [25].

with 5 carbons.?4

Alternatively to photosynthesis, CO, can be transformed into formate and methanol by different
enzymatic processes which occur in cells, bacteria and microbial organisms, helping to the
regulation of CO, and CO levels in the atmosphere.?® On one hand, carbon monoxide
dehydrogenases (CODHs), which belong to the family of oxidoreductases, are able to catalyze the
reversible oxidation of CO; into COin anaerobic bacteria. In these enzymes, the active site displays
[NiFesS4] and [FesS4] clusters (Figure 1.7, left). On the other hand, formate dehydrogenases (FDHSs)
can catalyze the two-electron reduction of CO;into formate with a molybdenum or tungsten

active center in a trigonal pyramid geometry (Figure 1.7, right).”!
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SCys

S N‘/ SeCys
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S Fe \ ISCys S S
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Figure 1.7. Schematic representation of carbon dioxide dehydrogenase (left) and formate

dehydrogenase (right) systems.

I.3. Photo-, electro, and photoelectro-catalytic strategies for reduction of

CO;

As previously mentioned, chemical conversion or fixation of CO, from the Earth atmosphere is a
very complex issue. Even if different strategies for CO, transformation are constantly evolving, it is
worth pointing out biomimetic approaches, which find inspiration from photosynthetic redox
processes. As shown in Figure 1.8, three main approaches have been developed so far:

electrocatalysis, photocatalysis and photoelectro-catalysis.

Electrochemistry has been shown to be a powerful strategy to produce high-value chemicals
through CO: electrocatalytic reduction.?® The principle of electrocatalysis (Figure 1.8, left) is to
optimize in terms of energetics the electron transfer from/to the electrode to/from the substrate
(here CO;) by the use of a catalyst. The latter can diffuse freely from the bulk of the solution, or be
immobilized onto the electrode surface. It can also be the electrode material itself. As explained in
the next sections, various types of electrocatalytic systems have been reported for the CO,;
reduction. Although much progress has been achieved over the last 10 years, electrochemical
reduction of carbon dioxide still presents several drawbacks, such as low selectivity and efficiency,
which can be overcome by the use of molecular catalytic systems in presence of proton sources

(Figure 1.8, left).?> 301 However, the poor solubility of most of molecular electrocatalysts in
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aqueous media forces the use of organic solvents such as DMF or THF, less interesting towards

achieving greener and cleaner technologies.

Electrocatalysis Photocatalysis Photoelectrocatalysis

~~~~~

fuel

H,0*
Co, donor

"\@ : Anchor-Linker-3d Metal Catalyst

21 22 23 24 25 26 27 28 29
Sc/ Ti V) Cr) \Mn/ (FeJ Co/ "Ni/ ‘Cu

donor,,

Figure 1.8. Schematic representation of the electrocatalytic (left), photocatalytic (middle) and

photoelectro-catalytic (right) strategies towards CO; transformation. Reproduced from Ref. [31].

Another interesting perspective is the transformation of carbon dioxide molecule via
photocatalysis, which is classically performed by p-doped semi-conductor materials such as
metallic oxides, e.g. TiO, (Figure 1.8, middle).% 33 These materials are able to absorb sunlight,
albeit most of them mainly in the UV region, to generate high-energetic holes and electrons that
are transferred to the active species adsorbed over the surface of the catalyst, achieving great
recyclability and high catalytic yields.?¥ The main drawback regarding the use of photocatalytic
systems is the complex interaction of the photocatalyst surface with the adsorbed active species
hence making difficult to decipher the exact catalytic mechanism. Another disadvantage is the
need for enough active sites over the surface of the photocatalyst to bind successfully the
substrate, a feature that can be improved by attaching high surface area materials such as
nanocrystals or surface atoms to the photocatalyst, allowing strong interactions with the active

species formed during the catalysis (Figure 1.8, right).3!
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Finally, photoelectro-catalysis which combines light-driven processes and electrochemistry (Figure
1.8, right) appears as a very promising strategy to substitute to current technologies that use non-
renewable feedstocks. Photoelectro-catalytic devices normally use semiconductors as materials
for the photocathode. The latter has to be able to activate the attached molecular electrocatalyst,

such as cobalt porphyrins and cobalt thiolates, on its surface."!

In the following section, we will focus on electrocatalytic systems for CO, transformation. This
section starts with a brief summary of the fundamentals of carbon dioxide catalytic
electroreduction, exploring the different approaches that have been explored in the last decades.
It then discusses more precisely on metal molecular complexes which can be used as

electrocatalysts for CO, conversion.

[ll. Electrocatalytic reduction of CO;

Il.1. General aspects of CO; electroreduction

Electrochemistry is commonly defined as the branch of chemistry which involves changes upon
electron transfer reactions from or to electrodes immerged in solid or liquid solutions. The
electrodes, which can be made of different materials (metals, semi-conductors...), are used to
modulate the potential of the electrons at the electrode surface that can interact with the
different chemical species of the solution. In order to reduce a molecule, the electrons on the
electrode surface must display higher energy than the lowest unoccupied molecular orbital
(LUMO) level of the molecule. Inversely, for an oxidation, the electrons should be lower in energy

than the highest occupied molecular orbital (HOMO) level of the molecule (Figure 1.9).13¢
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Figure 1.9. Schematic representation of reduction (top) and oxidation (below) processes between
the electrode and the frontier molecular orbitals of a molecule in solution. Reproduced from Ref.

[37].

Consequently, the electrochemical behavior of a molecule is directly related to the nature of its
frontier orbitals. CO; is a linear molecule in its ground state (belonging to D, symmetry group)
with sixteen valence electrons and two C-O double bonds, having lone pairs located in the oxygen

atoms and an electrophilic carbon atom.

Carbon dioxide is an amphoteric oxide molecule as the carbon atom has a Lewis acid character
meanwhile the oxygen atoms can act as Lewis bases. Even though, a study in the protonation
affinity of carbon dioxide shows a value of 540.5 kJ/mol,® that is considerably lower than other
molecules that present oxygen atoms, concluding that generally carbon dioxide presents a weak

Lewis base character.B3% 47
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An interesting tool to understand the spectroscopic and electrochemical properties of carbon
dioxide is its qualitative molecular orbital diagram, as shown in Figure 1.10, where the relative

energies and the symmetry of the molecular orbitals are displayed.
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Figure 1.10. Simplified MO diagram of the CO, molecule. Reproduced from Ref. [41].

Figure 1.10 suggests that the HOMO for CO; (1r) is predominantly oxygen-centered and focused in
the lone pairs, while the LUMO (2m,) is localized on the carbon atom and presents an antibonding
character, observing that a monoelectronic reduction process towards CO; induces half-filling of
the LUMO 2m, orbital. This reduction process causes a strong change in the geometry of the
molecule, varying from a linear to a bent conformation, what has a drastic influence on the
electronic energy of the molecular orbitals of carbon dioxide. This particularity is one of the

drawbacks of the direct CO, electrochemical reduction in terms of energetics. 42

Indeed, the high reorganization energy caused by the change of the geometry to a more bended
conformation from the neutral to the anion radical during the direct one-electron reduction of CO;

results in a slow electron transfer. In consequence, the generated anion is produced at a very
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negative standard potential, £°(C0O,/C0O,*) = —1.9 V vs. NHE (normal hydrogen electrode).l?® The
reduction potential becomes less negative when the redox process involves proton and electron
transfers (vide infra). As shown in Table I.1, the standard potentials for the formation of different
products, such as HCO;H, CO, CH3OH or CHg, vary then from —0.61 V to —0.24 V vs. NHE in aqueous

solution at pH 7.28

Table I.1.Reduction potentials of the transformation of carbon dioxide in CO, HCOOH, HCHO,
CHsOH and CHa,.

Reduction pathways E° (V vs. NHE)
CO; + 2H*+2e"— HCOOH + H;0 -0.61
CO; +2H*+2e'— CO +H:0 -0.53
CO; + 4H* + 4e— HCHO + H,0 —0.48
CO, + 6H* + 6e-— CH3OH + H,0 —0.38
CO, +8H*+8e — CH;+ 2H,0 —-0.24
CO+e — CO*” -1.90

Il.2. Homogeneous and heterogeneous CO; electrocatalysis

Experimentally, more negative potentials than those reported in Table 1.1 are needed to drive
these reactions at a measurable rate due to the slow kinetics of direct CO, reduction. Reaction
rates and selectivity (i.e. products ratio) can be greatly improved by using redox-active catalytic
species which can mediate the electron transfer to the substrate at the electrode surface, avoiding
high energy barriers and being able to lower the overpotential of the catalytic reduction of the

substrate.

For instance, Figure 1.11 displays a generic redox catalytic cycle involving the catalytic
homogeneous species [Catlox. At a specific redox potential, [Cat]ox is reduced into its active form

[Cat]rea Which reacts with carbon dioxide in presence of protons to yield products. This reaction
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occurs in a thin portion of the diffusion layer, the “reaction-difussion layer”, at the electrode-

electrolyte interface.®
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Figure 1.11. Schematic representation of the CO, catalytic mechanism performed by a
homogeneous electrocatalyst (left) and the steady-state layer distribution in solution (right).

Reproduced from Ref. [43].

The electrocatalytic process can be homogenous or heterogeneous. In the homogeneous case, the
catalyst is solubilized in solution and diffuses freely to the electrode for activation via an electron
transfer reaction.*” In heterogeneous catalysis, the catalyst is immobilized at the electrode
surface through weak (e.g. Van de Wall) or strong (e.g. covalent) interactions with the electrode

material. It can also be the electrode material itself.

One main advantage of heterogeneous vs. homogeneous catalysis is the possibility to achieve high
product separation with a high rate of catalyst recyclability and no solubility issues. Moreover,
harsh experimental conditions such as high temperatures and pressure can be used with no

diffusion-dependence effects to consider.

So far, various materials have been described as efficient heterogeneous catalysts for CO,
reduction: metals, metal alloys, transition metal oxides/chalcogenides and metal organic
frameworks. Besides Ag and Pt, Cu has been amongst the most studied metals, which could serve
as a heterogeneous catalyst for CO, reduction.B®? It is indeed the only metal which can generate
CO and reduce it further into hydrocarbons and other organic compounds due to the strong
binding of the CO molecule onto the Cu surface, hence favoring subsequent CO protonation in

alcohols and formic acid upon electron transfer. The binding energy of the different intermediates
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generated when using Cu catalysts was shown to be tunable by surface structure modulation,
leading to better selectivity and overcoming thermodynamic and kinetic limitations. Cu
nanoparticles have also brought particular attention due to their high versatility through variation
of their shape and size (Figure 1.12). Other strategies were reported such as the modification of

the surface of Cu electrodes by addition of other metals, improving the product selectivity.[*”!

Figure 1.12. General representation of the transformation of copper nanoparticles and their

interaction with carbon dioxide. Reproduced from Ref. [46].

Deposition of metal oxides such as TiO; (or other oxides) have also been reported as efficient
photo- and electrocatalytic systems.*? For instance, Ramesha et al. deposited a thin film of TiO;

on glassy carbon electrodes, observing that CO; reduction was occurring on Ti** sites.!*’]

Alternatively, the material morphology was shown to play an important role in the catalytic
activity of these systems, being possible to modulate the surface properties by suitable scavenging
of the charge carriers as semiconductors are subjected to bandgap excitation. Many studies have
emphasized that edges and defects could significantly improve CO, reduction, although being a
drawback due to the difficulty to define the inhomogeneous structure of the interface of the

materials. Current efforts are being focused on the development of single-atom catalysts.?*

Several parameters are frequently considered for the electrocatalyst design: 484!
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e The turnover number (TON) is usually defined as the number of substrate-to-product
conversion cycle that a catalyst in solution or immobilized on a surface can perform without
being altered.

e The turnover frequency (TOF) corresponds to the turnover per time unit (s, min, h).

e The overpotential (n) is taken as the difference between the equilibrium potential for a given
reaction and the potential at which the catalyst operates at a specific current. The lower the
overpotential, the better the catalyst, even if other factors should be taken into account.”
The equilibrium potential is often estimated as equivalent to the standard potential, although
most of electrocatalytic reactions reported so far are not performed under standard

conditions (1 M and 1 bar).

e The Faradaic efficiency (FE) is a ratio of the quantity of electricity calculated from products

generation over the amount of electricity used to generate them.

e The selectivity defines the molar ratio of the different products obtained for a given

electrocatalyst.l** 2

The nature of the interaction between the substrate and the electrocatalyst can be categorized
according to two different approaches: redox-catalyzed electrochemical reactions that involve
outer-sphere electron transfers (no bond created between the catalyst and the substrate), or
chemically-catalyzed electrochemical reactions that are characterized by a more intimate contact

(formation of a substrate-catalyst adduct), favoring an inner-sphere electron transfer.®

It is generally admitted that most of molecular metal electrocatalysts, which are constituted of a
metal ion center bound to one or several ligands, perform substrate transformation through a
chemically-catalyzed reaction involving a metal-substrate adduct. This is particularly true for the
electrocatalytic reduction of CO, by metal complexes. The principal reason is that redox catalysis
(vs. chemical catalysis) requires high reorganization energy for the formation of the CO,*" radical
anion due to a geometry variation; instead, chemical catalysis induces an inner-sphere interaction
that decreases the activation energy thanks to favorable binding interactions at the transition

state as shown in Scheme 1.4.

33



Chapter I. Carbon dioxide reduction: a general introduction

outer-sphere. i.cion follow-up

transfer ._ freaction(s)
Ceqg + CO, e 609 —>, product

t |

inner-sphere: bond Tllowig
farmation reaction(s)
Cieq + CO, adduct ———=» C,, + product

! |

Scheme 1.4. Schematic representation of an outer-sphere and inner-sphere interaction by an

homogeneous catalyst with CO,. Reproduced from Ref. [29].

I11.3. Molecular metal catalysts for electrochemical reduction of CO;

I11.3.1. General aspects of molecular electrocatalysis for CO; reduction

Metal-CO; binding modes

Most of molecular catalysts able to perform homogeneous electrocatalytic reduction of CO; are
organometallic/coordination compounds involving transition metals. This originates from the fact
that metals can easily bind CO; because of partially filled d orbitals. Figure 1.13 represents three
main types of metal (M)-CO; binding modes: n*-C, n*-O or n?-C0O.** Other binding modes have
been reported for transition-metal complexes such as p-n° or ps-n* in bimetallic systems among
others, but are less common.”® n!-C coordination causes a change in the geometry of the carbon
dioxide molecule (linear to bent) and is generally observed for electron-rich metal centers due to
the electrophilicity of the carbon atom while n’-O coordination has a small effect onto the
geometry of the substrate, maintaining its linearity or being weakly bent, as usually observed for

electron-deficient metal centers.
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Figure 1.13. Schematic representation of the CO, molecule and most common coordination modes

with a metal center M.

Another mode of metal-carbon dioxide coordination is the insertion of CO; in a M-H bond. This
reaction can be considered as an activation of carbon dioxide by a metal hydride, being the driving

force the polarization of the M-H bond.!*?

Different routes can be undertaken depending on the insertion mode: Pathway B (known as
abnormal insertion) is the classical route for low oxidation state metal complexes such as Mn.%®
Pathway A (normal insertion) implies the insertion of CO, into the M-H bond, the carbon atom
being interacting with the hydride atom meanwhile one of the O atoms (with a nucleophilic
character) interacts with the metal center (TS-1 in Figure 1.14). Pathway A is normally observed for

Rh and Ir complexes."”!

Interestingly, Aresta et al. described how the charge distribution of the M-H bond can be altered
by the nature of the metallic center and the ancillary ligands; for example, the presence of
electron-donating ligands can increase the electron density on the metal center, inducing a more

polarized M-H bond and increasing the efficiency of the catalyst.
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Figure 1.14. Schematic representation of the different CO,insertion modes in a metal-hydride (M-

H) bond. Reproduced from Ref. [29].

Proton sources

The presence of an external proton source in solution likely favors the protonation of the
electrochemically reduced species. The role of the proton source in the formation of the
catalytically active species for CO; reduction has been addressed by considering the free energy of

the protonation of metal hydride species (equation 1.1).58!
AG = —2.303RT (pKa(exty — PKa1) (1.1)

where AG is the free energy of the protonation reaction between the proton source (pKa(exy) and

the proton acceptor (pKa1).
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The selectivity is modulated by the pH of the medium. This is exemplified in Figure .15 with the
pH-diagram distribution of the various Ru species resulting from the reaction of [Ru(bpy)2(C0O),]**
with CO, in a water/DMF solution. According to this diagram, [Ru(bpy)2(CO).]*,
[Ru(bpy)2(CO)C(O)OH]* and [Ru(bpy)2(COO’)]* are in equilibrium, thus fine adjustment of the pH
allows tuning of the selectivity. Additionally, the formation of CO/HCOO can compete with the
formation of H,, even if the formation of H, depends on the proportion of water in solution and

can be avoided by maintaining the pH at a value of 6.0.
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Figure 1.15. Diagram distribution of the different Ru species in water at different pH values.

Reproduced from Ref. [59].

In the case of n’-C and n?-CO coordination modes in protic conditions, activation of CO, by the

proton source after coordination to the metal center can facilitate the cleavage of the C-O bond.

The intermediates detected in the activation of CO;, by low-valent transition metals suggest that in
the mechanism showed in Figure 1.16 the molecule coordinated to the metal center is usually
protonated, prioritizing the formation of a new n!-COOH species that leads to the production of
formate/formic acid.** In aprotic conditions, carbonate could be found as the main product, so
the importance of the role of proton source gains importance due to the ability to enhance the
product formation, ensuring new catalytic routes that can give extra stability to the catalytic

system. 60!
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Figure 1.16. General mechanism of formate formation by mediation of a transition metal system as

a catalyst in a molecular CO; electroreduction reaction. Reproduced from Ref. [44].

Weak Bronsted acids, such as 2,2,2-trifluoroethanol (TFE) or methanol (MeOH), added in small
quantities have been used as efficient proton sources. An excess of proton source could cause
catalyst degradation and loss of effectiveness, promoting undesired reactions such as catalytic

hydrogen evolution reaction (HER).

The choice of a solvent is also determined by different factors such as the solubility of the
substrate, stability of the catalyst or reactivity with the proton source (undesired HER). Non-
aqueous solvents such as acetonitrile (MeCN) or tetrahydrofuran (THF) are frequently used,
presenting wide potential windows and fewer solubility issues than aqueous solutions. So far, only
few examples of electrocatalytic CO; reduction by homogenous molecular electrocatalysts in water

have been reported. !
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111.3.2. Proton-coupled electron transfer in CO; electroreduction

In the precedent section, the different coordination modes between CO; and the metal complex
have been discussed, as well as the role of a proton source in CO;electroreduction. These factors,

among others, are directly related to the CO, electrocatalytic mechanism that these molecular

catalysts follow.

However, an important mechanistic feature to consider is that the use of a proton source could
cause a noticeable effect on the rate of the catalytic reactions, usually assigned to the presence of

Proton-Coupled Electron Transfer (PCET) reactions.®?

Proton-Coupled Electron Transfer (PCET) reactions have been extensively studied due to their
relevance in the mechanism of catalytic electroreduction of small molecules!®**! and biological
processes.®® Different definitions of PCET have been given, being troublesome to specify a single
definition. In this work we will follow the definition given by Mayer,®* defining PCET reactions as
“a single chemical reaction step involving concerted transfer of both a proton and an electron

without involving high-energy intermediates”, causing a drastic drop of the energetic barrier of the

reduction as in Figure 1.17.

Gibbs energy

reaction coordinate

Figure I.17. General PCET energetic profile. Reproduced from Ref. [29].

PCET reactions can be differentiated by contemplating how electron transfer processes occur.
Figure 1.18.A depicts the transfer of a pure hydrogen atom from the donor to the acceptor group

in a concerted process, being considered formally as a HAT reaction. Following the PCET definition
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given by Mayer, Hydrogen atom transfer (HAT) reactions are considered as PCET reactions, being
also defined as if both electron and proton “travel together” to the same molecular orbitals of the

acceptor molecule,®” or from the same chemical bond.!®*!

Figure 1.18.B considers the possibility of having both proton- and electron-transfers from different
sources. The transfer of the proton occurs from the same acceptor molecule meanwhile the
electron is provided by a different donor molecule, hence defining a “concerted PCET” (cPCET, also
coined CPET) mechanism. DFT calculations overcome with an energetic difference between both

mechanisms that lie on the orbital pathways followed by cPCET and HAT reactions. 58!

(A) (B)
X + HY —Lm XxH* + v X + YH-2 -2l o X 4 yoHzt
£T PCET L £T l £T PCET ET
X+ HY* _PT _ XH + Y X+ YH*Z _PT _ X + Y-HZ

Figure 1.18. Schematic representation of PCET (A) and concerted PCET (B) pathways. Reproduced
from Ref. [64].

A typical example of the enhancement of electrocatalytic performance for CO; reduction by a PCET
approach was reported by Savéant et al. in 1988. The authors investigated the electrochemical
reduction of CO; by Fe(0) porphyrin complexes, forming CO as a main product. They demonstrated
that addition of Lewis or Bronsted acids, such as phenol, as proton sources provided a boost in
their catalytic activity, increasing their TOF and gaining stability.®® This improvement was
achieved due to the occurrence of PCET reactions in their catalytic mechanism.[®! Consequently,
modulation of the porphyrin framework bearing -OH pendant groups in ortho position or a
combination of fluorine atoms and -OH groups was performed, enhancing their activity towards

CO; electroreduction with no proton addition (Figure 1.19).7% 71
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Figure 1.19. Iron-substituted porphyrin complexes for PCET CO; reduction. Reproduced from Ref.

[72].

I11.3.3. Molecular metal electrocatalysts for COz: a general overview

Four major families of organic ligands are typically considered for the electrocatalytic reduction of
carbon dioxide by molecular metal complexes: polypyridines, aza-macrocycles (including cyclam),
phosphines and porphyrins. These ligands present P,N or C neutral donors in their framework,
which can be bound to the metal center./** Supplementary monodentate ligands such as CO or
halides can complete the first coordination sphere of metals and provide extra stability to the

system or enhanced reactivity towards CO,.

A great majority of the molecular metal-based electrocatalysts displays redox non-innocent ligands
in their coordination sphere. Non-innocent redox ligands are known for playing an essential role in
the metal-ligand interaction as they can improve the selectivity of the products, reducing the
overpotential of the reduction process but also enhancing the affinity to the substrate with a good

balance with products dissociation.!” 74!

41



Chapter I. Carbon dioxide reduction: a general introduction

Lyaskovskyy et al. have proposed a classification of redox non-innocent ligands according to their

main function during the catalytic cycle (Figure 1.20):17*!

In the Approach A, the redox non-innocent ligand acts as Lewis acid for the metal (strategy

1) or electron reservoir after reduction (strategy IlI). This common approach allows

stabilization of the oxidation states of the different intermediates during the catalytic

cycle.l’®

In the Approach B, the redox non-innocent ligand participates to bond making/breaking

that involves the substrate. This can occur through substrate activation by the ligand

(strategy Ill) or formation of substrate radicals (strategy IV).
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catalytic reaction i ¥
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Figure 1.20. Lyaskovskyy classification of non-innocent redox ligands by their interaction with the

substrate. Reproduced from Ref. [75].
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For a more general point of view, synergetic effects between the metal center and the ligand
framework are also fundamental in the design of the complex. Hence, m-accepting ligands are
prone to stabilize high energetic d orbitals from early transition metals while o donors are more
common among late transition metal centers as they can increase the nucleophilicity of the metal

center.

The oxidation states of the active species formed during the catalytic cycle are also influenced by
the position of the transition metal in the periodic table. Early transition metals have usually lower
oxidation states during their catalytic cycles (as Mo or Mn) meanwhile group 8 to 10 metals show

higher oxidation states such as for Fe''CO intermediate species in the case of Fe porphyrin.l’”

This effect is related to the relative energy of the d,; orbital which is essential for the activation of
the CO; molecule (Figure 1.21). Consequently, d® metals such as Cr or Mo are not oxidized during
catalytic cycles, and require “electron-reservoir” ligands such as bipyridine in the coordination

sphere. Alternatively, d’ metal-based complexes lead to mono-oxidized species.!”®
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Figure 1.21. Representation of metal d orbitals from group 6 to group 8, representing the

localization of the electrons from the substrate based on symmetry. Reproduced from Ref. [43].
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111.3.4. Homogeneous and heterogeneous molecular metal electrocatalysts

Table 1.2 presents a list of molecular catalytic systems towards CO, electroreduction in

homogenous phase. Values of TOF, TON and FE being acquired by the use of controlled-potential

electrolysis (CPE) and cyclic voltammetry (CV) techniques are indicated, as well as experimental

conditions.[®

Table I.2. Selected examples of molecular transition metal CO; electrocatalysts (in homogenous

phase) sorted by transition metal groups, detailing experimental conditions, TOF and efficiency

obtained.
Electrolysis conditions:
Complexes solvent, WE, proton TOF (s?) Proc.iugts (FE Ref.
source n A)
[Mn(bpy)(CO)s(CI)] MeCN, GTCF‘E'ECtmde' 3405 | €O (100) [79]
[Ni(cyclam)]>* 14 Hezltz 't\fjgg Ge 90 s CO (90) [61, 80]
3d [Ni(CNC)]?* MecCN, szg'e“mde' 90 s co [81]
DMF, Hg pool 3.8x103
[Fe(TPP)] clectiod eg 'Eh o o o (92) [69, 82-84]
MeCN, GC electrode CO (45), H2
2 ’ ’ - ’ 85, 86
[CoNgH] H,0 (30) [85, 86]
1:1 H,O/DMF, GC i
[Ru(bpy)(CO)2(CI)]* e|2ec/t oo 51 O (67) (59, 87]
4d | [Pd(triphosphine)(CHsCN)]* MeCN, GHCBiIECtrOde' 154 s CO (86), H. [88]
4 (14)
[Mo(CO)4(bpy-(*bu),] THF, GC electrode 25t CO (99) (78]
MeCN, GC electrode HCOO/HCO5
* + ’ ' - 89
[Rh(Cp*)(bpy)Cl] H,0 (45), s (15) (89]
MeCN, GC electrode HCOO/HCO5
2+ ’ ’ . -1 90
[Pt(dmpe),] PhOH 0.5s (100) [90]
5% H,0/MeCN, GC 1 HCOO/HCOs
91,92
electrode , M2
5d [Ir(POCOP)H,] octrod 20's (85), H, (15) | 1oL
DMF/H,0 (9:1), GC ]
[Re(bpy)(CO)s(Cl)] 2 Iezctr(o de) 570 s CO (99) [93, 94]
[Re(pyNHC-PhCEs)(CO)s* | VeCN: (;E g"_iecmde' 100s? | €O (100) [95]
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Several points can be taken from these data. The first one is that almost all homogenous
electrocatalysts have been investigated in organic solvents (MeCN, THF, DMF), by using PhOH or
H,0 as proton source. One main reason is that both CO; and molecular electrocatalysts are usually
more soluble in organic media than in water. Moreover, hydrogen evolution reaction (HER) is
more easily controlled and not competitive in organic media. A second observation is that CO
appears as one of the main products of CO; electroreduction, unless the only one in certain cases.
This suggests that the mechanistic pathways may be somewhat similar for these systems. At last,
we observe that TOF and Faradaic efficiencies are varying over several ranges depending on the
metal complexes. However, these values should be taken with caution as they are calculated by
using different mathematical formula.** ! From a more general view, it appears that these
homogenous molecular catalysts among others are able to provide relative high selectivity rates

towards catalytic reactions and easy modulation of the ligand framework.

From these results, one current challenge consists in immobilizing these molecular metal
complexes onto electrodes to perform electrocatalytic reduction of CO; in heterogeneous phases.
One main advantage is to overcome solubility issues present in homogeneous catalysis and
providing higher recyclability rates.®® Moreover, robustness, efficiency, selectivity and cost can be
improved.” %8 Different strategies for immobilization of metal complexes onto surfaces have
been developed these last years, including covalent grafting, n—n or electrostatic interactions.
100 For example, chemical modification of electrode surfaces by electrochemical polymerization of
metal complexes was shown to inhibit deactivation pathways and enhance catalytic properties.[*°!
Alternatively, covalent grafting of molecular units using diazonium salts was described. For
instance, Wenbin et al.®”) reported the grafting of [M(4-amino-bpy)(C0O)sX] (M = Mn, X = Bror M =
Re, X = Cl) diazonium salts onto graphene oxide (Figure 1.22), achieving a TOF of 4.4 s in CO

production in MeCN by using H,0 as a proton source.
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Figure 1.22. Different stages during the immobilization process of [M(4-amino-bpy)(CO)sX] in
MeCN. Reproduced from Ref. [97].

Non-covalent strategies such as -1 interactions!’®? or electrostatic interactions!*®3! have been
also explored as no functionalization of the ligand framework is needed. A very promising
technology is the incorporation of molecular catalysts onto the surface of multi-walled carbon
nanotubes (MWCNTSs) by m-mt interactions!*®? or incorporation into the MWCNTSs structure,1%!
which stands out due to its high active surface. For example, the complex [Re(4,4'-'Bu-2,2'-
bpy)(CO)sCl] showed excellent catalytic activity towards CO; electroreduction after immobilization
over MWCNT electrodes, obtaining a TON > 5600 with no H, production in agueous media with
low overpotential values (—0.56 V vs. RHE).1%! High loading of the catalytic system in the MWCNT
electrodes and inhibition of the interaction between H, and MWCNT surfaces were proposed to be
factors that influence the efficiency and selectivity of [Re(4,4'-'Bu-2,2'-bpy)(CO)sCl] as immobilized
systems (Figure 1.23). Noteworthy, no catalytic activity could be observed with the complex in

homogeneous phase after addition of Brénsted acids such as phenol.[*%”!
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Figure 1.23. Left: CPE responses at different potentials vs RHE under CO,. Right: CV responses for
different catalytic loading onto MWCNTSs under CO,. Reproduced from Ref. [106].

I11.3.5. Group 6 Metal-(CO)s(diimine) complexes for CO, electrocatalytic

reduction

Diimine groups have been extensively explored as non-innocent redox ligands for molecular CO,
electrocatalysts. Late transition metal centers such as for Re,?% 1081101 Rh[8] gnd Rul*Y 112 were
first investigated, but more earth-abundant metals such as Mn® 13! or Co!*** have drawn more

attention these last years, showing high Faradaic efficiency towards CO or formate production.

However, very few examples of CO; electrocatalysts based on metals from the 6™ group (Cr, Mo,
W) have been reported, even if these two metals are present in the active site of enzymes that can
carry out HCO,H/CO; interconversion.?”? Most of group 6 catalysts are diimine tetracarbonyl
systems, [M(CO)4(diimine)].”®! One main reason for this trend is that the electronic reduction on
these systems occurs merely on the non-redox innocent diimine moiety than on the metal, thus
potentially providing a free binding site for CO, on the metal upon CO release. In addition,
carbonyl ligands allow enhanced stabilization of the complexes upon reduction by back-bonding
effects with the metal. So far, these complexes have been well studied for their photophysical

properties, but remain poorly investigated as electrocatalysts.[***!

47



Chapter I. Carbon dioxide reduction: a general introduction

[M(CO)4(diimine)] complexes usually present a distorted pseudo-octahedral geometry (Figure 1.24)
with a Cyy or Cs symmetry depending on the nature of the diimine ligand. The axial C(0)-Mo-C(O)
moiety is usually characterized by a slight bent towards the diimine ligand. This features a
necessary distinction between equatorial and axial CO ligands in order to understand the reactivity

of systems.[12¢!

Figure 1.24. General structure of [M(CO)4(diimine)] systems.

The first report of synthesis of group 6 tetracarbonyl bipyridine (bpy) systems was published by
Hieber in 1935.1Y7 |n the early 60s, Stiddart reported the synthesis of 2,2 -bipyridine tetracarbonyl
systems [M(CO)a4(bpy)] (M = W, Mo, Cr) by using M(CO)s as the main metallic source.**® |n the late
80s, Connorl**®! reported the synthesis of ortho-functionalized 2,2’-bypiridine tetracarbonyl
complexes [M(CO)a4(bpy-(R2)] (M = Mo, W, Cr ; R = NMe,, OMe, NH,, CMes, Ph, CO;H, CO,Me, NO,,
CH=CHPh) by using [M(CO)4(nbd)] (nbd = norbornadiene) as precursor instead of Mo(C0)e.*?% This
strategy has become the general procedure for the synthesis of 4,4-functionalized [M(CO)4(bpy-

(R)2] complexes.

Spectroscopic data of [M(CO)4(diimine)] systems is well documented. On one hand, infrared (IR)
spectroscopy typically features four characteristic v(CO) stretching bands (2A;+B1+B;) in the 1800-
2100 cm™ region.™?Y UV-Vis-NIR absorption spectra usually present several Metal-to-Ligand-
Charge-Transfer (MLCT) transitions involving d-orbital from the metal to the diimine or CO orbitals,
as demonstrated by TD-DFT studies.*?? Regarding more specifically the HOMO-LUMO gap, these
systems show a LUMO that is mainly diimine-ligand based while the HOMO is centered on the

metal center.
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Figure 1.25. CV (v =100V s) of [Mo(CO)4(bpy)] (1 mM) at a glassy carbon working electrode in THF
/ NBusPFs (0.1 M).

Redox properties of [M(CO)(diimine)] complexes have been for a great majority investigated by
cyclic voltammetry (CV). For instance, the Figure 1.25 displays the voltammetric signature of
[Mo(CO)a(bpy)] in THF/NBuU4PFs. In reduction, the complex shows two one-electron processes at
moderate scan rate (v = 100 V s). The first one is reversible and appears at Ei;= —1.90 V vs.
Fc*/Fc. Spectroscopic and DFT calculations have demonstrated that reduction occurs essentially on
the diimine ligand, leading formally to the [Mo°%(CO)4(bpy)]®~ species. Indeed, the formation of a
radical diimine chromophore has been observed by NIR and UV-vis spectroscopic techniques,
hence evidencing that the metal center is not implied into the redox process.'s! Moreover, the
SOMO (Single Occupied Molecular Orbital) was shown to be extended over the diimine backbone
with an increase of the m-retrodonation towards the CO ligands, especially to the equatorial
ones.!'® The second reduction process occurs at —2.60 V vs. Fc*/Fc. The partial reversibility of this
process indicates a chemically coupled mechanism. IR and UV-Vis spectroscopic studies supported

by theoretical studies have emphasized that the formation of bis-reduced species
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[Mo(CO)a(bpy)]* is followed by a rapid loss of one of the axial CO ligands, forming a tricarbonyl
[Mo(CO)3bpy)]* species in that solvent (THF).

Noteworthy, the use of protic solvents such as MeCN inhibits CO loss but favors the protonation of
the bis-reduced [Mo(CO)s(bpy)]?>-, hence generating [Mo(CO)s(bpy-H*)]- after a rapid
recoordination of a CO molecule. The anodic peaks observed on the back scan at potential values
between the second and the first reduction potentials have been ascribed to the oxidation of bis-

reduced complexes bearing 3 or 4 carbonyl groups.!*?4

On the oxidation side, [Mo(CO)4(bpy)] is characterized by two monoelectronic processes at 0.26 V
and 0.82 V vs. Fc*/Fc in THF. These oxidation reactions were shown to be metal-centered. While
the first system is reversible in THF (not shown in Figure 1.25), the second is fully irreversible.
Moreover, a loss of reversibility for the first oxidation peak is observed in presence of a
coordinating solvent such as acetonitrile due to the substitution of one CO ligand by an

acetonitrile molecule.['?!

Interestingly, the redox behavior of [Mo(CO)4(bpy)] is also affected by the nature of the working
electrode material. Taylor et al. reported a positive shift of about 200 mV of the second reduction
process by the use of gold instead of glassy carbon (GC) or a platinum working electrodes.[*?! The
adsorption of the mono-reduced [Mo(CO)s(bpy)]” species onto the Au surface allows an ECE
pathway (E = Electrochemical, C = Chemical) that facilitate the loss of one CO ligand during the first
reduction process, leading to the tricarbonyl [Mo(CO)s(bpy)]~ species (Figure 1.26). Remarkably,

the latter is reduced at a more positive potential than its tetracarbonyl analogue [Mo(CO)4(bpy)].
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Figure 1.26. Redox mechanism of [M(CO)4(bpy)] under Ar, showing in red a low energy ECE

pathway when using Au as working electrode. Reproduced from Ref. [126].

As shown in Figure 1.27, infrared spectroelectrochemical (IR-SEC) studies also allowed the
characterization of the transient species generated by electrochemical reduction of
[Mo(CO)4(bpy)]. The monoanionic radical species [Mo(CO)s(bpy)]*~ featured a negative shift of
about 30 cm™ lower than the neutral species as a consequence of the elongation of the CO bonds
caused by an increase of the m* backbonding density towards the CO ligands.!*?* 126! These results

were consistent with those obtained by DFT calculations, which showed that the electron density

51



Chapter I. Carbon dioxide reduction: a general introduction

after the first reduction process was mainly localized on the bipyridine ring. For the second
reduction process, both [Mo(CO)4(bpy-H*)]~(in MeCN) and [Mo(CO)s(bpy)]>~ (in THF) species were
detected. [Mo(CO)4(bpy-H*)]” showed a small shift of 10 cm™? comparing to the monoanionic
species, meanwhile three bands at 1846, 1726 and 1706 cm™ were detected for [Mo(CO)s(bpy)]*,
losing the signature of a tetracarbonyl species due to the disappearance of the peak usually found

around 2000 cm™* (Figure 1.27).
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Figure 1.27. IR-SEC spectra of [Mo(CO)4(bpy)] in THF under Ar, showing [Mo(CO)4(bpy)] (red),
[Mo(CO)a(bpy)]*- (green) and [Mo(CO)s(bpy)]* (blue) species. Reproduced from Ref. [124].

Other techniques such as UV-Vis spectroelectrochemistry *?* and *H/*3*C NMR experiments 27
were used to obtain additional information about the species formed and their interaction with
carbon dioxide. Clark et al. reported the first study of the catalytic activity of [M(CO)4(bpy-(R).)] (M
= Mo, W; R = H, 'Bu) towards CO; electroreduction in THF (Figure 1.28). A catalytic enhancement of
the current was observed at potential values related to the formation of the doubly reduced
species. Carbon monoxide was found to be the main product in MeCN,”® while formate and
carbonate were produced in THF.!*?% Surprisingly, no proton source addition was necessary to
promote the catalytic activity of group 6 [M(CO)s(diimine)] systems, in contrast to similar Mn
systems.!”> 128 The presence of tert-butyl substituent groups in the bipyridine ring increased the
catalytic activity of the system but displayed higher overpotential due to the electron donating

character of the '‘Bu groups. Even though, the catalytic activity was very small compared to Fe
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porphyrins® or group 7 [M(CO)s(X)(bpy)] systems,*1% 12! that are known for being potentially the

most active molecular systems towards catalytic CO;, electroreduction to date.
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Figure 1.28. CVs of [Mo(CO)4(bpy)] under Ar (black) and CO, (red) recorded in THF/NBusPFs at GC

working electrode and at a scan rate of 100 V s. Reproduced from Ref. [78].

The effect of the steric factor in [Mo(CO)4(bpy-4,4'-(R)2)] complexes was investigated by Taylor et
al. for R = Me. These authors compared the catalytic activity of different complexes only varying by
the position of the methyl groups. They found an outstanding catalytic activity for the 6-

6 derivative using a gold working electrode.?¢!

Other interesting studies showed that all [Mo(CO)a4(diimine)] systems do not display the same
electrocatalytic activity towards CO,. For example, [M(CO)s(dpa)] (M= Mo, W ; dpa =
dipyridylamine) complexes presented only one reduction process at a more negative potential
than the [M(CO)4(bpy)] (M= Mo, W) first reduction.’® 3% The irreversible character of the
[M(CO)4(dpa)] redox process indicated that a chemical reaction was occurring after the one-
electron reduction, here a strong geometric rearrangement involving the loss of one H atom of the

N-H amine group due to the excess of charge in the dpa ligand. As shown in Figure 1.29, an
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electrocatalytic wave was detected in presence of CO; at this first reduction potential, in strong
contrast with [M(CO)s(bpy)] systems which need double reduction to perform catalysis. As a
matter of fact, DFT calculations suggested that the rearranged mono-reduced species underwent

further electrochemical reduction at this potential hence inducing CO loss and CO; binding.

Current (pA)
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Figure 1.29. CVs of [Mo(CO)s(dpa)] under Ar (red) and CO, (blue) in comparison with CO;
background (black) in MeCN. Reproduced from Ref. [130].

Most recent studies on group 6 diimine systems towards CO, electroreduction have focused on the
modification of the ligand framework by adapting effective strategies used in other transition
metal systems. For example, the design of the [Mo(CO),(SCN)(dimethyl-2,2"-bpy)(n3-allyl)] system
was built around the exchange of a CO ligand by an allyl group,!*3¥ in an attempt to simulate the
coordination sphere of the well-known group 7 [M(CO)s(X)(bpy)] (X=halide) catalytic systems.[’>
129 Following this tendency, Machan et al.*3? reported the only known group 6 system,
[Cr(*dhbpy)CI(H,0)], whose catalytic activity towards CO, electroreduction was entirely
dependent on the addition of a proton source such as phenol. A decrease of the overpotential in
[Cr(*Udhbpy)CI(H,0)] system avoided an interference with the reduction of the acid present in
solution, allowing the formation of CO and water according to a catalytic 2-electron process

(Figure 1.30).
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Figure 1.30. CVs of [Cr(*dhbpy)CI(H,0)] under Ar and CO, with and without phenol as a proton

source in MeCN. Reproduced from Ref. [132].

55



Chapter I. Carbon dioxide reduction: a general introduction

IV. Objectives of the thesis

In conclusion, different perspectives have been contemplated in the last decades as a response to
the issue of global warming. Transformation of carbon dioxide into value-added products has
raised as one of the most interesting routes to follow, either by photochemical,*3*
electrochemical®®® or chemical procedures.™3 Biomimicry has boosted the development of
promising strategies to convert CO; into valuable products. On one hand, artificial
photosynthesis!*** can combine light and electrochemical processes with the aim of developing a
free-emission technology with the help of catalytic systems. On the other hand, electrocatalytic
systems can transform carbon dioxide into carbonated products such as carbon monoxide or
methanol, although they are often facing drawbacks such as lack of selectivity and high
overpotentials.®® Molecular catalysts involving transition metal have recently shown remarkable
properties in terms of homogeneous electrocatalysis for CO, reduction. While Mn, Fe and Co
complexes remain the most efficient electrocatalysts so far, group 6 (Mo, W, Cr) molecular
systems have drawn more interest during the last five years.!?” The activity of these systems relays

in the redox non-innocent character of the diimine moiety, being able to store electronic density

enough to promote the reduction of molecules such as carbon dioxide.

From this state of the art, this doctoral work was aimed at developing and studying the redox
properties of new [Mo(CO)4(diimine)] systems, by exploiting the modulation of the diimine ligand
to obtain a better understanding on the interaction of the reduced species formed with carbon

dioxide.

Different strategies have been explored and are gathered in the different chapters throughout this
manuscript. In Chapter IlI, the study of the redox and catalytic properties of [Mo(CO)4(bpy-(R).)]
systems (R = -H,-'‘Bu,-OMe,-CO,;Me,-CF;,-NO,) was carried out, including the effects caused by
electron-donor and electron-acceptor 4,4’-R substituents coordinated to the 2,2 -diimine ligand in
the catalytic activity of these complexes towards CO, electroreduction (Figure [.31).
Electrochemical and spectroelectrochemical techniques, along with DFT calculations, were used to
develop a better understanding of the intermediates formed during the redox processes of the

different derivatives tested.
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Figure 1.31. General structure of [Mo(CO)4(bpy-(R)2)] derivatives.

Another perspective that has been examined in Chapter Ill is the comparison of the redox and
catalytic properties of [Mo(CO)4(bpy)] with two other analogues complexes, [Mo(CO)s(phen)] and
[Mo(CO)4(py-indz)], since none of them was previously studied for CO, electroreduction, so far
(Figure 1.32). Meanwhile [Mo(CO)4(phen)], whose redox properties have been already reported
without further extent (i.e. not for CO; reduction),!*** is a polypyridine system which has been well
investigated for its photophysical properties,*3> 3¢ whereas [Mo(CO)4(py-indz)] is a novel complex
whose redox and catalytic features have not been explored yet. [Mo(CO)4(py-indz)] is
characterized by an antisymmetric diimine ligand that is formed by two different moieties, a
pyridine and an indoziline group, being both of them able to store electronic density as redox non-
innocent moieties. Chapter Ill is then focused on the study of the relationship between the
framework of the diimine ligand and the interaction with carbon dioxide in [Mo(CO)s(diimine)]
systems, using IR and UV-vis spectroelectrochemical techniques under Ar and CO, atmospheres, as

well as DFT calculations.
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Figure 1.32. From left to right, [Mo(CO)s(bpy)], [Mo(CO)s(py-indz)] and [Mo(CO)s(phen)]

complexes.
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In the last section (Chapter IV), the use of immobilization strategies is discussed, presenting our
efforts in diminishing the overpotential and increasing the catalytic activity compared to
homogeneous CO; electroreduction. The synthesis of the novel [(Mo(CO)4(bpy-(Cs-pyrene,methyl)]
and [Mo(CO)4(4-PhNH;-phen)] complexes has been carried out with the purpose of immobilizing
these systems onto electrode surfaces by absorption through m-m interaction with MWCNTs
(multi-walled carbon nanotubes) or by diazonium electrografting (Figure 1.33), as previously done

for other transition metal systems.[10% 137, 138l

oc, I
oc” 1

Complex 4 Complex 5

Figure 1.33. From left to right, [(Mo(CO)a4(bpy-(Cs-pyrene,methyl)] and [Mo(CO)s(4-PhNH,-phen)]

complexes.
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Chapter II. Synthesis, characterization and reactivity towards CO; of [Mo(CO)(bpy-(R)2)] complexes

I. Introduction

Modulation of the electronic density over a catalytically-active system can affect the efficiency and
selectivity of the complex. Among several strategies, the attachment of electro-donating or
electro-attracting groups to the ligand framework has been extensively used for molecular metallic
complexes.™ Typically, the position or the nature of the substituent on the ligands are varied to
modulate the catalytic properties. For example in the CO, chemistry, Taylor et al.”¥ reported the
enhanced activity of [Re(X,X"-bpy)(CO)sCl] (X = X’ = 3,4,6) complexes vs. carbon dioxide, thanks to
the modification of the bipyridine moiety with substituent groups in different positions. Another
example was provided by Rotundo et al., who studied the electronic influence of several
substituent groups coordinated in the ortho position for both [fac-M(bpy-(R)2(CO)sCl] systems (M
= Re and Mn).B!

These strategies have also been explored for few group 6 diimine tetracarbonyl complexes, as
mentioned in Chapter I. The Figure Il.1 displays one example of a study performed on Mo and W
substituted bipyridine complexes.* °! The catalytic behavior of these complexes was shown to
depend on the stability of the anionic species formed during the diimine-based reduction
processes. In consequence, the study of the electronic effect provided by electron-withdrawing
groups (EWG) and electron-donating groups (EDG) is of high interest for the enhancement of

catalytic properties.

Re__— co
=_—Ny, | .nCO (1)M=Mo, R=H
- (2)M=W,R=H

=N |\CO (3) M= Mo, R = tBu
R = co (4)M=W,R=tBu

Figure I.1. Schematic representation of [M(CO)4(bpy-R2)] (M = W, Mo; R=H, 'Bu) systems.

Reproduced from Ref. [6].

Taking into consideration all the precedent results, our purpose has been to study a series of
[Mo(CO)4(bpy-4,4"-(R),)] systems as molecular catalysts towards CO, electroreduction, considering

functionalized bipyridine ligands as redox-non innocent ligands (Figure 11.2).
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R
-H 1H
_tBu 1tBu
-Me 1Me
-OMe 10OMe
-CO,Me  1CO2Me
_CF3 1CF3

Figure 11.2. General structure of [Mo(CO)4(bpy-(R),)] derivatives studied in the present work.

While the electrochemical properties of some of the systems that will be discussed in this chapter
have been already reported,”’ no CO, electroreduction activity has been studied whatsoever
except for complexes 1", 18 and 1M, The use of spectroelectrochemical techniques, supported
with DFT calculations, has allowed us to correlate the electronic character of the R substituents

with the spectroscopic and redox properties of the corresponding complexes.

Il. Synthesis and characterization of [Mo(CO)(bpy-(R)2] systems

The syntheses of [Mo(CO)s(bpy-(R)2)] (R = H, ‘Bu, Me, OMe, CO:Me, CFs) complexes were carried
out according to two different routes. Stiddard’s procedure was used for 1" and 1'® synthesis.’® A
solution of Mo(CO)s as metallic source with a small excess of the bipyridine was refluxed overnight
in toluene, achieving a 81% and 70% vyield, respectively (Scheme I11.1). The product obtained was

filtered and washed with cold toluene and petroleum ether to obtain a red crystalline solid.

R R co __R
— = 1h 30° oc, I N
Mo(CO) + { > ) - Mo
N N toluene, A,  oCc” | “NZ |
R=H. ‘B reflux CO “S=—"R
1H,1tBu

Scheme II.1. Synthetic pathway for 1" and 18,
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The second synthetic route® used [Mo(CO)4(nbd)] (nbd = norbornadiene) as metallic source
(Scheme I1.2). The latter was synthetised by reaction of [Mo(CO)s] with an excess of norbornadiene
in petroleum ether for 2 days in an inert atmosphere, giving a brown powder after extraction with
boiling light petroleum (40% yield).'%) Hence, preparation of 1°Me, 1Me = 1C02Me 34 1CF3 \yas
performed by reaction of one equivalent of [Mo(CO)4(nbd)] with a slight excess of the selected
functionalized bipyridine in THF for 16 h at room temperature, to obtain orange to red solids with
notable yields after recrystallization in CH,Cly/petroleum ether. All the complexes were

characterized via *H RMN and IR spectroscopic techniques (see Experimental part for further

details).
R R Co = R
— — THF oc, I N/
Mo(CO)4(nbd) + 27— - Mo
) LN NS 1ehrt oc” | N
nbd = norbadiene CO "R
R = Me, OMe,
COzMe, CF3, 1Me 10Me

CO2Me 4CF3
1 1

Scheme II.2. Synthetic pathway for 1Me, 10Me 102Me 5 172 complexes.

All [Mo(CO)a(bpy-(R)2)] complexes present a distorted octahedral geometry with slightly longer
Mo-C(0) equatorial bonds than axial ones. The IR wavenumber values of the carbonyl bands (vco)
of the [Mo(CO)s(bpy-(R)2)] complexes are gathered in Table Il.1, correlated to A;, B: and B
vibrational CO modes (Figure 11.3). The positions of vco bands are very slightly influenced by the
nature of the substituent groups in the bipyridine ring. Electron-withdrawing substituent groups
may induce a positive shift of the vco bands (vs. 1") due to a smaller ri-retrodonation contribution
to the CO ligands from the metal center. Hence, the inverse effect is observed for electron-

donating derivatives.
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Table II.1. IR wavenumber values of the carbonyl bands (vco / cm™) of [Mo(CO)s(bpy-(R)2)]

complexes in THF and MeCN.

R THF MeCN
H 1840, 1882, 1890, 2012 1831, 1876, 1904, 2012
'Bu 1846, 1889, 1908, 2015 1829, 1874, 1900, 2015
Me 1847, 1890, 1908, 2013 1829, 1874, 1901, 2015
OMe 1832, 1872, 1895, 2011 1827, 1870, 1899, 2015
CO;Me 1845, 1889, 1910, 2013 1839, 1885, 1911, 2018
CFs 1846, 1891, 1911, 2016 1838, 1885, 1911, 2017
100
80
60
2
= 404
20 -
04
2100 ' 2000 ' 1900 ' 1800 ' 1700

Wavelength /cm™

Figure I1.3. Infrared spectrum of 1" in MeCN.

UV-vis absorption spectra of [Mo(CO)a4(bpy-(R)2)] showed intense MLCT transitions in the 350-600
nm region. These transitions occur from dx, metal orbitals to n* orbitals of the bipyridine / axial CO
moieties, making these complexes very colorful in solution.[*>?! The existence of low-lying MLCT
transitions is confirmed by the influence of the nature of the substituent groups in the bipyridine

moiety. The presence of electron donor substituents in [Mo(CO)s(bpy-(R)2)] bipyridine ring shifts
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these bands to higher energies, while the inverse effect is observed for electron-withdrawing

groups (Figure 11.4).13]

12

1.0

0.8
3
©
A
o 06
Q
<

0.4

VN
0.2 \./
. . . . . . . ; =
300 400 500 600 700
A/ nm

Figure 11.4. UV-vis absorption spectra of 1" (orange) and 1°2M¢ (black) in MeCN.

Theoretical calculations confirmed the nature of the main MLCT transition observed for
[Mo(CO)4(bpy-(R)2)] complexes. The main contributor to this transition is the excitation of an
electron from the b HOMO-2, centered in the metal center with small contributions of axial CO
and bipyridine ligands, to the b! LUMO orbital, with the latter displays an almost exclusive m*

diimine character (see for comparison MO diagram of [Cr(CO)4(bpy)], Figure 11.5).0*4
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az

by

LUMO — by ey,

IF=

a
HOMO == &; |d,
by

az
521
b

Il

[Cr(CO),(bpy)]

Figure 11.5. Molecular orbital diagram of [Cr(CO)4(bpy)], indicating the nature of the molecular

orbitals involved in the observed MLCT transitions. Reproduced from Ref. [14].

The absorption maxima (Amax / Nm) of the [Mo(CO)s(bpy-(R)2)] complexes in THF and MeCN are
gathered in Table 11.2. A correlation between a more energetic MLCT transition with an increase of

the polarity of the solvent was observed.*!

Table 11.2. Absorption maxima (Amax / nm) of the MLCT band of [Mo(CO)s(bpy-(R)2)] in THF and

MeCN.
R THF MeCN
H 470 452
'Bu 468 449
Me 457 448

OMe 450 451
CO:Me 529 502
CFs 528 504
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Hammett plots allowed us to visualize the influence of the electronic effect provided by the
substituent groups present in the bipyridine ring.!*®! Plotting both vco and Amaxof [Mo(CO)4(bpy-
(R)2)] vs. Hammett values corroborated the effect caused by a change of the electronic density. An
excess of electronic density in the bipyridine ring leads to lower vco wavenumbers together with a

decrease of MLCT Amaxvalues. The reverse effect is obtained with electron-withdrawing groups.

1914 540 —
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Figure 11.6. Hammett plots of vco (left) and Amax (right) values versus o, Hammett parameters of the

R groups in [Mo(CO)4(bpy-(R).)] complexes.

lll. Electrochemical studies of [Mo(CO)a(bpy-(R)2] systems under argon

Cyclic voltammetry (CV) experiments of [Mo(CO)s(bpy-(R)2)] complexes have been performed at
room temperature in THF, a poor coordinating solvent, and in MeCN, a coordinating solvent, with
0.1 M NBu4PFg as supporting electrolyte. A boron-diamond doped (BDD) or glassy carbon (GC)
working electrode was used in a three-electrode configuration under an inert atmosphere (argon).
All potentials are given against Fc*/Fc redox potential. However, the choice of MeCN or THF as a
solvent had no significant effects on the [Mo(CO)a4(bpy-(R)2)] reduction potentials recorded during

CV experiments.

The electrochemical studies of 1", 1®* and 1M® have already been reported.*®! For these three
complexes, a first ligand-localized reversible reduction was detected at ca. -1.9 V vs. Fc*/Fc in THF

and MeCN. A second irreversible reduction was found in the -2.4 to -2.7 V region, indicating that

71



Chapter II. Synthesis, characterization and reactivity towards CO; of [Mo(CO)(bpy-(R)2)] complexes

the [Mo(CO)4(bpy-(R)2)]* intermediate is not stable on the CV timescale. The [Mo(CO)4(bpy-(R)2)]*
complexes decay rapidly into other species depending on the nature of the solvent.
Spectroelectrochemical techniques confirmed the formation of [Mo(CO)s(bpy-(R).)]*” species in
THF while [Mo(CO)4(H*-bpy-(R)2)]” remains as major product in MeCN due to [Mo(CO)s(bpy-(R)2)] >
protonation by interaction with the solvent / large moisture content in the solvent with a rapid

recoordination of a CO molecule (Scheme I1.3). P!

co R co RI'T co R
= = oc, |
oc,, | W +e OC, | AN | +e /, aNx
o' _— o —_—— o -
————
OC, I ‘N/ | OC( I ‘N/ | OC( I N=
co x—~g co x—~g CO SR
R =H, ‘Bu, Me
-CO
H+
[}
_~_R7]2 co /i R |-
!
0C/,  WNx /- H*,cO ©Cy,, | WN< |
o — Mo
OC( I ‘N/ | OC( I ‘N/
THF major product MeCN major product

Scheme I1.3. Reduction processes of 14, 18 and 1Me systems in MeCN and THF.

Electrochemical characterization of the novel complex 1°M¢ (Figure 11.7) showed a very similar
redox signature as other electron-donating derivatives such as 1™ and 1Me. Scan rate studies
confirmed that the nature of the redox processes reported in Figure Il.7 does not diverge with

similar [Mo(CO)a(bpy-(R)2)] systems (Scheme 11.3).04!
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Figure I1.7. CVs of the 1°M¢complex for A)v=0.1V stand B) 0.1V sl<v<5VstinTHF/0.1 M

NBusPFs under Ar. Conditions: 1 mM of complex, BDD working electrode.

The Randles-Sevcik equation (equation I.1) was used to confirmed the diffusion-controlled and
reversible nature of [Mo(CO)4(bpy-(OMe),)] first reduction process from variation of the peak

current ip as a function of the scan rate v.
i, = 0.446n3/2FACDY/? [=]1/2 y1/2 (I.1)
p RT

[n = number of electrons, F = Faraday constant (C mol?), C = molar concentration (mol cm3), D =
diffusion coefficient (cm?s?), R = universal gas constant (J K mol?), T = temperature (K), v = scan

rate (V s)]

Interestingly, a different voltammetric response was found for 1°°?Me and 1 complexes. Both
systems bear an electron-withdrawing substituent group coordinated to the bipyridine ring in the
ortho position. In the case of 1992M¢ 3 positive shift (vs. 11) of about 400 mV was detected for the
first two reduction processes. A third reduction process was found at —2.70 V vs. Fc*/Fc. The first
reduction process at —1.54 V for 1°2M¢ can be correlated to 1M first reduction process. However,
both 1992Me second and third reduction processes displayed a loss of reversibility when MeCN was
used as solvent instead of THF. For comparison, redox behavior of free ligand bpy-(CO.Me);

showed two reversible systems in reduction at potential values close to those obtained for the
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second and third reduction of complex 1¢°®™¢ (Figure 11.8). However, these comparative curves

strongly suggest no ligand unbinding upon reduction for this complex.

-30 4

T T T T T T T
-3.0 -25 -2.0 -1.5 -1.0

E/Vvs. Fc'/Fc

Figure 11.8. CVs of A) 1°°2e (plack) and B) bpy-(CO,Me), ligand (purple) in THF / 0.1 M NBu4PFs

under Ar. Conditions: 1 mM of complex, BDD working electrode, v=0.1V s,

As compared to 1M, the 1% complex displayed a 450 mV positive shift of the reduction potential
values in a similar way as 1°°?Me, Even though, going to more negative potentials after the first
reversible reduction process at E1,,= —1.55 V vs. Fc*/Fc showed several irreversible peaks, differing

from 192 redox behavior (Figure 11.9).
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Figure 11.9. CVs of A) 6-CF;3 (black) and B) bpy-(CFs) ligand (purple) in THF / 0.1 M NBu4PF¢ under
Ar. The red curve corresponds to the CV for the first reduction process only for the complex.

Conditions: 1 mM of complex, BDD working electrode, v=0.1V s,

Table I1.3 gathers [Mo(CO)a(bpy-(R).)] redox potential values in THF used to build Figure 11.10. The
potential values of the 3™ reduction process observed for 1°°®M¢ and 1 are also listed even if the

origin of these reduction processes remains unknown.

Table I1.3. Reduction half-wave potential of [Mo(CO)4(bpy-(R)2)] systems vs. Fc*/Fc in THF.

Eijpvs. Fc'/Fc 1%tred 2" red 3 red
" -1.90 -2.50° -

1tBu -2.06 -2.70° -

Me -2.05 -2.65° -

10Me -2.06 -2.65° -
1¢02Me -1.54 -1.98 -2.65
13 -1.55 -2.052 -2.942

2 Irreversible cathodic peak
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Figure 11.10. Hammett plots of potential values for first (left) and second (right) reduction

processes versus o, Hommett parameters of the R groups in [Mo(CO)(bpy-(R)2)] complexes.

In conclusion, the presence of electron-donating groups in the bipyridine moiety of [Mo(CO)4(bpy-
(R)2)] systems such as 1M® and 1°M® systems causes a negative shift of the redox potentials.
However, redox behavior of 1¢°2Me and 17 differed significantly from that of 1", especially after
the first reduction process. As a result, spectroelectrochemical experiments became necessary to

understand the redox behavior of 1°°?Me and 1°F complexes.
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IV. Spectroelectrochemical studies of [Mo(CO)(bpy-(R)2)] systems under Ar

UV-Vis and IR-SEC setups were used to analyze the species generated under argon during the

reduction of [Mo(CO)(bpy-(R).)] species.
IV.1. UV-Vis spectroelectrochemical studies under Ar

Absorption spectra between 200 and 800 nm of [Mo(CO)4(bpy-(R),)] were recorded in MeCN and
THF under thin layer conditions at room temperature (0.2 mm optical path). A modified three-

electrode cell coupled with an UV-Vis probe was used, as described in appendix.

UV-vis spectra in dry THF of 1" in its initial (neutral) state and after the first reduction are
presented in Figure I1.11. An absorption band was detected at Amax = 365 nm which can be ascribed
to a m-m* transition for the bipyridine moiety, a feature related to mono-reduced radical
bipyridine species.”! Two absorption bands were also detected at 470 to 532 nm, which

correspond to MLCT transitions !

0.8 - 0.7
0.6
06 -
05
a 3
=z
2 04 s 0.
< 2,
024 0.2

0.0

T T
400 600 800
a/nm

4/,7,”

Figure 11.11. Absorption spectra of mono-reduced (red) and neutral (black) species of complex 11
upon spectroelectrochemical experiments in THF / NBusPFs 0.1 M (left) with its corresponding 3D
monitoring graph (right). Conditions: 1 mM of complex, BDD (WE), thin layer condition, 0.2 mm

optical path, under Ar.
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For the other complexes, absorption spectra of mono-reduced species in THF displayed similar

features as for 1" (Table 11.4). Complexes 1°M¢ and 1°°2Me showed less intense MLCT bands

compared to electron-richer derivatives such as 1® (Figure 11.12). An additional weak absorption

band at 795 nm was observed for 1°°e analogously to the band found at 760 nm for the

corresponding mono-reduced ligand bpy-(CO,Me),. The same experiments conducted in MeCN

showed no significant change compared to THF, except for the electron-withdrawing groups 1¢©2Me

and 17 in the visible region (Table 11.4).

Table 11.4. UV-vis spectroscopic data of mono-reduced [Mo(CO)s(bpy-(R).)] complexes in THF and

MeCN

367, 495, 533
363, 496, 536
364, 482,522

363, 487,521

377,502,538,795 372,606

348, 635, 697

Absfau

MeCN.
R THF

H 365, 470, 532

‘Bu 366, 503, 536

Me 372, 509, 548

OMe 359, 485, 518

CO;Me

CF3 369, 493, 526
2 05
§ 0.4

e % o
A dnm

0.7

T T T T T T
200 300 400 500 600 700 800 800
a/nm

Figure 11.12. Absorption spectra of mono-reduced (red) and neutral (black) species of complex

1€02Me and 1°Me (right) upon spectroelectrochemical experiments in THF / NBusPFs 0.1 M.

Conditions: 1 mM of complex, BDD (WE), thin layer condition, 0.2 mm optical path, under Ar.
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UV-Vis spectroelectrochemistry was then carried out for investigating the second reduction
process under argon. As displayed in Scheme II.3, reduction of the [Mo(CO)s(bpy-(R);)]*" radical
species may promote the formation of unstable bis-reduced species [Mo(CO)4(bpy-(R)2)]*.
Consequently, a chemical transformation may occur depending on the solvent choice. Indeed,
[Mo(CO)s(bpy-(R)2)]* formation by loss of one axial CO ligand should be favored with non-protic
solvents, such as THF. However, protonation of [Mo(CO)4(bpy-(R),)]* leadingto [Mo(CO)4(H*-bpy-

(R)2)]” species should be promoted in more protic solvents, such as MeCN."!

As shown in Figure 11.13 and Table 1.5, the UV-vis spectrum of the bis-reduced species of 1" in dry
THF displayed absorption bands at 407, 591 and 642 nm (blue curve). Although the assignment of
these bands need the full support of IR-SEC and DFT studies, it likely corresponds to the
[Mo(CO)s(bpy-(H)2)]* species in agreement with literature data.l® The absorption spectra of the
same complex in MeCN presented noticeable differences, especially in the 500 nm region (green
curve, Figure 11.14 and Table 11.6). Accordingly,” double reduction of 1" in this solvent leads to the
formation of [Mo(CO)4(H*-bpy-(H)2)]~ which might be in equilibrium with [Mo(CO)s(bpy-(H)2)]*".
The same effect was also obtained by working with “wet” THF (outside the glove or by addition of
aliquots of water to dry THF), emphasizing the possible role of water in the equilibria between

both bis-reduced species.

Abs/a.u.

A/nm

A/ ppy

Figure 11.13. Absorption spectra of bis-reduced (blue), mono-reduced (red) and neutral (black)
species of complex 1" in THF / NBusPFs0.1 M (left) with its corresponding 3D monitoring graph
(right). Conditions: 1 mM of complex, 0.1 M NBusPFs, BDD (WE), thin layer condition, 0.2 mm
optical path, under Ar.
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Figure 11.14. Absorption spectra of bis-reduced (green), mono-reduced (red) and neutral (black)

species of complex 1" in MeCN / NBusPFs0.1 M (left) with its corresponding 3D monitoring graph

(right). Conditions: 1 mM of complex, 0.1 M NBuPFs, BDD (WE), thin layer condition, 0.2 mm

optical path, under Ar.

Table 11.5. UV-Vis spectroscopic data for bis-reduced species of [Mo(CO)s(bpy-(R)2)] complexes in

THF.

A (nm) / MLCT

OMe

C()z“ﬂe

CF3

407,591, 642
399, 583, 620
393, 589, 625
383, 449

456, 582, 803

400, 449, 572
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Table 11.6. UV-Vis spectroscopic data for bis-reduced species of [Mo(CO)s(bpy-(R).)] complexes in
MeCN.

R A (nm) / MLCT

H 391, 575
‘Bu 390, 578
Me 396, 589

OMe 379,436
CO,Me 390, 585
CFs3 413,578

For [Mo(CO)4(bpy-(R)2)] (R = Me, 'Bu) complexes, the absorption maxima were similar to those
obtained for 1" in THF and MeCN (Tables 11.5 and I1.6), demonstrating that the electron-donating
substituents lead to the same bis-reduced species as 1", i.e. [Mo(CO)s(bpy-(Me),)]>~ and
[Mo(CO)s(bpy-(*Bu)2)]* in THF, as well as [Mo(CO)4(H*-bpy-(Me),)]~ and [Mo(CO)4(H*-bpy-(*Bu),)]~
in MeCN.

As shown in Figure I1.15 and Table 1.6, double reduction of the complex 1°™¢ in MeCN showed the
appearance of two main absorption bands at 379 nm and 436 nm, with a shoulder at 500 nm. A

similar pattern was detected in THF (Table II.5).
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Figure 11.15. Absorption spectra of bis-reduced (green), mono-reduced (red) and neutral (black)
forms of complex 1°M¢ in MeCN / NBusPFs0.1 M (left) with its corresponding 3D monitoring graph
(right). Conditions: 1 mM of complex, 0.1 M NBusPFs, BDD (WE), thin layer condition, 0.2 mm

optical path, under Ar.

On one hand, the UV-vis signature of 1°°?M¢ in THF was similar to other [Mo(CO)4(bpy-(R)2)]
complexes (R = H, Me, 'Bu) (Table 11.5), although absorption bands were broad and not well-
defined (Figure I1.16.A). However, the well-resolved band at 795 nm detected at the first reduction
process was found to be more intense when reaching the second reduction. No novel species were
found in absorption spectra at the 3™ reduction potential, but an increase of the bands already

present.

On the other hand, the UV-Vis spectroelectrochemical signature of 1°in THF (Figure 11.16.B, Table
I.5) was similar to that of 1°°2M¢, except that no characteristic band was detected at 800 nm.
Further studies with IR-spectroelectrochemical techniques provided an insight of the species

formed (see below).

As for the other complexes, the use of MeCN as solvent gave different results than those obtained
in THF (Table 11.6). While no significant differences could be detected for 1%, the absorption
spectra of 1°92e displayed a drastic diminution of the absorption bands related to the second and
third reduced forms. This behavior could be related to a possible solvent interaction with the

reduced species of 1¢02Ve,
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Figure 11.16. CVs (v = 0.01 V s?) of 1992Me (A) and 17 (B) (left) and absorption spectra (right) of tri
(green), bis (blue) and mono-reduced (red) and neutral (black) species of 1€°?Me (A) and 1 (B) in
THF / 0.1 M NBu4PFs. Conditions: 1 mM of complex, BDD (WE), thin layer condition, 0.2 mm optical

path, under Ar.

In summary, UV-vis spectroelectrochemical data for [Mo(CO)s(bpy-(R)2)] complexes under Ar
suggest that the substituting group on the bipyridine moiety does not substantially affect the
nature of the mono-reduced species formed during the reduction step, leading to [Mo(CO)4(bpy-
(R)2)]°~ species in dry THF. Nevertheless, the broad peaks obtained for the second reduction did
not afford clear discrimination between tetracarbonyl or tricarbonyl bis-reduced species. In

consequence, complementary experimental data such as IR are necessary.
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IV.2. IR spectroelectrochemical studies under Ar

Infrared spectroelectrochemical experiments in THF and MeCN solutions of Mo complexes (5mM)
and NBu4PFs (0.1 M) allowed for a structural characterization of [Mo(CO)4(bpy-(R),)] reduced
species. An ATR-IR probe was incorporated in a modified three-electrode cell such that thin-layer
conditions could be obtained. A cone-dipped glassy carbon (GC) working electrode was used
during chronoamperometry (CA) experiments at potentials values that promoted each

[Mo(CO)a(bpy-(R).)] reduction process.

As shown in Figure I1.17.A, the infrared spectrum of complex 1" during the first reduction was
recorded in THF under an inert atmosphere. The infrared signature remained unchanged
regardless of the solvent used and displayed a 30 cm™ negative shift of the vcovalues compared to
that of the neutral complex. The same trend was observed for the other [Mo(CO)4(bpy-(R)2)]
complexes (Table 11.7). This behavior was consistent with a weakening of the C-O bonds due to the
increase of the electron density in the system, promoting a stronger m-retro-donation from the
metal center to the CO m*-antibonding orbitals. The presence of a similar infrared signature for
both mono-reduced and neutral species suggests no significant change in the coordination sphere
of the system. Consequently, the aforementioned nature of the first reduction process
corresponds to a simple one-electron transfer step, leading to [Mo(CO)4(bpy-(R)2)]°*~ species. In the
case of 1¢°2Me complex, the band in the 1700-1750 region belongs to the C=0 frequency mode of
the CO;Me group (Figure 11.17.B)
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Figure 11.17. Infrared spectra of neutral (black) and mono-reduced (red) forms of complex 1" (A)
and 1%°2Me (B) under Ar in THF / 0.1 M NBu4PFs. Dots indicate the C=0 frequency band of -CO,Me

group. Conditions: 5 mM of complex, GC working electrode, under Ar.

Table I1.7. Values of the vco bands of [Mo(CO)4(bpy-(R)2)]1* in THF.

R vco (cm™)

H 1803, 1841, 1870, 1991
Bu 1812, 1857, 1878, 1995
Me 1811, 1859, 1879, 1994

OMe 1801, 1845, 1866, 1991
CO,Me 1813, 1856, 1878, 1994

CFs 1812, 1860, 1881, 1997

Solvent-dependency of the second reduction process for [Mo(CO)s(bpy-(R)2)] complexes was
studied by IR-SEC techniques. The nature of [Mo(CO)s(bpy-(R):)] bis-reduced species was
previously shown to be influenced by the moisture content on the solvent.>® The two possible
bis-reduced species (unprotonated tricarbonyl or protonated tetracarbonyl) have indeed different
IR signatures. As shown in Figure 1.18.A, the spectrum of [Mo(CO)s(bpy-(H))]*>" displayed vco
bands at 1707 and 1844 cm™, while that of [Mo(CO)4(H*-bpy-(H),)] ~ was very similar to that of the
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corresponding neutral species, mainly due to a common tetracarbonyl structure (Figure 11.18.B).

The same behavior was observed for the IR-SEC studies of 1*®¥and 1M® in THF and MeCN.

IR spectra of 1°Me for the second reduction process in THF remained comparable to that showed in
Figure 11.18.A for 1", displaying two bands at 1700 and 1844 cm™ that can be related to the
[Mo(CO)s(bpy-(OMe),]?" intermediate. The presence of methoxy substituent group in the 1°Me
bipyridine ring has an impact on the electronic transitions observed in its absorption spectra, but

the redox behavior of 1°M¢was similar to that of 18 and 1Me.
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Figure 11.18. A) Infrared spectra of the mono- (red) and bis-reduced (blue) forms of 1" in THF / 0.1
M NBu4PFs. B) Infrared spectra of the mono- (red) and bis-reduced (green) forms of 1" in MeCN /

0.1 M NBu4PFs. Conditions: 5 mM of complex, GC working electrode, under Ar.

Noteworthy, the IR-SEC spectrum of 1%°2Me ypon reduction in THF at the second process displayed
vco bands at 1829, 1860, 1866 and 1974 cm™ (Figure 11.19). This infrared signature was not
detected for the other [Mo(CO)4(bpy-(R)2)] complexes for the second reduction. In addition, the
C=0 band related to -CO,Me group (1648 cm™) was negatively shifted. Possibly, electrochemical
reduction of 1°92Me at the second redox process may lead to the protonated [Mo(CO)4(H*-bpy-
(CO2Me),)] species (Scheme 11.3). This may result from the CO,Me-substituted bipyridine moiety
which can accommodate supplementary electron density by charge delocalization, as well as

proton uptake. In consequence, the m-backbonding density towards the axial CO ligands is
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decreased, thus shifting the vco bands towards more positive values (compared to the mono-

reduced species) as found experimentally.

IR-SEC studies of 1992Me for the third reduction process yielded vco bands at 1708 cm™ and 1851
cm? (Figure 11.20), a behavior normally related to the formation of tricarbonyl species (see for
example Figure 11.17.A for 1"). A novel band at 1600 cm™was also detected, and may be ascribed

to the -CO,Me group.

0.96
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Figure 11.19. Infrared spectra of the bis-reduced (blue) and neutral (black) species of 1€°*M¢ in THF/

0.1 M NBu4PFs. Conditions: 5 mM of complex, GC working electrode, under Ar.
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Figure 11.20. Infrared spectra of the tris-reduced (green) and neutral (black) species of 1¢©2Me jn
THF/ 0.1 M NBu4PFs. For B) the blue trace represents the bis-reduced form of 1°°?M¢_Conditions: 5

mM of complex, GC working electrode, under Ar.

The IR-SEC study of 1 in THF revealed the appearance of two vco bands at 1704 and 1842 cm'
(Figure 11.21) for the second reduction, which are likely assigned to [Mo(CO)s(bpy-(CFs),)]%>". This
result was similar to that obtained for all complexes except 1°°*Me (Table 11.8). Since -CO,Me and -
CF3; moieties display similar electronic (withdrawing) properties, their different IR-SEC spectra
indicate that the CO,Me group may also favor proton binding probably though oxygen atoms of
the ester, leading to [Mo(CO)4(H*-bpy-(CO.Me),)]".
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Figure 11.21. Infrared spectra of the bis-reduced (blue) and neutral (black) species 1 in THF/ 0.1

M NBu4PFs. Conditions: 5 mM of complex, GC working electrode, under Ar.

Table I1.8. IR data for [Mo(CO)4(bpy-(R)2)] in THF at the second reduction process (from IR-SEC).

R veo (em?)

H 1707, 1843

‘Bu 1712, 1860

Me 1714, 1865

OMe 1700, 1844
CO:Me 1829, 1860, 1866, 1974

CFs 1704, 1855
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V. Electrocatalytic reduction of CO; by [Mo(CO)a(bpy-(R)2] complexes

V.1. Cyclic voltammetry of [Mo(CO)4(bpy-(R)2)] systems under CO;

Electrochemical properties of [Mo(CO)4(bpy-(R)2)] were studied by cyclic voltammetry techniques
under a CO, atmosphere. All experiments were performed under an inert atmosphere (glovebox),
injecting carbon dioxide with a vacuum schlenk line after pre-purging. Boron-diamond doped
(BDD) working electrode was used in each experiment. Solutions of [Mo(CO)4(bpy-(R)2)] (1 mM) in
THF or MeCN with 0.1 M NBu4PFs as supporting electrolyte were analyzed. As shown in Figure
11.22, cyclic voltammetry of 1"recorded under carbon dioxide showed a current enhancement at
potentials related to the second reduction process, compared to that under Ar. In agreement with

spectroelectrochemical results, we can assign the active species to the bis-reduced form of 1",

104 Complex 1%, v =01 v &’

Under Ar
Under CO,

Complex 1", 0.1 v/s

Under Ar
Under CO2

PR
PRI

T T T T
-3.0 -25 -2.0 -1.5 -2.6 -2.4 -2.2 -2.0 -1.8 -1.6

E/V vs Fc'fFe EIV vs Fc'Fe

Figure 11.22. CVs of complex 1" in THF/ 0.1 M NBu4PFs under Ar (black) and CO; (red). Cyclic
voltammetry of 1" first reduction process was studied separately. Conditions: 1 mM of complex,

BDD working electrode, v=0.1V s™.

The same behavior as in Figure 11.22. was also obtained for infrared-SEC studies of 1®* and 1Me,
However, a catalytic enhancement for the electron-donating [Mo(CO)a(bpy-(R)2)] derivatives was

observed because of an easier reduction of the substrate (Figure 11.23).
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Figure 11.23. CVs of complex 1® in THF/ 0.1 M NBu4PFs under Ar (black) and CO; (red). Cyclic
voltammetry of 1" first reduction process was studied separately. The dashed curve corresponds
to the CV for the first reduction process only under carbon dioxide. Conditions: 1 mM of complex,

BDD working electrode, v=0.1Vs™.

The same behavior as in Figure 11.22 was also obtained for infrared-SEC studies of 1" and 1Me,
However, a higher catalytic current for the electron-donating [Mo(CO)(bpy-(R)2)] derivatives was
observed (Figure 11.23). A small reversibility loss was found at the first reduction processes 1'®" in
CO,. This behavior suggests a possible chemical interaction of [Mo(CO)4(bpy-(R):)]*~ with carbon
dioxide. So far, electrocatalytic studies of CO, reduction by [Mo(CO)s(bpy-(R)z2)] complexes have

shown the inactivity of [Mo(CO)4(bpy-(R)2)]*" in presence of carbon dioxide.*

The catalytic peak current it was determined for [Mo(CO)4(bpy-(R).)] second reduction processes
under CO,. This value was compared to the non-catalytic response i, under an inert atmosphere.
Results obtained in MeCN/THF are displayed in Table 11.9, considering i.t/ip ratio as main tool to
evaluate the catalytic activity. Overall, the best activity was found for electron-donating
[Mo(CO)4(bpy-(R),)] derivatives. However, slightly smaller catalytic activities were obtained in
MeCN. This effect could be caused by an interaction of [Mo(CO)s(bpy-(R)z)]*” species with an
acetonitrile molecule. Another possibility could be the formation of [Mo(CO)4(H*-bpy-(R).)]"

species in MeCN.
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Table 11.9. ict/ip ratio for [Mo(CO)s(bpy-(R)2)] complexes at the second reduction potential in THF
and MeCN.

R icat/ip iIN THF  icat/ip in MeCN

H 1.8 1.6
‘Bu 23 1.7
Me 2.6 2.3

OMe 2.8 2.6
CO:Me 1.3 11
CFs @ @

2Not detected

Surprisingly, electron-withdrawing [Mo(CO)s(bpy-(R)2)] systems displayed an unprecedented
interaction with carbon dioxide. 1°°*M¢ presented discrete icat/ip values, consistent with a smaller
ability to reduce carbon dioxide (compared to 1"). This system showed indeed a slight current
enhancement during its second reduction process in CO,, accompanied with reversibility loss
(Figure 11.24). Nevertheless, a significant current enhancement was detected between the second
and third process for this complex, suggesting the probable formation of a new CO; adduct after
the second reduction. The lowest activity was recorded for 1%3. These results indicate that the
carbon dioxide reacted with the mono-reduced species since the bis-reduced complex was no

longer detected (Figure 11.24).

A B .-

-100 4

-200 o

-300 H

Ff A
A

-400
-500 4

-600 o

T T T T 700 . . . .
3.0 2.5 -2.0 1.5 -1.0 30 25 2.0 -1.5

E/V vs Fc'Fc E1V vs FcliFe

Figure 11.24. CVs of A) 1°92Me gnd B) 1°**in THF/ 0.1 M NBu4PF¢ under Ar (black) and CO, (red).

Conditions: 1 mM of complex, BDD working electrode, v=0.1V s,
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V.2. UV-vis spectroelectrochemical studies of [Mo(CO)s(bpy-(R)2)] systems
under CO;

Studies of [Mo(CO)(bpy-(R)2] systems under a saturated CO, atmosphere by UV-Vis time-resolved

spectroelectrochemical techniques were performed in THF and MeCN.

Absorption spectra of [Mo(CO)s(bpy-(H)2] upon first reduction under CO; revealed smaller
absorbance values than under Ar (Figure 11.25). This absorbance loss was also found in the study of
other [Mo(CO)4(bpy-(R).] species, suggesting an interaction of [Mo{(CO)s(bpy-(R)2]*" with carbon

dioxide. No additional information could be obtained by using UV-vis spectroelectrochemical

techniques.
15
0.8 Complex 1, 0.1 V/s
) 10 H
——Under Ar
5 ——Under CO,
0.6 -|
5 0
2 g
[ - -5 -
£ 044 —
-10 4
0.2 -15
-20 4
T T T T T T T T T T T
200 100 600 800 26 24 2.2 2.0 18 1.8
Afnm EIV vs F¢'Fe

Figure 11.25. [Mo(CO)4(bpy-(H).)]*~ absorption spectra (left) and cyclic voltammetry (right) under Ar
(black) and CO, (red) atmosphere in THF/ 0.1 M NBu4PFe¢. Conditions: 1 mM of complex, BDD

working electrode, v=0.1V s

Study by UV-vis spectroelectrochemical techniques of the second reduction process for
[Mo(CO)a(bpy-(H):2] under a saturated carbon dioxide atmosphere showed a drastic drop of the
absorbance independently of the solvent used (Figure 11.26). No adduct formation or novel

absorption bands could be observed by UV-vis spectroscopic techniques.

93



Chapter Il. Synthesis, characterization and reactivity towards CO: of [Mo(CO)s(bpy-(R)z)] complexes

05

0.6 4 0.4

0.4+

Abs fa.u.

0.2
0.1

oo

T
400 600 800

Afnm

&/nm

Figure 11.26. Absorption spectra of bis-reduced (blue), mono-reduced (red) and neutral (black)
species of 1" in THF / 0.1 M NBu4PFs (left) with its corresponding 3D monitoring graph (right).

Conditions: 1 mM of complex, BDD (WE), thin layer condition, 0.2 mm optical path, under CO.

The results shown in Figure I1.26 can be extrapolated to most of the [Mo(CO)s(bpy-(R).] systems.
Nevertheless, a different behavior was observed for the second and third reduction processes for
1¢92Me ynder a CO, saturated atmosphere. The absorption spectra upon the second reduction
showed two bands at 502 and 538 nm in THF together with the disappearance of the characteristic
band at 800 nm, suggesting the formation of a new adduct with carbon dioxide. Even though, the
absorption spectra obtained for the third reduction process was similar to that obtained for the
second reduction for [Mo(CO)s(bpy-(R)2] complexes. Thus, the drastic drop of the absorbance
bands (including that at 800 nm) was indicative of a catalytic interaction of a hypothetical

tricarbonyl species with carbon dioxide (Figure 11.27).
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Figure 11.27. UV-Vis-SEC spectra of 1°°?Me in THF during its 2" reduction (left) and 3™ reduction
(right) under Ar (pink) and CO; (brown) in THF/ 0.1 M NBusPFs. Black arrows indicate the
absorbance change under CO,. Conditions: 1 mM of complex, BDD (WE), thin layer condition, 0.2

mm optical path.

V.3. IR-SEC spectroelectrochemical studies of [Mo(CO)s(bpy-(R):)] systems
under CO;

Infrared spectroelectrochemical techniques were used in the study of [Mo(CO)s(bpy-(R)2)]
complexes in a saturated CO, atmosphere. The formation of carbonated products was monitored
by IR in the 1600-1700 cm™ wavenumber range, such as formate (1610 cm™) and bicarbonate
(1670 cm?) ions.’> 17 18 The consumption of carbon dioxide (vco = 2320 cm™) could be also

detected, a relevant factor to determine the reactivity of the reduced species formed.
First reduction process under CO,

The Figure 11.28 displayed the IR-SEC spectra of 1" upon first reduction under CO,. The signature
observed under Ar in Figure 11.17, featured by a negative 30 cm™ shift of the veo values, remained
unchanged. However, formation of carbonated products together with carbon dioxide
consumption was detected. We could also confirm the consumption of [Mo(CO)s(bpy-(H)2)]*~ and

carbon dioxide as already observed in the spectra in Figure 11.25.
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Figure 11.28. IR-SEC spectra of complex 1" in THF/ 0.1 M NBu4PFs at the neutral state (black) and

after the first reduction (red) under CO,. Conditions: 5 mM of complex, GC working electrode.

No result regarding the use of MeCN as a solvent has been discussed in this work due to an
interaction of [Mo(CO)4(bpy-(R)2)]*~ with acetonitrile / 0.1 M NBusPFssolutions. Figure 11.29 shows
MeCN and CO, consumption during 1" first reduction process. This spectrum was recorded from a
dry MeCN solution under an inert atmosphere. Surprisingly, no interaction with acetonitrile was
observed under an inert atmosphere, suggesting that carbon dioxide plays an additional role in the
interaction between [Mo(CO)(bpy-(H)2)]*~and the solvent molecule. This behavior was also found
for the other [Mo(CO)s(bpy-(R):] complexes. However, no solvent consumption was detected

when dry THF was used instead of MeCN at the same experimental conditions.
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Figure 11.29. 1" differential infrared spectra of [Mo(CO)4(bpy-(H)2)]*" (red) under CO, in MeCN /0.1
M NBu4PFs. Consumption of CO, and MeCN is observed in the 2200-2400 cm™ region. Conditions:
5 mM of complex, GC (WE).

Second reduction process under CO,

The proposed reactivity of [Mo(CO)4(bpy-(R)2)]*~ species with carbon dioxide is described in
Scheme I1.4. Interestingly, the solvent can have an influence in the carbonated product formed.
For instance, Clark et al. detected by gas chromatography (GC) the selective production of CO
during the bulk electroreduction of [W(CO)4(bpy-(*Bu);)]*" in MeCN under a CO, atmosphere.®
Nevertheless, Taylor et al. reported the formation of carbonate and formate in THF, under

otherwise similar experimental conditions (Scheme 11.4). (4> 17]
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Scheme I1.4. Reactivity of [Mo(CO)4(bpy-(R)2)]* with carbon dioxide in different solvents.

Study by IR-SEC of the second reduction process for [Mo(CO)4(bpy-(H)2] under a saturated carbon

dioxide atmosphere in THF showed the formation of formate and carbonate. Surprisingly, the

surge of a new veo band at 1920 cm™ featured the formation of a novel molybdenum species

(Figure 11.30).
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Figure 11.30. IR-SEC spectra of complex 1" in THF/ 0.1 M NBu4PFs at neutral state (black) and after

the second reduction (orange) under CO,. Conditions: 5 mM of complex, GC working electrode.

This behavior was replicated for every [Mo(CO)4(bpy-(R).)] derivative for the second reduction
process excepting 1¢°2Me, The nature of the interaction between bis-reduced species with CO; has
not been defined yet. The novel vco mode at 1920 cm™ and the absence of any new absorbance
bands during UV-vis spectroelectrochemical studies have already been reported for similar
systems.'”! The formation of an adduct between [Mo(CO)s(bpy-(R):]>"and carbon dioxide, or a
formate / carbonate molecule could explain the spectroelectrochemical results obtained here,
having no signature of a tetracarbonyl species that usually presents vco modes in the 2000 cm™

wavenumber region.
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Figure 11.31. IR-SEC spectra of complex 1'8“ in THF/ 0.1 M NBu4PFs at neutral state (black) and after

the second reduction (orange) under CO,. Conditions: 5 mM of complex, GC working electrode.

The study of the first reduction process for 1©%Me indicated no interaction under a CO,
atmosphere. Different conclusions can be drawn from the 1°9?Me second reduction process. An

interaction with carbon dioxide can be suggested from the unassigned band at 1630 cm™ (Figure
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11.32). However, this band did not displayed the formate and carbonate signature usually observed

for other [Mo(CO)a4(bpy-(R)2)] processes, being more similar to the signature of free oxalate.*
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Figure 11.32. Infrared spectra of the bis-reduced (orange) and neutral (black) forms of 1¢92Me jn
THF/ 0.1 M NBu4PFg under CO». Orange dots indicate the vco bands assigned to the new species
formed under CO,. For B) the blue trace represents the bis-reduced form of 1¢°?Me ynder Ar.

Conditions: 5 mM of complex, GC (WE).

We can conclude that, according to IR-SEC data, the complex 1°°?Me displays a different redox
behavior as the rest of [Mo(CO)a(bpy-(R)2] complexes. However, this activity cannot be only
related to the electron-withdrawing character of the -CO,Me substituent groups by comparison

with other electron-withdrawing derivatives such as 13,

VI. Theoretical calculations of [Mo(CO)(bpy-(R).)] derivatives

Theoretical studies of several [Mo(CO),(diimine)] complexes have been previously reported .[620-22
In this work, we have focused on the theoretical calculations of 1M, 1tv 1€02Me gnq 1CF3
[Mo(CO)a(bpy-(R):)] species. Calculation of the structure of the different reduction species was

also performed.
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The spin densities of the SOMOs of the mono-reduced [Mo(CO)4(bpy-(R)2)]*~ species are displayed
in Figures 11.33 and I1.34. The electronic calculations localize the extra electronic density over the
bipyridine ring with a small contribution on the axial CO ligands. These results are in agreement

with a first reduction process consisting of an electron transfer mainly to the bipyridine moiety.#

Figure 11.33. Spin density plots of the SOMO of [Mo(CO)4(bpy-(H)2)]*~ (A) and [Mo(CO)s(bpy-
(*Bu),)]*” (B). Isosurface value = 0.03.

A slight electronic distribution over the electron-withdrawing substituent groups is observed in
mono-reduced species of 1%?Me gnd 1 (Figure 11.35). This effect corroborates the positive

potential shift observed in cyclic voltammetry experiments (Figure I1.7).
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G’ 9

Figure 11.34. Spin density plots of the SOMO of [Mo(CO)4(bpy-(CFs3)2)]*~ (A) and [Mo(CO)s(bpy-
(CO2Me),)]* (B). Isosurface value = 0.03.

Theoretical IR data for [Mo(CO)a(bpy-(R)2)]*~ complexes agree with experimental values. A shift

towards lower values in comparison with vco neutral species was obtained (Table 11.10).

Table 11.10. Theoretical and experimental (THF) vco values for [Mo(CO)4(bpy-(R)2)]* complexes.

R Vveo theor. / cm™ Vco exp. / cm™
H 1865, 1890, 1900, 1989 1803, 1841, 1870, 1991
Bu 1867, 1891, 1900, 1989 1812, 1857, 1878, 1995
CO,Me  1877,1902, 1910, 1994 1813, 1856, 1878, 1994
CF; 1874, 1899, 1909, 1994 1812, 1860, 1881 1997

Modeling of [Mo(CO)s(bpy-(R).)]*> species indicate a shift of the electronic density towards the
metal center. The presence of electron-withdrawing groups in [Mo(CO)s(bpy-(CFs)2)]* and
[Mo(CO)s3(bpy-(CO.Me),)]* species allows a better distribution of the electronic density,
diminishing drastically the electronic density in the Mo-N and Mo-(C)O bonds (Figure 11.35.B). This
stabilization factor could inhibit partially the catalytic activity towards CO; electroreduction of

1C02Me and 1CF3.

102



Chapter Il. Synthesis, characterization and reactivity towards CO: of [Mo(CO)s(bpy-(R)z)] complexes

Figure 11.35. Spin density plots of the HOMO of 1" (A) and 1°2Me (B) [Mo(CO)s(bpy-(R)2)]* species.

Isosurface value = 0.03.

Theoretical IR data of [Mo(CO)s(bpy-(R),)]>" species corroborated the IR signature obtained by
spectroelectrochemical IR experiments for R = H, 'Bu and CFs, with two vco bands around 1700 and
1850 cm™® (Table I1.11). An uniform difference of about 80 cm™ is obtained for each [Mo(CO)s(bpy-
(R)2)]* band in the 1700-1720 cm™ region. However, as previously discussed, the theoretical

values did not match with experimental ones for the CO,Me derivative.

Table 11.11. Theoretical vco values of [Mo(CO)s(bpy-(R)2)]>~ compared to experimental data in THF

for the second reduction.

R Vo theor. / cm™ Vco exp. (in THF) / cm™
H 1772, 1854 1707, 1843
Bu 1779, 1859 1712, 1860
CO,Me 1791, 1871 1829, 1860, 1866, 1974
CF; 1793, 1871 1700, 1844

Extensive analysis of 1°°2Me reduction processes was performed by simulating the possible reduced
species formed in THF (Table 11.12). Comparative theoretical IR data of the different plausible
reduced species of 1°92Me¢ gre gathered in Table 11.11. Calculation of [Mo(CO)s(bpy-(CO2Me),)]*~

species as an equivalent system to [Mo(CO)4(H*-bpy-(CO.Me)2)]~ was performed. It is remarkable
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that [Mo(CO)4(bpy-(CO.Me),)]*~ theoretical values for vco modes were very close to the

experimental ones obtained during the monitoring of 1°°?Me second reduction process (Figure

11.36).

Table 11.12. Experimental and theoretical vcoinfrared data of the reduced 1%©2e species in THF.

Veo theor. / cm™

Veo exp. (in THF) / cm™

[Mo(CO)a(bpy-(CO:Me),)] 1919, 1943, 1950, 2019
[Mo(CO)4(bpy-(CO:Me),)]~ 1877, 1902, 1910, 1994
[Mo(CO)a(bpy-(CO:Me),)1> 1836, 1861, 1874, 1969
[Mo(CO)s(bpy-(CO;Me),)]* 1670, 1816, 1898

1839, 1885, 1911, 2018
1813, 1856, 1878, 1994
1829, 1860, 1866, 1974
1708, 1851
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Figure 11.36. IR spectra of [Mo(CO)(bpy-(CO2Me),)]*". The black and orange traces represent the

theoretical and experimental spectra obtained in THF/ 0.1 M NBu4PF¢ respectively. The numbers

correspond to the main vco bands of the species. Conditions: 5 mM of complex, GC (WE).

However, an additional theoretical study of 1% agnd 13 complexes was carried out to

comprehend the different redox behavior observed between both complexes. Additional factors
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besides the electron-withdrawing character of the complexes should be taken in account. Bond

cO2Me CF3
1 1

distances and angles of bis-reduced tetracarbonyl and species are gathered in Table
11.13 and Table I.14. There are no substantially changes in the surroundings of the metal center.
Surprisingly, bond distances and angles are not significantly affected from a change of the

electron-donating substituent group.

~(5
oc” | N =C2

~(1)  cB)
CO Cc@C e

Figure 11.37. Atom numbering for the calculated structures of [Mo(CO)4(bpy-(R).)] (R = CO,Me, CF;)

complexes.

Table 11.13. Calculated bond distances (A) for bis-reduced tetracarbonyl 1°°2¢ and 13 complexes

according to numbering of Figure 11.37.

Mo—N M0—CO¢q Mo—CO.x  CB-C®) ctl—ct®

[Mo(CO)4(bpy-(CO2Me),)]> 2.26 1.98 2.05 1.45 1.44
[Mo(CO)a(bpy-(CFs)2)]* 2.25 1.98 2.05 1.42 1.47

Table 11.14. Calculated angles (°) for bis-reduced tetracarbonyl 1°°2Me and 1 complexes according

to numbering of Figure 11.37.

C(Z)_C(3)_C(4) N_M O_Ceq N_M O_Cax
[Mo(CO)a(bpy-(CO.Me),)]* 116.1 98.1 93.4
[Mo(CO)a(bpy-(CFs)2)]> 118.3 97.2 93.5
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Figure 11.38 summarizes the redox mechanism of [Mo(CO)a4(bpy-(R)z)] complexes. As mentioned in
the beginning of this chapter, the majority of [Mo(CO)s(bpy-(R).)] derivatives experiences two
reduction processes. Hence, an additional pathway is added for 1°°?™¢ due to experimental
evidences. This pathway is featured by the stabilization of [Mo(CO)4(H*-bpy-(CO.Me);)]™ species
that was characterized during 1%°%Me spectroelectrochemical experiments. Distribution of the
electronic density over the bipyridine moiety seems the main factor of the redox behavior of
[Mo(CO)a(bpy-(R)2)] complexes. The capacity of the -CO.Me substituting group to accommodate
for electronic density as well as proton uptake stands out for 1<°2Mecomparing to 13, inhibiting

the latter from following the alternative reduction pathway described in Figure 11.38.
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oc ///,,' I \\\\\\N
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Oc///,,' I \
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+e R = H, 'Bu, Me, OMe, CF4

-CO

Figure 11.38. Proposed redox mechanism for [Mo(CO)s(bpy-(R)2)] (R = H, 'Bu, Me, OMe, CO,Me,

CF3) complexes in THF.
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VIl.  Conclusions

The objective of this chapter was to investigate the influence of the electronic density in
[Mo(CO)4(bpy-(R);)] bipyridine moiety on their catalytic role in homogeneous CO;
electroreduction. Our strategy was to modify the bipyridine ring in the 4-4"position with electron-
donating/withdrawing groups. Cyclic voltammetry experiments under an inert atmosphere
showed a direct relationship between a potential shift of the reduction processes and a
modification of [Mo(CO)a(bpy-(R):)] ligand backbone, in particular the electron-donating or
withdrawing properties of the R substituent. Notably, an unexpected third reduction was observed

1°02Me and 13, Application of infrared and UV-vis

with the electron-withdrawing derivatives,
spectroelectrochemical techniques under Ar were useful to determine the nature of the species
generated for the reduction processes. All systems studied showed a common pattern, involving
the formation of mono-reduced species [Mo(CO)(bpy-(R)2)]*". From the mono-reduced species,
going to more negative potentials promoted the formation of [Mo(CO)s(H*-bpy-(R):)]” or
[Mo(CO)s(bpy-(R)2)]* depending on the solvent used. Nevertheless, spectroelectrochemical study
of 1992Me gsecond reduction process showed a novel signature, being possible related to the
stabilization of bis-reduced [Mo(CO)4(H*-bpy-(CO,Me).)]~  species. In addition,
spectroelectrochemical spectra of the third reduction process of 1°°2Me displayed a signhature
expected for a tricarbonyl species. Measurements of the catalytic electroreduction of CO; by bis-
reduced complexes showed a small current enhancement for complexes with electron-donating
substituents, generating formate/carbonate in THF as determined by spectroelectrochemical
techniques. Noteworthy, an interaction with carbon dioxide was also observed during the first
reduction process. DFT calculations were performed in order to better understand the reduction
processes. The comparison of the calculated electronic structure of 1%2Me with other
[Mo(CO)4(bpy-(R).)] derivatives showed the possible formation of tetracarbonyl species during the

second reduction process.
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Chapter lIl. Synthesis, characterization and reactivity towards CO: of [Mo(CO)4(L)] complexes (L = bpy, phen, py-indz)

I. Introduction

In the precedent chapter, we have demonstrated that modulation of electronic density on the Mo-
bpy tetracarbonyl complexes could be obtained by variation of the two R-substituting groups in
4,4’ position on the bipyridine ligand. This strategy was shown to lead to a discrete increment of
the catalytic activity for CO; reduction by using electron-donating groups (R = 'Bu, Me), although
this was accompanied by an increase of the overpotential value. In this chapter, we have focused
on the effect in the catalytic properties of varying the nature of the diimine ligand, expecting that
modification of the coordination sphere would cause a strong change in the electronic and redox
properties of the system. Surprisingly, this approach has been poorly developed for the

electrocatalytic reduction of CO; by group 6 metal-diimine tetracarbonyl complexes.

co i
co, | .« N
M J— z
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o
tmp
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W ) N, > N M\}
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Figure I1l.1. Schematic representation of [M(CO)4(diimine)] systems (M = Cr, Mo, W). Reproduced

from Ref. [1].

3,3-bipyridazine
azo-2,2'-bipyridine



Chapter lIl. Synthesis, characterization and reactivity towards CO: of [Mo(CO)4(L)] complexes (L = bpy, phen, py-indz)

As shown in Figure IlIl.1, many [M(CO)s(diimine)] complexes (M = Cr, Mo, W) have been
synthesized, but mainly for different purposes than catalysis. For instance, molybdenum and
tungsten tetracarbonyl phenanthroline (phen) and tetramethylphenanthroline (tmp) complexes
(and more generally Mo-dimiine tetracarbonyl derivatives) have been thoroughly investigated
because of their fast (ps scale) MLCT (Metal-to-Ligand Charge Transfer) photodissociation upon
UV-Vis irradiation, leading to transient tricarbonyl species at the neutral and mono-reduced state.
In particular, Vleck et al. discussed in a series of reviews on the structural effects of electron
transfer reactions triggered by photochemical or electrochemical means in Mo-diimine
tetracarbonyl complexes, as well as the localization of electron density upon excitation.!*
Electrochemical studies of phenanthroline derivatives phen vs. tmp (M = Cr and W, Figure 111.1)
showed a redox behavior similar to their bipyridine analogues, i.e. a mono-electronic reversible
reduction at ca. -2.0 V vs. Fc*/Fc in THF and one or two more chemically irreversible reduction
steps at more negative potentials./* IR spectroelectrochemistry at an OTTLE cell demonstrated the
relative stability of the generated tetracarbonyl radical anions within the experimental timescale.
Furthermore, it was shown that subtle structural changes of the diimine ligand from phen to tmp
could strongly affect the charge localization on the ligand at the mono-reduced state. Such effect
was explained by a switch of LUMO symmetry, as evidenced by EPR spectroelectrochemical
studies and supported by DFT.M) So far, no redox data has been reported for the Mo-phen

complexes.

More recently, a comparative study of [M(CO)4(dpa)] (M = W, Mo; dpa = 2,2"-dipyridylamine)
complexes and their bpy analogues has been reported. Electrochemical studies have shown that
the former complexes undergo a different redox behavior than [M(CO)4(bpy-R)] derivatives since a
single and irreversible reduction process at ca. -2.6 V vs. Fc*/Fc was detected. Interestingly,
electrocatalytic reduction of CO, was shown to occur at this redox potential with production of
carbon monoxide and carbonate ions (Figure 111.2).”! DFT calculations performed on the tungsten
complex suggested that this untypical behavior was due to a geometry rearrangement upon
monoelectronic reduction involving rotation and unbinding of one pyridine ring of the dpa ligand
and formation of an hydride intermediate.t” Furthermore, theoretical calculations indicated the
probable formation of a [M(CO)s(dpa)(C0O,)]>~ adduct after metal-CO dissociation and reduction
(see Figure lIl.2). The long-term deactivation of the catalyst observed experimentally was

proposed to originate from the deprotonation of the amine separating the pyridyl groups.
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Figure I11.2. (A) CVs of the [Mo(CO)4(dpa)] complex in MeCN/NBusPFs 0.1 M under argon (red) and
CO; (blue); The black curve is the CV under CO, without complex. (B) Calculated structure of the
[Mo(CO)s(dpa)(C0,)]?>~ adduct. Reproduced from Ref. [5] and [6].

Another example of group 6 metal tetracarbonyl complexes bearing N-N ligands (other than bpy)
was reported by Kubiak and co-workers. These authors investigated the redox properties and
reactivity vs. carbon dioxide of [Mo(CO)4(*PMI)] (Ar = Ph and iPr,Ph) complexes featuring a
functionalized pyridine monoamine (PMI) ligand.”! The objective of this work was to shift the
reduction potential of the complexes towards more positive values, and consequently to decrease
the overpotential for CO, reduction as previously observed with analogous rhenium and cobalt
complexes. Under inert atmosphere, the complexes displayed a similar electrochemical behavior
as [Mo(CO)4(bpy)] although the first reversible reduction at E1, = -1.80 V vs. Fc*/Fc was positively
shifted by 180 mV compared to [Mo(CO)4(bpy)]. IR spectroelectrochemical studies indicated the
loss of one carbonyl group at the second reduction step occurring at -2.35 V and -2.55 V vs. Fc*/Fc
for the Ph and iPr.,Ph PMI complexes respectively. Under a saturated CO, atmosphere, the
[Mo(CO)4(P?*"PMI)] complex showed a current enhancement when the potential reached the
second reduction process (Figure 11l.3). However, the electrocatalytic activity rapidly decreased
upon cycling as shown in Figure IIl.3.A. This behavior was explained by the generation of a new
CO; adduct, [Mo(CO);("?""PMI)(CO2)]%, for which a C-C bond is formed between the former imine
carbon atom and the CO; carbon atom (Figure 111.3.B). DFT calculations suggested that the highest

is mainly centered on the C-C=N imine moiety where CO; reacts.
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Figure 111.3. (A) CVs of [Mo(CO)4("?""PMI)] under Ar (black) and CO; (red: 1% scan; blue: 2™ cycle)
at v=200V stin MeCN/NBu4sPFs 0.1 M. (B) Proposed reaction mechanism of the bis-reduced PMI
complex with CO,. Reproduced from Ref. [7].

Overall, these two recent examples indicate that substitution of the classical bipyridine system by
another N-N ligand in [Mo(CO)(diimine)] complexes can deeply affect the redox properties and
catalytic activity towards CO,. The variation of the geometrical pattern upon reduction, such as the
rotation of the pyridine ring in [Mo(CO)4(dpa)]-, or the specific localization of charge density due
to unsymmetrical ligands, such as in [Mo(CO)4("?""PMI)]?-, are two main parameters which can be
considered to enhance electrocatalytic properties for CO, reduction. Since these two examples
remain the only ones reported so far and that more data are needed to fully understand how the
ligand topology can impact electrocatalysis, we have focused our work on two different
complexes, [Mo(CO)s(phen)] (2) and [Mo(CO)a(py-indz)] (py-indz = pyridylindolizine) (3) as
depicted in Figure IlIl.4. These complexes have been chosen for comparative studies with

[Mo(CO)4(bpy)] (1, equivalent to complex 1" in Chapter Il of this work), to rationalize the effect of
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a rigid diimine ligand, such as with complex 2, or the influence of an unsymmetrical pattern such
as in 3, on the redox and catalytic properties towards CO,. Thus, our objective was to put in
perspective the influence of the diimine backbone in the catalytic activity of [Mo(CO)as(diimine)]
systems towards carbon dioxide electroreduction with the help of electrochemical and
spectroelectrochemical methods together with DFT calculations. In particular, we have
investigated the reactivity of the mono-reduced complexes vs. CO; and the effect of the solvent by

using 1,2 difluorobenzene (DFB) since it is an aprotic and non-coordinating solvent more polar

than THF.
- N
co _— co = | co = |
oc//,, I RUES l 0c//,, I RUES OC//"MI \\\\N\
Mo' ) o'
oc” | WnZ | oc” | "". x oc” ] NNy N
co co F co X __
1 2 3
[Mo(CO),(bpy)] [Mo(CO)4(phen)] [Mo(CO)4(py-indz)]
\ y

Figure IlIl.4. Structure of [Mo(CO)4(bpy)] (1), [Mo(CO)s(phen)] (2) and [Mo(CO)s(py-indz)] (3)

complexes used in our comparative studies.

Il. Synthesis and characterization of complexes 1,2 and 3

The synthesis of complex 1 was carried out according to Stiddard’s procedure,® as described in
Chapter II. The syntheses of complexes 2 and 3 were performed by modification of the synthetic
route reported by Ardizzoia. For complex 2, molybdenum hexacarbonyl and 2,2 -phenanthroline (1
equiv.) were heated at 90°C in toluene overnight (Scheme IIl.1). The red solution was filtered. The
solid was washed with cold toluene and diethyl ether. Recrystallization in 1:1 toluene / dichloro-

methane provided a red crystalline solid with good yield (96%).
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toluene

Ar, 90°C

Scheme Ill.1. Synthetic pathway for complex 2.

A similar procedure was applied to the synthesis of complex 3. [Mo(CO)s] and 3-(Pyridin-2-
yl)imidazo[1,5-a]pyridine (1 equiv.) were stirred in toluene at 90°C for 6 h. A yellow-orange
solution was obtained. After evaporation of the solvent, the material was dissolved in
dichloromethane and filtered. Hexane was then added to precipitate the complex.
Recrystallization in a 1:1 solution of hexane / dichloromethane gave a yellow crystalline solid with

88 % yield.

Reported XRD structures for the complexes 1%, 214 and 3P allowed us to analyze the effect of
the diimine ligand on bond distances (Table 1ll.1) and angles (Table 111.2) according to the atom

numbering in Figure Il1.5.
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Figure I11.5. Atom numbering for the calculated structures of complexes 1-3 (N®is the N atom of

the pyridyl group in complex 3).
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Table 111.1. Bond distances (A) for complexes 1, 2 and 3 from reported X-Ray data.l*!

Atom 1 Atom 2 1 2 3

Mo c 2.056(4) 2.024 2.010(4)
Mo c? 1.952(4) 1.959 1.944(4)
Mo c® 1.962(3) 1.959 1.951(4)
Mo c@ 2.022(4) 2.026 2.028(4)
Mo N 2.241(2) 2.243 2.271(3)
Mo N@ 2.249(3) 2.243 2.200(3)
c oW 1.135(4) 1.141 1.134(5)
c? o? 1.168(5) 1.154 1.159(5)
c® o®) 1.160(4) 1.154 1.160(5)
c@ o 1.151(5) 1.146 1.139(5)
c® c® 1.483(5) 1.439 1.456(5)

Table 111.2. Angle (°) values for complexes 1, 2 and 3 from reported X-Ray data.l**!

Atom 1 Atom 2 Atom 3 1 2 3

c® Mo c? 85.1(1) 85.9 84.0(1)
c® Mo c® 88.4(1) 85.9 87.0(2)
c Mo c 167.8(1) 167.6 168.6(2)
ct Mo N 93.6(1) 95.4 92.3(1)
ct Mo N@ 93.8(1) 95.4 97.0(1)
c? Mo c® 90.1(1) 93.2 91.0(2)
c? Mo c 84.3(1) 85.6 87.7(1)
c? Mo N 99.1(1) 96.6 96.5(1)
c? Mo N@ 171.4(1) 170.2 168.3(1)
c® Mo c 85.7(1) 85.6 85.4(2)
c® Mo N 170.7(1) 170.2 172.4(1)
c® Mo N@ 98.4(1) 96.6 100.7(1)
c@ Mo N 94.0(1) 94.5 96.3(1)
c@ Mo N@ 97.6(1) 94.5 92.7(1)
N Mo N@ 72.3(9) 73.6 71.8(1)

All complexes display a distorted octahedral geometry featuring two axial and two equatorial CO
ligands centered on the metal atom. These complexes show equatorial CO ligands slightly longer
than the axial ones (Table 1ll.1). While complexes 1 and 2 display similar Mo-N® and Mo-N? bond
lengths, the unsymmetrical nature of 3 diimine ligand results in different Mo-N values. The
shortest bond length is obtained on the indolizine side (Mo-N?), as a result of a better electronic
donation of the py-indz vs. py towards the metal center. Table 1.2 displays similar N®-Mo-N?

angles for all complexes (72.7 +/- 0.9°), hence indicating that the diimine ligand does not impact

117



Chapter lIl. Synthesis, characterization and reactivity towards CO: of [Mo(CO)4(L)] complexes (L = bpy, phen, py-indz)

the geometrical pattern. In addition, all three complexes show a CY-Mo-C* axis of 168°, which is

bent away from the diimine ligand.

All complexes 1-3 have been characterized by FTIR, UV-Vis-NIR and *H-RMN. Table I11.3 shows the
Vvco frequency obtained from IR analysis of the three complexes in THF and MeCN. The values are
typical of [Mo(CO)(diimine)] systems with four vco bands in the 1800-2020 cm™ range, hence
confirming that the coordination sphere of the complexes is maintained while changing from solid-

state to the organic solvents.

UV-Vis spectroscopic studies of the complexes in THF and MeCN were also carried out. Absorption
maxima of the systems are characterized by a MLCT transition between the diimine ligand and the
metal center in the 400-500 nm wavelength region (Table Ill.4), similar to the behavior observed
for other [M(CO)4(diimine)] systems.™ > %12 No noticeable differences in the absorption spectra

between 1, 2 and 3 systems were observed.

Table llI.3. vco frequency (in cm™) of 1, 2 and 3 in THF and MeCN.

THF MeCN
Complex 1 1840, 1882, 1890, 2012 1831, 1876, 1904, 2012
Complex 2 1841, 1880, 1896, 2012 1828, 1867, 1902, 2015
Complex 3 1838, 1877, 1896, 2010 1828, 1870, 1899, 2014

Table l11.4. Absorption maxima Amax / nm (€ / Mt cm™) of 1, 2 and 3 in THF and MeCN.

THF MeCN
Complex 1 470 (3580) 473 (5320)
Complex 2 448 (3300) 475 (4920)
Complex 3 429 (3000) 445 (4000)
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lll. Electrochemical studies of 1, 2 and 3 complexes under argon

Electrochemical techniques (essentially cyclic voltammetry (CV)) have been applied to study the
redox properties of complexes 1, 2 and 3. All CV experiments were performed in a three-electrode
cell under an inert atmosphere (argon) in a glovebox. Distilled MeCN, THF and DFB were used as
solvents containing 0.1 M NBu4PF¢ as electrolyte and 1 mM of complex 1, 2 or 3. All potentials are
reported against the Fc*/Fc standard potential. A boron-diamond doped (BDD) or glassy carbon
(GC) disc were used as a working electrode. Cyclic voltammetry techniques of 1, 2 and 3 have been
applied in MeCN, THF and DFB solvents. While the redox behavior of 1 has already been widely
reported in literature, the electrochemical responses of complexes 2 and 3 have not been

described so far.[* 13!

A T T T T T T . T T T B T T T
01  Complex 2 4 b Complex 3
Under Argon ) 04 Under Argon . .
v=01vs' v=0lvs' e

.......

il pA

il uA

-20 4

-20 -

30 4

-30 -25 -20 -15 ' 20 ' _2‘5 ' 20

EIV vs.Fc'fFc EIV vs. Fc'fFc

Figure I11.6. CVs of complexes 2 (A) and 3 (B) in THF under Ar. Conditions: 1 mM of complex, 0.1 M

NBu4PFs, BDD working electrode, v=0.1V s,

Electrochemical data for the reduction processes in different solvents are gathered in Table III.5.
No second reduction process could be observed for 3 in DFB due to the restricted potential

window of this solvent.
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Table lII.5. Voltammetric data [E1/2 / V vs. Fc*/Fc, v = 0.1 V s] for complexes 1, 2 and 3 (1 mM) in
MeCN, THF and DFB. Supporting electrolyte NBusPFs 0.1 M, BDD working electrode.

Solvent Complex1l Complex2 Complex3
1°* reduction MeCN -1.90 -1.98 -2.25
THF -1.85 -1.90 -2.20
DFB -1.90 -2.00 -2.20
2" reduction MeCN -2.65° -2.80° -2.85°2
THF -2.55° -2.75° -2.90°
DFB -2.60° -2.85° b

a|rreversible cathodic peak; ® Not detected because of the restricted potential window of the solvent

The complex 2 displayed a similar CV signature in THF as that reported for 1 under argon, featuring
a first reversible reduction at ca. -1.90 V vs. Fc*/Fc and a second irreversible reduction at ca. -2.75
V vs. Fc*/Fc (Figure I11.6.A). The same redox behavior was obtained in other solvents or when using

a GC working electrode.

The complex 3 (Figure I11.6.B) showed a voltammetric response similar to those of 1 and 2, but at
more negative potential values (by ca. -200 mV). This shift can be ascribed to the stronger donor
effect of the py-indz moiety compared to phen and bpy. Moreover, while complexes 1 and 2 show
similar cathodic peak current values (ix) for both reduction processes, the current of the second
reduction peak for 3 is at least twice that of the first reduction peak. Notably, this current
enhancement seemed even more important in MeCN, indicating a possible reaction of the bis-

reduced intermediate with the solvent under inert atmosphere.

This assumption was confirmed from the results obtained in cyclic voltammetry of complex 3 at
different scan rates in THF (Figure I1l.7). While the first reduction process remained reversible
whatever v in the -1.90 V to -2.60 V potential range (Figure Ill.7, top), a loss of reversibility was
observed for this system when scanning at lower potential values until -2.80 V for low scan rates
(10 to 200 mV st) as shown in Figure 1.7 (bottom). Such as loss of reversibility when reaching the

second process was not observed for complexes 2 (Figure 111.8, top) and 1 (Figure 111.8, bottom).

120



Chapter Ill. Synthesis, characterization and reactivity towards CO: of [Mo(CO)4(L)] complexes (L = bpy, phen, py-indz)

20 4

s

-20 4

40 4

-60 ; . ; . , . . . . . . ‘
-26 -24 =22 -20 0.0 0.2 0.4 06 08 10 12 1.4 16
EiV vs Fc'FFe

50 o

-50 4

s

-100

-150 o

T
-3.0 -2.5 -2.0 -1.5

FiV vs Fc'Fo

Figure 111.7. CVs of complex 3 at 0.01 < v < 2 V s for different potential range. Top right panel:
plots of i, vs. V2 for the first reversible reduction process. Conditions: 1 mM of complex, THF /

NBusPF¢ 0.1 M, BDD WE, under argon.
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Figure I11.8. CVs of complex 2 (top) and 1 (bottom) at 0.01 V s< v < 2 V s. Top right panels: plots
of ipc vs. V2 for the first reversible system. Conditions: 1 mM of complex, THF / NBusPFs 0.1 M,

BDD WE, under argon.

The reversibility of the first reduction process for complexes 1, 2 and 3 indicated a simple diffusion
limited electron-transfer reaction (E step) with no coupled chemical reaction (C step) occurring at
the time scale of the experiment. 'H NMR DOSY experiments in d®-THF/0.1M KPFs (Figure 111.9)
were carried out to obtain diffusion coefficients D of 1, 2 and 3 (Table III.6). The resulting D values
were then used to calculate the number of electrons (n) involved in the first reduction process by
using the Randles-Sevcik equation, from the linear plots of ip. vs. v¥/?(Figures 11l.7 and 111.8). The

calculations indicated that the first reduction is monoelectronic.
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Figure 111.9. DOSY 'H NMR spectrum of complex 2 in d8-THF/0.1 M KPFe.

Table 111.6. Diffusion coefficients D (cm? s?) in d®-THF/0.1M KPF¢ for complexes 1-3 from 'H NMR
DOSY experiments, and calculated values of the number of electrons n for the first reduction

process according to the Randles-Sevcik equation.

D (10°cm?s?) n

Complex 1 1.00 1.06
Complex 2 1.21 1.18
Complex 3 0.93 1.15
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IV. Spectroelectrochemical studies of 1, 2 and 3 under argon

In order to better characterize the reduced species of complexes 1, 2 and 3 detected by cyclic
voltammetry, IR and UV-vis-NIR spectroelectrochemical experiments were performed under inert

atmosphere (argon).
IV.1. UV-vis spectroelectrochemical experiments under Ar

Absorption spectra of THF, MeCN or DFB solutions of 1, 2 and 3 with 0.1 M NBu4PF¢ as supporting
electrolyte were obtained under thin layer conditions (0.2 mm optical path). Monoelectronic
reduction of complexes 2 and 3 induced several changes of the UV-Vis signature (Table I11.7).
Whatever the solvent, the resulting spectra of 2 and 3 showed several similarities with that
obtained for 1, i.e. two new absorbance bands in the 400 and 600 nm region (Figure 111.10). An
additional band at 830 nm was detected for complex 2 in THF. Less intense absorption bands
together with red-shifted absorption spectrum for complexes 2°~ and 3°" vs. 1°~ could indicate a

different charge distribution over the ligand framework.

Table llI.7. UV-vis spectroscopic data of neutral and mono-reduced complexes 1, 2 and 3 in

different solvents.

Complexes A (nm) / THF A (hm) / MeCN A (nm) / DFB

1 267,297,472 264, 298, 468 294,471

2 263, 390, 469 260, 393, 451 288, 394, 467

3 255, 340, 444 237,338, 436 287, 406, 459

1° 368,497,531 367,492, 526 364, 539, 597, 641
2° 357,564, 615, 832 374, 566, 608 385,578, 625

3° 260, 410, 595 420, 440, 588 351, 612
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Figure 111.10. UV-Vis spectra of neutral (black), mono-reduced (red) and bis-reduced (blue) species
generated upon spectroelectrochemical experiments in THF / NBusPFs 0.1 M starting from (A)
complex 1, B) complex 2, and C) complex 3. Conditions: 1 mM of complex, BDD working electrode,

thin layer condition, 0.2 mm optical path, under Ar.

Figure [I1.10 shows also the UV-Vis spectra of complexes 1, 2 and 3 obtained for the second
reduction process (blue curves) in THF. As already mentioned in Chapter Il, the second reduction
of complex 1 was shown to be solvent-dependent since a tricarbonyl [Mo(CO)s(bpy)]* species was
detected in THF while a protonated tetracarbonyl complex [Mo(CO)4(H*-bpy)]~ was rather
observed in MeCN. For complexes 2 and 3, the UV-Vis signatures in THF were similar to that
obtained for 1 in THF, thus suggesting the formation of tricarbonyl species [Mo(CO)s;(phen)]?~ and
[Mo(CO)s(py-indz)]*>". However, since the bands are not intense, these assumptions have to be

taken with caution.
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Results using DFB as a solvent did not diverge with the absorption spectrum obtained in THF for all
complexes, hence suggesting that the formation of tricarbonyl bis-reduced species formed during

the second reduction processes is favored in solvents with a substantial water content.

The UV-Vis signature of complex 2 in acetonitrile did not present any significant differences with
the results obtained in THF and DFB (Table 111.8). This is however not sufficient to concrete if a
protonated tetracarbonyl species [Mo(CO)4(H*-phen)]” was formed. In the case of 3, the second
reduction induced the surge of a considerable band at 280 nm (less intense in THF). This band can
be correlated to the increase of current at this potential detected by cyclic voltammetry in MeCN.

Possibly, it corresponds to the coordination of a solvent molecule following the loss of one CO

ligand.
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Figure 1ll.11. UV-Vis spectra of neutral (black), mono-reduced (red) and bis-reduced (green)
species generated upon spectroelectrochemical experiments in MeCN / NBusPFs 0.1 M starting
from A) complex 1, B) complex 2, and C) complex 3. Conditions: 1 mM of complex, BDD working

electrode, thin layer condition, 0.2 mm optical path, under Ar.
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Table 111.8. UV-vis spectroscopic data of the bis-reduced species in THF and DFB.

Complexes A (nm) / THF A (nm)/ DFB
[Mo(CO)3(bpy)]* 369, 591, 638 400, 587, 635
[Mo(CO)s(py-indz)]* 435, 634 369, 614
[Mo(CO)s(py-indz)]*~ 410, 662 361, 607

Table I11.9. UV-vis spectroscopic data of the bis-reduced species in MeCN.

Complexes A (nm) / MeCN
[Mo(CO)4(H*-bpy)]~ 391,575
[Mo(CO)3(phen)]* 376, 604

[Mo(CO)s(py-indz)]*- 288,422, 665

IV.2. IR spectroelectrochemical experiments under Ar

Infrared spectroelectrochemical experiments in THF or MeCN with 0.1 M NBu4PFsas electrolyte
and 5 mM of complex complemented the information obtained from UV-Vis absorption spectra of
reduced-species of complexes 1, 2 and 3. An ATR-IR probe was incorporated in a modified three-
electrode cell such that thin-layer conditions could be obtained. For that purpose, a glassy carbon
(GC) working electrode was cone-dipped. Chronoamperometry (CA) techniques were applied at
potential values slightly more negative that the peak potentials of each reduction processes to

favor fast transformation.

As observed for UV-Vis spectroelectrochemistry experiments, a uniform IR response was detected
during the first reduction process for all complexes system whatever the solvent (Table 111.10). The
30 cm™ shift of the vco bands upon monoelectronic reduction is in agreement with the formation
of mono-reduced radical [M(CO)4(diimine)]*~ species,™ ¥ confirming the assignation of the weak
absorption spectra obtained for 2 and 3 (Figure 11.12) as the formation of tetracarbonyl

[Mo(CO)4(phen)]®* and [Mo(CO)4(py-indz)]*~ complexes.
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Table 111.10. Infrared spectroscopic data of neutral and mono-reduced species of complexes 1, 2

and 3 in THF and MeCN.

Complexes veo (em?) / THF veo (em™) / MeCN

1 1840,1880,1900,2012 1831, 1876, 1904, 2012
2 1840,1880,1899,2012 1828, 1867, 1902, 2015
3 1836,1877,1895,2012 1828, 1870, 1899, 2014
1° 1803,1842,1870,1991 1799, 1846, 1871, 1993
2° 1800,1842,1870,1991 1795, 1844, 1869, 1990
3¢ 1800,1839,1863,1989 1797, 1842, 1870, 1989
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Figure 111.12. Infrared spectra of neutral (black) and mono-reduced (red) species obtained from IR-

SEC in THF for A) complex 1, B) complex 2, and C) complex 3. Conditions: 5 mM of complex, 0.1 M

NBu4PFs, GC working electrode, under Ar.
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IR spectroelectrochemical studies showed that the second reduction process is solvent dependent,

as already observed in UV-vis spectroelectrochemical measurements. In dry THF (in glovebox), vco

bands assigned to tricarbonyl bis-reduced [Mo(CO)s(diimine)]* species were identified (Figure

[11.13). Interestingly, no protonated tetracarbonyl [Mo(CO)4(H*-phen)]™ and [Mo(CO)4(H*-py-indz)]~

species were detected when performing experiments with less-dried THF (outside the glovebox)

under inert atmosphere. Such a behavior is in strong contrast with complex 1 which showed a

switch from [Mo(CO)s(bpy)]?>” to [Mo(CO)4(H*-bpy)]” while increasing water content. This suggests

that the charge localization at the doubly-reduced state of bpy may be significantly different than

that of phen and py-indz systems.
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Figure 111.13. Infrared spectra of neutral (black), mono-reduced (red) and bis-reduced (blue) and

species in THF for A) complex 1, B) complex 2, and C) complex 3. Conditions: 5 mM of complex, 0.1

M NBusPFs, GC working electrode, under Ar.
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In MeCN, the second reduction of complexes 2 and 3 led to similar IR spectra as those obtained in

THF (Figure 111.14.B,C), in contrast to complex 1 (formation of [Mo(CO)4(H*-bpy)],Figure 111.14.A).

As observed in Figure II1.6, the electrochemical behavior of complexes 2 and 3 during the second

reduction processes in MeCN, especially in the case of 3, could involve an unidentified follow up

chemical reaction. In particular, the appearance of an unassigned band at 2244 cm™ in the C=N

region (Figure 11.15), could indicate the possible formation of [Mo(CO)3(CH3CN)(diimine)]™ species.
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Figure 111.14. Infrared spectra of neutral (black) and bis-reduced (green) and species in MeCN for

A) complex 1, B) complex 2, and C) complex 3. Conditions: 5 mM of complex, 0.1 M NBu4PFs, GC

working electrode, under Ar.
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Table I1.11. Infrared spectroscopic data of bis-reduced species of complexes 1, 2 and 3 in THF.

Complexes veo (em™®) / THF
[Mo(CO)s(bpy)]* 1706, 1725, 1846
[Mo(CO)3(phen)]* 1702, 1718, 1857
[Mo(CO)s(py-indz)]* 1706, 1844

Table 111.12. Infrared spectroscopic data of bis-reduced species of complexes 1, 2 and 3 in MeCN.

Complexes veo (cm™) / THF
[Mo(CO)4(H*-bpy)] - 1800, 1844, 1874, 1997
[Mo(CO)s(phen)]* 1703,1772, 1843
[Mo(CO)s(py-indz)]*~ 1703, 1846
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Figure III.15. Infrared spectra of neutral (black) and bis-reduced (green) species in MeCN for A)
complex 2 and B) complex 3. Green and blue dots indicate the novel species formed and the band
at 2244 cm™ respectively. Conditions: 5 mM of complex, 0.1 M NBu4PFs, GC working electrode,

under Ar.
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Thus, IR spectroelectrochemistry showed that the stability and reactivity of [Mo(CO)4(diimine)] bis-
reduced species seemed to be affected by the structure of the diimine moiety, as emphasized by
the spectroelectrochemical data of 1, 2 and 3. While two different bis-reduced species were
detected for 1 depending on the solvent, a behavior replicated for [Mo(CO)s(bpy-(R).)] derivatives
(see Chapter lI), the tricarbonyl bis-reduced [Mo(CO)s(phen)]>” and [Mo(CO)s(py-indz)]>~ were

generated independently of the nature of the solvent.
IV.3. Near-IR spectroelectrochemical experiments under Ar

An uncommon characterization technique to study the nature of [M(CO)s(diimine)] reduced
species is the near-IR spectroelectrochemistry, which was recently used for the characterization of
group 6 complexes with  pyridyl-mesoionic  carbene ligands.’®  Here, near-IR
spectroelectrochemical experiments have been carried out in solutions of 5 mM of complex in

distilled THF / 0.1M NBu4PFs under argon under thin layer conditions with a 0.2 mm optical path.
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Figure 11l.16. Near-IR spectra of and neutral (black) and mono-reduced (red) species in THF for A)
complex 1, B) complex 2 (B) and C) complex 3. Conditions: 5mM of complex, 0.1 M NBu4PFs, GC

working electrode, 0.2 mm optical path, under Ar.
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Figure I11.16 confirms the radical nature of the first reduced species formed in THF for each system
by the surge of bands in the NIR region. However, the signature significantly diverged with the
nature of the complex: while mono-reduced species 1°~ and 3*~ displayed new bands in the 1100-
1600 nm region, the signature of 2*~ was found at higher wavelength values (Table I11.13). These
behaviors can be assigned to an intra-ligand charge transfer transition over the diimine ligand due
to the delocalization of the electronic charge provided during the redox process. Interestingly,
these NIR bands disappeared when the applied potential reached the second reduction process, as

exemplified in Figure 11.17 for complex 1.
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Figure 111.17. Near-IR spectra of neutral (black), mono-reduced (red) and bis-reduced (blue) species

of complex 1 in THF. Conditions: 5 mM of complex, 0.1 M NBu4PFs, GC working electrode, 0.2 mm

optical path, under Ar.

Table 111.13. Near-IR spectroscopic data of mono-reduced species in THF for complexes 1, 2 and 3.

Complexes A (nm) / THF
1° 1156, 1411
2° 1400-1900
3 1228, 1595
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V. CO; electrochemical catalysis of complexes 1,2 and 3

Bubbling of carbon dioxide using a vacuum schlenk line for pre-purging into a three-electrode cell
under an inert atmosphere allowed the study of mono and bis-reduced species of complexes 1, 2
and 3 by cyclic voltammetry in MeCN, THF or DFB. All the potential values are given against E°
(Fc*/Fc). A boron-diamond doped (BDD) was used as working electrode. The comparative CVs of
complexes 1,2 and 3 at v=0.1V stin Ar- and CO,—saturated solutions of THF / NBusPFs 0.1 M are
presented in Figure 1I1.18. Clearly, a current enhancement (by approximatively a factor two),
assigned to an electrocatalytic reaction, was observed under CO; for all complexes at potential
values corresponding to the second reduction process. Moreover, a substantial loss of reversibility

was observed on the reverse scan for the first reduction process for 2 and 3.
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Figure 111.18. CVs of A) complex 1, B) complex 2, and C) complex 3 in THF/NBusPFs 0.1 M under Ar
(black) and COz (red). Conditions: 1 mM of complex, BDD working electrode, v=0.1V s™,
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For further analysis, the catalytic current j..: was determined from the peak current value for the
second process under CO,. The “non-catalytic” peak current i, was taken from experimental data
under argon. As shown in Table 11.14, values of the icat / i, ratio are slightly different depending on
both the nature of the ligand and the solvent (note that no result could be obtained for system 3

in DFB due to the insufficient reduction potential window of this solvent).

Table 111.14. Calculated values of the icat / ip ratio of complexes 1, 2 and 3 in dry solvents at v=0.1

V st at their respective second reduction potential.

icat/ip in THF icat/ip in MeCN icat/ip in DFB
Complex 1 1.8 1.6 1.9
Complex 2 1.9 1.4 1.6
Complex 3 a b ¢

aNot comparable to other complexes because of peak potential shift; ® No catalytic peak detected but
high current increase instead; ¢ Peak not detected because of solvent reduction

Overall, the use of MeCN as solvent induced lower catalytic responses for all complexes while
higher currents were obtained when using THF or DFB. This effect may result from the competitive
role of acetonitrile (vs. CO;) upon coordination to the metal center of [Mo(CO)s(diimine)]*
species. Noteworthy, the complex 3 displayed a different behavior than the other two complexes
at v=0.1V s Firstly, a current enhancement was detected at potential values in-between the
first and second reduction processes. This effect was not observed under inert atmosphere. In
MeCN, this current enhancement was particularly intense and may be associated to the solvent
decomposition. Secondly, CV study on the first reduction under CO, showed a loss of reversibility
as shown in Figure 111.19. This redox behavior is an indicator of either an ECE or EC..: molecular
process (E = Electrochemical, C = Chemical) which involves the reaction of a transient mono-

reduced species with CO,.
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Figure 111.19. CVs of complex 3 in THF under Ar (black) and CO; (red). The dashed curve
corresponds to the CV for the first reduction process only. Conditions: 1 mM of complex, 0.1 M

NBu4PFs, BDD working electrode, v=0.1V s,

Consequently, an exhaustive study of the first reduction process was carried out for complexes 1,
2 and 3 in dry THF under CO; and at different scan rates (0.01 V s < v< 2 V s). While reversibility
was maintained for complex 1, complex 2 (Figure 111.20.B) showed a loss of reversibility at low scan
rate, hence evidencing a reaction between the mono-reduced species and CO,. This behavior was
even more striking with complex 3 since an anodic peak on the reverse scan could be only

detected for v>1 Vs (Figure 111.20.A).
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Figure 111.20. CVs of A) complex 3 and B) complex 2 in THF under CO, at different scan rate (0.01 V
s1<v<2Vs? for the first reduction process. Conditions: 1 mM of complex, 0.1 M NBu4PFs, BDD

working electrode.

Comparison with the studies under argon (see Figures IIl.7 and 111.8) demonstrated that CO;
induced not only a loss of reversibility but also a net current enhancement at low scan rate for
complexes 2 and 3. Such effect can be more easily comprehended with comparative CVs (Ar/CO,)
for the three complexes for v < 0.1 V s*. As shown in Figure 111.21, the current increase was clearly
observed for the first reduction process for complexes 2 and 3, whereas it remained the same for
complex 1. Additionally, the current intensity for the second reduction process was increased for
complexes 1 and 2, as expected for the catalytic reaction of the bis-reduced species with CO..
However, for complex 3, the situation was different since a slight current increase was observed at
potential values in-between the first and the second reduction process at ca. -2.6 V (Figure

11.21.C).
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Figure 111.21. CVs of A) complex 1, B) complex 2 and C) complex 3 in THF under Ar (black) and CO;

(red). Conditions: 1 mM of complex, 0.1 M NBusPFs, BDD working electrode, v=0.01V s™.

In order to better understand this unprecedented reactivity with CO,, CV studies of complexes 1, 2
and 3 were carried out in THF at different scan rates in a CO, atmosphere under dry and “wet” (0.5
M H,0) conditions. The aim was to enhance this reactivity by adding a proton source (H,0) to the
solution for a better analysis, and providing the occurrence or not of a potential proton-coupled
electron transfer process. At first, control experiments demonstrated that water did not interfere
with the mono-reduced complexes under argon. However, in presence of CO; a clear
enhancement of current intensity as well as a higher loss of reversibility were observed when
water was added, as shown by CVs at v = 0.01 V st in Figure I11.22. The same experiments carried
out at higher scan rate (v =0.1 V s) showed the same behavior except that current enhancement
was lower than at 0.01 V s? (Figure 111.23), as expected for a rate-limited chemical process coupled

to the electron transfer (ECE or ECcat).
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Figure 111.22. CVs of A) complex 1, B) complex 2 and C) complex 3 in THF under Ar (black), under

CO; (red) and under CO, with added water (0.5 M, blue). Conditions: 1 mM of complex, 0.1 M
NBu4PFs, BDD working electrode, v=0.01V s™.
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Figure 111.23. CV of complex 2 in THF under Ar (black), under CO; (red) and under CO, with added
water (0.5 M, blue). Conditions: 1 mM of complex, 0.1 M NBu4PFe, BDD working electrode, v =0.1
Vst

Aiming at determining the nature of this first reduction process, the current function (ip. v/?)
derived from CVs was plotted against v for 0.01 V s* < v < 0.1 V s (Figure 111.24). Indeed, the
variation of the current function with v is a good indicator of the general mechanistic pathway for
chemically-coupled electrochemical processes, such as EC, CE, ECE or Ect In particular, a
significant (> 10%) increase of the current function at low scan rate is indicative of an ECE or ECcat
process, the occurrence of this increase being dependent of the rate of the chemical reaction. The
Figure Il1.24 clearly shows the different behavior for the three complexes. For complex 1, the
current function remains quasi-constant with v even in presence of water and CO,, thus showing
the poor reactivity of the mono-reduced species towards carbon dioxide. Conversely, for
complexes 2 and 3 (Figures IlIl.24.B and C), the addition of water to a saturated CO; solution

increases the current function by almost a factor of two at low scan rates.
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Figure 111.24. Plots of i, v/? vs. v taken from CVs of A) complex 1, B) complex 2 and C) complex 3 in
THF under Ar (black), under CO; (red) and under CO, with added water (0.5 M, blue). Conditions: 1
mM of complex, 0.1 M NBu4PFs, BDD working electrode, 0.01V st<v<0.1Vs?
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Figure 111.25. Experimental (left) and simulated (right) CVs of complexes 1, 2 and 3 (from top to
bottom) in dry THF/NBu4PF¢ 0.1 M under argon (black), under CO; (red) and under CO, + H,0 (0.5

M, blue). Experimental conditions: 1 mM of complex, BDD working electrode, v=0.01V s,
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In order to better quantify the observed electrochemical changes at the mono-reduced state,
simulation of the experimental CVs was carried out by using a voltammetric simulator package
according to an EC.: mechanism as shown in Scheme 1l11.2. The experimental curves obtained for
the three complexes were satisfactorily reproduced for low and high amounts of water by varying
the kinetics of the catalytic reaction (Figure I1.25). Interestingly, the cathodic peak current value
behavior appeared as mainly controlled by the forward chemical rate constant which increased by
a 10-fold manner from complex 1 to complex 3. Although these data have to be taken with
caution, they support the hypothesis that the ligand topology impacts the electron transfer

kinetics for CO, conversion at the first reduction step.

ET steps:

[Mo(CO),(L)] + e =[Mo(CO),(L)I K, E?

Homogeneous reactions:

[Mo(CO),(L)] - + CO, = [Mo(CO),(L)] + P1 Kts Kot (A)
[Mo(CO),(L)] = + CO, + H* = [Mo(CO),(L)] + P2 Kz, Koz (B)

Scheme IlIl.2. E..: mechanism used for simulation of CVs obtained with [Mo(CO)4(diimine)] in dry

THF/NBu4PFs 0.1 M under argon (black), under CO; (red) and under CO, + H,0 (H*).

Table IlI.15. Electrochemical data obtained from simulated CVs for complexes 1, 2 and 3 according

to Scheme Ill.2.

E°/V kin /M1 st kei/M*s'  kp/M?s! ko2 /M s
Complex 1 -2.00 0.06 120 0.15 75
Complex 2 -2.00 0.15 0.015 0.65 0.65
Complex 3 -2.25 0.80 0.80 0.80 0.80

In summary, the electrochemical studies have shown that Mo-diimine complexes 1, 2 and 3 do not

|II

work in the same way. Whereas complex 1 displayed a “classical” reactivity at