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General Considerations.

This doctoral thesis focusses on the synthesis of NHC-CO;-based adducts and the
evaluation of their one-electron reduction through a combined theoretical and
experimental study. Carbon dioxide is an attractive source of carbon due to its
abundance as a molecule. Its use as a C1 synthon has awakened the interest of the
scientific community, ranging from fundamental research to applied studies. However,
carbon dioxide exhibits high kinetic and thermodynamic stability, making challenging its

use as an organic reagent.

The one-electron reduction of carbon dioxide to [CO2]*~ could enable its use as a carbon
source. However, this approach is challenging due to the highly negative reduction
potential of CO,. In our study, we investigate i) the use of N-Heterocyclic Carbenes (NHC)
to overcome this reduction potential and ii) whether the resulting one-electron reduced
NHC-CO; adducts would mimic the reactivity of the free radical CO, anion. These two

questions are addressed in this manuscript (Scheme 1).

The work conducted in this doctoral thesis is divided into five chapters. Chapter 1
provides a literature review of the topics covered in the manuscript. This chapter is
divided into four main sections. In the first section, various methods reported in the
literature for generating [CO;]*~ from CO. or formate salts are discussed, followed by
their reactivity toward open-shell species and others unsaturated species. The second
part of this chapter focuses on the reduction of NHC-CO; adducts. In the third section,
the synthesis of compounds of the form NHC-CO;-BR3 (BRs3: borane) designed in the
Tamm group is described. Finally, in the last section of Chapter 1, the basis for calculating
reduction potentials from a thermodynamic perspective is explained, along with some
relevant examples where reduction potentials have been calculated using DFT with the
direct approach. Chapter 2 describes a preliminary theoretical study on the one-electron
reduction of NHC-CO;-based adducts with the aim of understanding how these species
behave after the addition of an electron. This study aims to guide us in selecting adducts

that may have the most accessible reduction potential for subsequent synthesis.

12



In Chapter 3, the synthesis and characterisation of NHC-CO3-based adducts selected in
Chapter 2 are considered. Then, the reduction of the previously synthesized compounds
by electrochemical and chemical means is described. In Chapter 4, a theoretical analysis
is presented, first to validate the computational method based on previous experimental
results, and then to rationalize various properties related to the one-electron reduction
of NHC-CO; adducts using quantum chemistry tools. Chapter 5 contains the

experimental details of this doctoral thesis.

The general conclusions and prospects of this doctoral thesis are found at the end of this
work. This manuscript has been written in English. However, this initial summary and the
general conclusions have also been translated into Spanish and French. The references
used in each chapter are included at the end of each chapter and are numbered
independently for each chapter. The compounds presented in Chapter 1 are numbered
separately from the rest of the chapters. The compounds described in this doctoral thesis

are summarized in the "Summary of Compounds" section.

Our Strategy

-0 +1e OI
O//C > -
Ereq -3V O
A
R 5
x-N !
NHC . XD |BRq :
X\ :
R' :
R': alkyl, aryl E
X:N, C E
Y |
R R R
X./N\>_<+ o +1e )I(,\/Nwo - )EN\+ P
I\><\ OéRg, Ered >-3V? X\ OéRs >(\ OéRg’
R R R

Scheme 1. Monoelectronic reduction of NHC-CO-based adducts.
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Consideraciones Generales.

Esta tesis doctoral se centra en la sintesis de aductos NHC-CO; y la evaluacién de su
reduccion a un electron a través de un estudio combinado tedrico y experimental. El
didxido de carbono es una fuente de carbono atractiva debido a su abundancia como
molécula. Su uso como sintén C1 ha despertado interés en la comunidad cientifica,
desde la investigacion mas fundamental hasta la mas aplicada. Sin embargo, el diéxido
de carbono presenta una alta estabilidad cinética y termodindmica que dificulta su uso

como reactivo organico.

La reduccién monoelectrénica del diéxido de carbono a [CO2]*~ podria permitir su uso
como fuente de carbono. Sin embargo, este enfoque es dificil debido al potencial de
reduccion altamente negativo del CO,. En nuestro estudio, nos preguntamos i) sobre el
uso de Carbenos N-Heterociclicos (NHC, acrénimo en inglés) para superar este potencial
de reduccidn vy ii) si los aductos NHC-CO; reducidos monoelectrénicamente resultantes
imitarian la reactividad del anién radical CO: libre. Estas dos cuestiones se abordan en

este manuscrito (Esquema 1).

El trabajo realizado en esta tesis doctoral se divide en cinco capitulos. El Capitulo 1
proporciona una revisién bibliografica de los temas a tratar en el manuscrito. Este
capitulo se divide en cuatro secciones principales. En la primera seccién, se discuten los
diferentes métodos reportados en la literatura para generar [CO2]*~ a partir de CO; o
formiatos, seguidos de su reactividad hacia especies de capa abierta y otras especies
insaturadas. La segunda parte de este capitulo se centra en la reduccién de los aductos
NHC-COz. En la tercera seccidn, se describe la sintesis de compuestos de la forma NHC-
CO2-BR3 (BR3: borano) disefiados en el grupo de Tamm. Finalmente, en la ultima seccién
del Capitulo 1, se explica la base del célculo de potenciales de reduccion desde un punto
de vista termodindmico, asi como algunos ejemplos relevantes donde los potenciales de
reduccién se han calculado mediante DFT utilizando el método directo. El Capitulo 2
describe un estudio tedrico preliminar sobre la reduccién monoelectrénica de aductos
NHC-CO: con el objetivo de comprender cdmo se comportan estas especies después de

la adicion de un electrdn. Este estudio pretende orientarnos hacia la eleccion de aductos
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gue puedan tener el potencial de reduccidon mas accesible para su sintesis posterior. En
el Capitulo 3, se considera la sintesis y caracterizacion de los aductos a base de NHC-CO;
seleccionados en el Capitulo 2. Luego, se describe la reduccidon de los compuestos
previamente sintetizados mediante métodos electroquimicos y quimicos. En el Capitulo
4, se presenta un analisis tedrico en el que primero se busca validar el método
computacional basado en los resultados experimentales previos, y luego se pretende
racionalizar diferentes propiedades relacionadas con la monorreduccién de los aductos
a base de NHC-CO; utilizando herramientas de la quimica cudntica. El Capitulo 5 contiene

los detalles experimentales de esta tesis doctoral.

Las conclusiones generales y las perspectivas de esta tesis doctoral se encuentran al final
de este trabajo. Este manuscrito se ha redactado en inglés. Sin embargo, este resumen
inicial y las conclusiones generales también se han traducido al espafiol y al francés. Las
referencias utilizadas en cada capitulo se incluyen al final de cada capitulo y se numeran
de manera independiente para cada capitulo. Los compuestos presentados en el
Capitulo 1 se numeran por separado del resto de los capitulos. Los compuestos descritos

en esta tesis doctoral se resumen en la seccidon "Summary of compounds".

Nuestra Estrategia

.0 +1 O
: - Ay
Eoq=-3V o)
A
R 5
x-N 5
NHC | )D | BRq i
X :
R' ;
R': alquilo, arilo E
X: N, C i
Y '
R R R
X/N\+ O +1e X/N O X/N\+ O
L [ Sl W
X~ OBR; Ereg>-3V? X OBRy X OBR;
R R R

Esguema 1. Reduccién monoelectrénica de las especies basadas en NHC-CO,.
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Considérations Générales.

Cette these doctorale concerne la synthese d’adduits NHC-CO; et I'évaluation de leur
réduction a un électron a travers une étude combinée théorique et expérimentale. Le
dioxyde de carbone est une source de carbone attrayante car c'est une molécule
abondante. Son utilisation en tant que synthone C1 suscite l'intérét de la communauté
scientifique, de la recherche la plus fondamentale a la plus appliquée. Cependant, le
dioxyde de carbone présente une stabilité cinétique et thermodynamique élevée qui

entrave son utilisation en tant que réactif organique.

La réduction monoélectronique du dioxyde de carbone en [CO;]*" pourrait permettre
d’utiliser le CO; comme source de carbone. Cependant, cette approche est difficile car le
potentiel de réduction du CO; est particulierement négatif. Dans notre étude, nous nous
sommes interrogé i) sur l'utilisation de Carbénes N-Hétérocycliques (NHC, acronyme en
anglais) pour contourner ce potentiel de réduction et ii) si les adduits NHC-CO;
monoréduits résultants de leur réduction imiteraient la réactivité de I'anion radical CO;

libre. Ces deux questions seront abordées dans ce manuscrit (Schéma 1).

Le travail réalisé dans cette theése doctoral a été divisé en cing chapitres. Le Chapitre 1
fournit une revue bibliographique des sujets a aborder dans le manuscrit. Ce chapitre
est divisé en quatre sections principales. Dans la premiére section, les différentes
méthodes rapportées dans la littérature pour générer [CO;]*" a partir soit de CO,, ou de
sels de formiate, sont discutées, suivies de sa réactivité envers les especes a couche
ouverte et d’autres speces insaturées. La deuxiéme partie de ce chapitre se concentre
sur la réduction des adduits NHC-CO,. Dans la troisieme section, la synthése de
composés de la forme NHC-CO,-BRs (BRs: borane) concus dans le groupe de Tamm est
décrite. Enfin, dans la derniéere section du Chapitre 1, la base du calcul des potentiels de
réduction d'un point de vue thermodynamique est expliquée, ainsi que quelques
exemples pertinents ou les potentiels de réduction ont été calculés par DFT en utilisant
I'approche directe. Le Chapitre 2 décrit une étude théorique préliminaire sur la réduction
monoélectronique d'adduits NHC-CO2 dans le but de comprendre comment ces espéces

se comportent apres I'ajout d'un électron. Cette étude vise a nous guider vers le choix
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d'adduits qui pourraient présenter le potentiel de réduction le plus accessible pour leur
synthese ultérieure. Dans le Chapitre 3, la synthese et la caractérisation des adduits a
base de NHC-CO. sélectionnés dans le Chapitre 2 ont été envisagées. Ensuite, la
réduction des composés précédemment synthétisés par des moyens électrochimiques
et chimiques est décrite. Dans le Chapitre 4, une analyse théorique est présentée, dans
laquelle il est d'abord prévu de valider la méthode computationnelle sur la base des
résultats expérimentaux précédents, et ensuite de rationaliser différentes propriétés
liées a la monoréduction des adduits a base de NHC-CO; en utilisant des outils basés sur
la chimie quantique. Le Chapitre 5 comprend les détails expérimentaux de cette thése

doctorale

Les conclusions générales et les perspectives de cette thése de doctorat se trouvent a la
fin de ce travail. Ce manuscrit a été rédigé en anglais. Cependant, ce résumé initial et les
conclusions générales ont également été traduits en espagnol et en francais. Les
références utilisées dans chaque chapitre ont été incluses a la fin de chaque chapitre et
sont numérotées de maniére indépendante pour chaque chapitre. Les composés
présentés dans le Chapitre 1 sont numérotés séparément du reste des chapitres. Les
composés décrits dans cette theése de doctorat sont résumés dans la section "Summary

of Compounds".

17



—— Notre Stratégie

0]
//C//O +1e . |
O Ereq=-3V o)
A
R i
x-N 5
NHC | XD |BRq 5
X !
R' !
R'": alkyle, aryle
X:N, C ;
Y '
R R R
X/N+ O +1e X/N o X/N\+
L L Tl
X~ OBR; Ereq>-3V? X OBRj X
R R R

Schéma 1. Réduction monoélectronique des adduits a base de NHC-CO..
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Summary of Compoundes.

N-Alkyl groups

/N/:/\y\ N/:/\lj EFN/—_}Eﬁ
o Tt O
BR,

| | |
-BR, -BR, -

1:no BR, 2: no BR; 3: no BR;

1-BH;: BRy = BH; 2-BH;: BR; = BH;, 3-BH;: BR; = BH,
1-B(CgF;)3: BR; = B(C4Fs); 2-B(C4F5)5: BR3 = B(C.Fs);, 3-B(C4Fs)5: BR; = B(CgFs);
1-BCl;: BR; = BCl; 2-BCl;: BR; = BCly 3-BCl;: BRy = BCly

N-Aryl groups

oo 5@@ G

- - B —BR3
4:no BR, 5:no BR; 6: no BR;
4-BH;: BR; = BH; 5-BH;: BR; = BH; 6-BH;: BR; = BH;
4-B(C,F5);: BRy = B(CgF:)5 5-B(C4F5);: BR; = B(C.Fs); 6-B(CgFs);: BR; = B(CgFs);
4-BCl;: BR; = BCl;4 5-BCl;: BR; = BCl; 6-BCl;: BR; = BCl;
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Scheme 2. Studied NHC-CO»-based adducts in their neutral form.
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Scheme 3. Studied NHC-CO;-based adducts in their monoreduced form.
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Synthesised monoreduced adducts
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Scheme 4. Synthesised monoreduced NHC-CO;-based adducts.
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Generation of CO; radical anion, [CO3]*".

Chapter 1: Bibliographic Chapter

My PhD work concerns the synthesis of various NHC-CO;-based adducts and the
evaluation of their one-electron reduction chemistry by a combined experimental and
theoretical study. In this first chapter, the topic of this work will be contextualised with
examples reported in the literature. Firstly, the two pathways to generate a CO; radical
anion, [CO,]*", will be described and secondly, we will cope with its reactivity towards
open-shell and unsaturated species, eventually repeating information. The second part
will deal with the one-electron reduction of NHC-CO-based adducts by electrochemical
and chemical means. Later in the discussion, the synthesis of NHC-CO2-BR3 (BR3: borane)
reported in the literature will be exposed. To conclude, we will end up with the basis of

estimation of theoretical reduction potential from the standpoint of thermodynamics.

1.1. Generation of CO; radical anion and formation of C-C bonds.
This subchapter concerns the generation of CO; radical anion, [CO2]*", and its use in C-C
bond formation (Scheme 1). As shown in the scheme below, the generation of CO; radical
anion can proceed from two main sources, CO; gas (1.1.1.1.) or from a formate salt
(1.1.1.2.) under electrochemical and photochemical means (left, Scheme 1). It has been
proven that it can later either react with open-shell via radical radical-radical coupling

(1.1.2.1.) or towards alkene derivatives (1.1.2.2.) (right, Scheme 1).

PS: OM/Organic species

0 Semiconductors W d then H*
H'/-le,-HY , enamen CO,H
R /Ale,HE \M/\/ 2
H™ "OM  yar/seT @ o Radical Coupling "o
M: alkali metals | |
UV/visible light o —_
0 e / g / \ /R and then H*

/ _ CO,H
o//c/ — P ’\I/ 2
SET Radical addition |
(CO, reduction also via electrochemical means) R: Radical entity R

/,J\/COZH

Scheme 1. Generation of CO; radical anion [CO]*~ and its use in C-C bond formation.
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CHAPTER 1

In section 1.1.1. “Generation of CO; radical anion, [CO2]*".”, the schemes and discussions
are oriented towards the reaction step in which the CO> radical anion is generated which
means, that only chemical species involved in this step will appear on the schemes and
discussions. In order to avoid the information reiteration in the schemes, the complete

reactions will be discussed in detailed in section 1.1.2 “Reactivity of CO; radical anion.”.

1.1.1. Generation of CO; radical anion, [CO2]*".
This section describes the different carbon-sources employed for the generation of the
CO: radical anion, [CO2]*". In fact, the generation of [CO;]*” can be achieved through the
direct single-electron reduction of carbon dioxide (1.1.1.1.), but also through hydrogen

atom abstraction (HAT) or single electron oxidation of a formate salt (1.1.1.2.).

+1e-, SET 0 “H",HAT
Cco > - MCOZH
[jz Path A: UV/VIS light, PS a\o‘ -le-, SET, PS

Path B: Electrochemical M: Li, Na, K, Cs

PS based on:

Organic species: p-terphenyl, CTC, 4DPAIPN, 4CzIPN

Metal species: Ni3(u3—l)2(dppm)3, Smly Fe/S complex, Ir(ppy);
Semiconductors: CdS, Ru@ZnS

Scheme 2. Generation of CO; radical anion.

1.1.1.1. Generation of CO; radical anion from CO; gas.
The direct one-electron reduction of carbon dioxide is the most straightforward process
to generate CO; radical anion, [CO2]*". Nevertheless, this approach is rather challenging
since it operates at particularly negative potentials of Ereq = -2.2 V in DMF, -2.3 V in
CHsCN versus SCE, -3 V in CH3CN versus Fc*/% and -1.9 V versus SHE in aqueous solution

at pH 7.1234

1.1.1.1.1. Electrochemical conditions.
In 2019, Mellah and co-workers reported the formation of CO; radical anion from CO2>
gas and solid dry ice® through the in situ electrogenerated Sm(ll) species (Scheme 3A).

They observed that the use of dry ice significantly improves the yield. One year later, the
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Generation of CO; radical anion, [CO3]*".

Zare’s group’ described the reduction of CO; upon reduction of the substrate (Scheme
3B). The latter plays the role of electron transfer agent affording the CO, radical anion.
The direct formation of CO; radical anion with a sacrificial electrode in the absence of

any mediator has also been reported (Scheme 3C).82:10

A) Electroreduction of CO, on a samarium anode

(+)SS|Sm(-)
100 mA l

DMF, "Bu,NBF,
LJ O|\s X
co, mA,
/
0

(+)$S|Sm(-) T
100 mA
CH,CN, "Bu,NBF,

B) Electroreduction of CO, on a modified Glassy Carbon Electrode (GCE)

Cu/Pd/rGO/GCE 0
o0 v agigtina i~ e
-0.8 V vs Ag/AgCI/KCI (sat) o
CH4CN, "Bu,NPF,

p-bromonitrobenzene

C) Electroreduction of CO, in the presence of a sacrificial electrode

(+)Mg| Pt(-)
10 mA
DMF, "Bu,NI

— IMgINi) O
EOZ_J 10 mA - &l\o—

DMF, "Bu,N|

(+)Mg|Pt(-)
15-30 mA
DMF, "Bu,NBF,

Scheme 3. Electroreduction of CO, on a Sm-based electrode (A), modified GCE (B) and in

a presence of a Mg-based sacrificial electrode (C).
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1.1.1.1.2. Photochemical conditions.
a) Using photoactive organic species.

In the literature, the use of organic dye species such as p-terphenyl as a photocatalyst to
achieve this transformation using ultraviolet (UV) light has been reported.'%1213 As a key
example, Jamison!! and co-workers developed a photocatalytic system operating under
flow chemistry for the carboxylation of styrene in less than 10 minutes, the
hydrocarboxylated products were obtained with yields up to 87% and in a highly
selective manner (<3% dicarboxylated product). According to the proposed mechanism,
the reduction step proceeds as follows: upon irradiation of the p-terphenyl species, it
produces a singlet excited state which undergoes a single-electron transfer (SET) with a
sacrificial reductant amine, PMP, that would afford the mono-reduced form of the
photocatalyst. At this point, the reduced photocatalyst (PC) exhibits a reduction potential
which is reducing enough (E°rd = =2.63 V vs SCE in DMF)* to generate [CO,]*~ from

carbon dioxide (Scheme 4).

p-terphenyl

oW 4,

UV light, PMP, DMF:hexane (3:1)

tg <10 min
7 N_( o
<_ N\ 7 N\ 7/
N
|
p-terphenyl PMP
E®.oq (PC*/PC) =-2.63 V vs SCE in DMF EP_ =0.73 V vs SCE in CH,CN

Scheme 4. Photoreduction of CO, to CO; radical anion using p-terphenyl under UV light.

Another recent example reported by the group of Yu'® disclosed a strategy to perform
an anti-Markovnikov hydrocarboxylation of activated alkenes (acrylates and styrene
derivatives) with yields up to 73%. Their methodology is based on the formation of a
thiolate-arene charge transfer complexes (CTC)*®171819 3 photoactive species generated
in situ between the thiolate and substrate. The initial step of the mechanism can take

place under two different paths. Upon formation and irradiation of the CTC complex with
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Generation of CO; radical anion, [CO3]*".

visible light, it produces a triplet state that enables the transfer of one electron to the

CO; molecule resulting in the [CO,]*~ formation. (Scheme 5).

*-

= 0
X , NaO'Bu |
co, - . L
Visible light, NMP, tBuOH >

(. J

Charge Transfer Complex
(CTC)

Scheme 5. Photoreduction of CO; using CTCs under visible light.

b) Using metal-based complexes.
The generation of CO; radical anion has also been reported using transition metal
complexes. Works from Kubiak?® and Ogawa?! independently illustrated the possibility
of photoreducing CO; into CO; radical anion using an inorganic Ni-based complex,
[Niz(u3-1)2(dppm)s], and Sm-based salts (Sml2/Sm) respectively. In the case of Kubiak’s
group, the carboxyl radical was generated by the oxidation of the Ni-based species upon
irradiation using visible light (Scheme 6A). In the case of Ogawa, the Sm-based salt
reduces both species, the substrate, and the carbon dioxide. They suggested that carbon
dioxide coordinates to the samarium salt and subsequently, the CO; radical anion is

formed through photoinduced electron transfer under visible light (Scheme 6B).
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A) Photoreduction of CO, using a Ni-based complex

0]
|
CcOo > _
@ Visible light, THF 0
""',\\
\ —
P\M P P
|
. N
Niz(p5-1),(dppm); Ph,P PPh,

B) Photoreduction of CO, using a Sm-based salt
O-~.

o
Cco > a\ /
@ Visible light, THF o

Scheme 6. Photoreduction of CO; using a Ni-based complex (A) and a Sm-based salt (B).

In contrast to the latter, Yu?? and co-workers achieved this transformation based on a
Fe/S cluster to yield thiocarboxylates via difunctionalization of olefins. Using catalytic
amount of FeCls (5 mol%) in the presence of a thiolate and a base (KO'Bu) in the medium,
it affords the final product quantitatively. They hypothesised that an iron-sulphur cluster
is generated and reduces CO; upon irradiation with visible light (Scheme 7A). Up to this
date, the exact composition of the active species is still unknown. The same group
disclosed in another work that a Ir-based photocatalyst (fac-Ir(ppy)s) in very low catalyst
loading (0.5-1 %mol) can also be used to have access to the highly reactive CO; radical

anion in the carboxylation of unactivated alkenes context (Scheme 7B).%3:%4
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A) Photoreduction of CO, using a Fe-based complex

0
, p-tolSH, KO'Bu |
co J\ -
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e

p-tolSH

B) Photoreduction of CO, using a Ir-based complex
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"BuNCl
'd I .

|
I
I

SH !
|
| N N
I K H
|
I
I
|
I
|
I
|
I

fac-Ir(ppy); RSH : DIPEA Cy,NH
I
|
EY2 4 (Ir3*/Ir?*) = -2.19 V versus SCE !

|
I
! NR,
]

Scheme 7. Photoreduction of CO; using a Fe-based (A) and Ir-based (B) complexes.

¢) Using a photoactive semiconductor.
The one-electron reduction of CO, to generate the CO; radical anion has been also
achieved using photoactive semiconductors based on quantum dots, for instance, on

CdS?>26 crystallites in the presence of a sacrificial electron donor, triethylamine, using
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visible light (upper, Scheme 8). These semiconductor nanoparticles exhibit composition-
and size-dependent photophysical properties.?’” Another example based on ZnS
deposited on Ru nanoparticles was described to enable the one-electron reduction of
COz (Ru@ZnS)?®2° using UV light at its conduction band upon irradiation (down, Scheme
8).

, EtsN
Visible light, DMF

(o) i
|

, CCl,
UV light

Scheme 8. Photoreduction of CO; using photoactive semiconductors.

1.1.1.2. Generation of CO; radical anion from a formate salt.
In order to circumvent the access to highly reducing potentials required to generate the

CO; radical anion, formate salts were used in place of CO,. In fact, the carbon dioxide
radical anion can be generated via hydrogen atom transfer (HAT) from the formate with

a suitable HAT abstractor agent or via single electron oxidation.

The generation of the CO; radical anion from formate can proceed via two main
pathways, as previously cited, either via hydrogen atom transfer (HAT) using N-,S-based
H-abstractors (HAT agents) or via its oxidation through a single electron transfer (SET).
By definition, the hydrogen atom transfer® is a chemical transformation which consists
of the movement of a proton and an electron (formally, a hydrogen atom) between two
chemical species in a kinetic step. The species Z* abstracts one hydrogen atom from the
formate salt to form the new Z-H bond and the CO; radical anion (Scheme 9A). Thiol
derivatives and tertiary amines are used as precursors to generate the active species
(thiyl radical and amine radical cation, respectively) that would perform the HAT process
in formate salts (formate C(sp?)-H BDE = 86 kcal/mol*'). BDE stands for “Bond

Dissociation Energy”. It is the maximum vibrational energy that a molecule can have prior
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Generation of CO; radical anion, [CO3]*".

to its decomposition into the ground electronic stated of the constituent atoms.3? This
HAT event is essentially thermoneutral in the case of transformations where S-
derivatives are involved as H-abstractors33:343>3¢ (thiol S-H BDE = 88-90 kcal/mol)3®.
Similar behaviour can be observed in the case of N-derivatives3”:383°, the H-abstraction
is also favourable (tertiary N-H* BDE = 91 kcal/mol)*°. The formate salt, whose potential
is at 0.94 V vs SCE in DMSO, can also be oxidised by a suitable oxidising agent via SET

(scheme 9B). This latter example will be presented later in the discussion.

A) 0 0

formate C(sp?)-H BDE = 86 kcal/mol

B) 0] 0]

H)J\O_ " re Tct al\o_

EY/2 .4 (HCO,Cs) = 0.94 V vs SCE in DMSO

Scheme 9. A) Hydrogen Atom Transfer (HAT). B) Single Electron Transfer (SET) for a

formate salt.

The formate species which have been employed in the literature are restricted to alkali
formate species based on lithium, sodium, potassium, and caesium (right, Scheme 2).
The choice of alkali counterion of the formate salt is not trivial as it has an impact on the
formation of the carbon dioxide radical anion. As key examples, the work from the
groups of Wickens3? (upper, Scheme 10) and Li** (down, Scheme 10) independently
described the hydrocarboxylation of activated alkenes using formate salts with different
alkali counterions. In both cases, they observed that the use of potassium formate
allowed them to access the desired product in excellent yields. Changing potassium to
sodium and lithium was detrimental for the reaction yield. The use of caesium formate
exhibited a rather similar yield compared to lithium and sodium formate species and the
rate increased. The Wickens and Li attributed these differences to the solubility of these
formate salts in DMSO, which would limit the formation of the carbon dioxide radical

anion.
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Scheme 10. Generation of CO, radical anion from formate.

In the case of the use of thiol as a HAT precursor for the generation of CO; radical anion,
reports point out the use of this species as a co-catalyst. The thiyl radical is recycled
during the reaction. The catalytical charge only goes up to 2 mol% in which the reaction
is assisted by an additional photoactive species.3*3* According to Wickens’ reports3334,
the thiyl radical is generated via the reductive quenching of the single excited state from
the organic photocatalyst (4DPAIPN, PC1) with the thiol/thiolate (upper, Scheme 10). In
another report from the same group®, they envisaged the formation of the carbon
dioxide radical anion in the absence of any additional photoactive species. The catalytical
charge of thiol is increased up to 20 mol%. This significant increase in the thiol amount
is related to the need of generating disulfide products. Under irradiation with visible
light, the thiol undergoes a dehydrogenative homocoupling with a second thiol molecule

to yield the disulfide product. To prove the hypothesis, they replace it by disulfide. Upon
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its replacement by disulfide, the yield of the hydrocarboxylated product remained

unaltered (Scheme 11).

0 RSH |

H” >0cCs| Visible light, DMSO o

.

SH

CO,Me
RSH

Scheme 11. Formation of CO; radical anion using only thiol derivatives under visible light.

Respect to the N-based precursors, DABCO is exclusively used as a HAT-agent precursor
in the generation of the CO; radical anion.3”:383° The active species is generated via the
oxidation of the tertiary amine yielding an amine radical cation as previously mentioned.
It is observed that a large amount of DABCO is needed to carry out hydrocarboxylation
reactions (around 50% mol).3”:38 In one example related to the topic reported by Xi3? in
which they described the carboxylation of benzyl halides with CO; and a formate salt, a
stoichiometric amount of DABCO respect to the formate salt was required. Both reagents
were employed in a large excess respect to the benzyl halide. In this work, the
carboxylating agent was free CO, molecule. A DABCO molecule is oxidised by the excited
state of the Ir-based photocatalyst resulting into the active (oxidised) form of DABCO
capable of performing the HAT in the formate species. The role of the CO; radical anion
in this example was to act as a reductant of the substrate and to yield its monoreduced
form (Scheme 12). Previous to this work, Jui and co-workers showcased the new role of
CO; radical anion as a reducing agent in the reduction of aryl chlorides and the
effectiveness of S-based species (99%) respect to the DABCO (68%) as a HAT agents.3®
Due to the scope of this PhD, the use of carbon dioxide radical anion as a reducing agent

will not be further discussed.
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0
0 , CO, DABCO, M,CO, o
H ok Visible light, DMSO 0
M =K and Cs

[ﬂj

[Ir(dtbbpy)(ppy),]PFe DABCO

Scheme 12. Formation of CO; radical anion via HAT with N-based HAT agents.

Carbon dioxide radical anion can also be generated from a formate salt via SET. The single
electron transfer (SET) is a process through which an electron is transferred from a
chemical entity to another (Scheme 9A). As representative example, the group of Li#*
described the hydrocarboxylation of activated alkenes in the absence of HAT agent.
According to this work, the caesium formate is oxidised to a formyloxyl radical
intermediate via SET with the excited state of either Eosin B or [Ir(dtbbpy)(ppy)2]PFs (1%
mol) upon irradiation at 100°C. Then, it undergoes an H-abstraction with another
formate molecule to yield the carboxyl radical and formic acid (path A, Scheme 13).
Another plausible path is the photoexcitation of the reduced form of the photocatalyst.
At that stage, it exhibits a reducing enough character to enable the reduction of alkenes
(path B, Scheme 13). Subsequently, the reduced alkene reacts with the CO; originally
formed from the decomposition of formyloxyl radical. Nevertheless, according to the
authors this latter path is expressed in a minor degree. It seems the absence of any HAT
agent requires harsher conditions compared to previous examples. They had to perform

the reaction at high temperatures (100°C) and formate salt in excess (10 equivalents) in

order to obtain similar yields to the work of Wickens33. Besides the absence of HAT agent,

35



Generation of CO; radical anion, [CO3]*".

they cannot rule out the possible presence of sulphur derivatives generated from the
decomposition of DMSO under these conditions that may lead the reaction through a
HAT process as in previous described reports.*! Based on the previous described works,
we can state that the use of a HAT agent and a photocatalyst makes accessible the

generation of the CO; radical anion under mild conditions from formate salts.

HCO,H

/‘
path A 4 l

HCO,Cs

(0] -le” 0
7 |
HJ\OCS Visible light, DMSO H)J\o' oM
Path B T
co,

O,N

NaO

Eosin B [Ir(dtbbpy)(ppy),]PF

Scheme 13. Generation of CO; radical anion from the oxidation of caesium formate.

1.1.2. Reactivity of CO; radical anion.
In this section, the discussion will be focussed on the transformations related to the
substrate and the experimental conditions in which the C-C bond formation takes place

with the participation of CO; radical anion. Upon the formation of the carboxyl radical,
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it can react either with open-shell species (1.1.2.1.) (Scheme 14A) or unsaturated species

Ph o
D
ReI'X ©:\>)" Il Ro)k/(/\

(1.1.2.2.) (Scheme 14B).

' ! 0
B CoOH o | . ]
A
ghn
Ar\./N\/ R J\
e _NHBoc R™ "R
: R/\SOZPh
R: H, Alkyl, Aryl, Ph
A) Radical-radical coupling B) Radical addition into unsaturated species

Scheme 14. Reactivity of the monoreduced form of CO, with open-shell (A) and

unsaturated species (B).

1.1.2.1. Reactivity of CO; radical anion with open-shell species via radical-
radical coupling.
The use of open-shell species generated via photochemical conditions to form C-C bonds
with [CO2]*" is very scarce in the literature. In 2017, Jamison'3 and co-workers disclosed
a photoredox strategy for the synthesis of a-amino acids using UV-light in continuous
flow through the carboxylation of C(sp3)-H bond from tertiary benzylic amines (N-
benzylpiperidine derivatives) in a presence of a base, KCO,CFs. The open-shell species
are generated as follows: upon irradiation of the photocatalyst, its single-excited state
undergoes a reductive quenching with the amine affording the formation of the oxidised
amine along with the reduced photocatalyst. Then, the amine cation is deprotonated by
a base yielding the a-amino radical. After the formation of the carbon dioxide radical
anion via SET with the reduced photocatalyst, the new C-C bond is formed through
radical-radical coupling to produce the a-amino acids with yields up to 99% and 52:1

regioselectivity in only 10 minutes (Scheme 15).
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KO,CCF; (3 eq.)

s
Ar (}R v+ Co, @»f - Ar\rN\/ "

e . CO,H
(0.34 MPa)  >280 nm, DMF, 30-35°C

R =ED and EW groups

l >280 nm

-
O~

N(\j_R . aCl)\ 1) Radical-radical coupling= ArYGR

oK +
2)H CO,H

Scheme 15. Photoredox activation of carbon dioxide for amino acid synthesis in

continuous flow by Jamison’s group.

As previously discussed, pioneering work from Yanagida?® demonstrated the
photofixation of CO; into benzophenone catalysed by colloidal microcrystallites
constituted by CdS under visible light in the presence of a sacrificial amine (Scheme 16A).
Despite quantitative conversion of benzophenone, these nanostructures are more active
towards the synthesis of benzopinacol (2) (79% in methanol) and benzohydrol (3) (88%
in acetonitrile) in which the CO: is not involved. In the optimal experimental conditions
for the product of interest (1), the reaction only yielded 12% of 1 in DMF, along with 2
and 3 in similar yields (2, 24%; 3, 10% in DMF). This transformation is very dependent on

the used solvent, in all cases it consisted of saturated-CO; solutions (Scheme 16A and
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16B). Five years later, the same group enlarged the scope to other aromatic ketones and
benzyl halides on the surface based on the previous technology.?® Using other aryl
ketones such as acetophenone, they could improve the yield towards the carboxylic acid
product (4) (34%) pre-irradiating the reaction system for 1 h and increasing the reaction
time up to 5h (5, 25%; 6, 4%). Both substrates are reduced, CO, and the aryl ketones,
and then coupled. Once the benzyl halides are reduced, they undergo a C-X bond (X = Cl,
Br) mesolytic cleavage resulting into the corresponding halide anion a benzyl radical
species which subsequently couples with the CO; radical anion in similar yields (X = Cl,

34%; X = Br, 16%) (Scheme 16B).

A) Photofixation of CO, into benzophenone catalysed by CdS microcrystallites

0 HO,C. OH
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+ CO, >
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(5 umol) Side products (1)
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HO  OH
Ph ; ’Q Ph

Ph Ph

(2) (3)

B) Photofixation of CO, into acetophenone and benzyl halides catalysed by CdS microcrystallites

0 HO,C, OH
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Scheme 16. Photofixation of CO, into benzophenone (A) and other aryl ketones and

benzyl halides using CdS microcrystalites (B).

In 2014, the group of Macyk?® reported the photocatalytic carboxylation of
acetylacetone at ZnS deposited in Ru-based nanoparticles (Ru-NP) under UV light.
Nevertheless, they observed very low yields (<1%) of the desired product (Scheme 17A).
Only the group of Ogawa?! described the reductive carboxylation using non-activated
alkyl halides such as, docosanyl bromide (8) with CO; using a photoinduced Sm-mixed
system under visible light with yields up to 76%. In this work both species are reduced,

alkyl halide and CO; as in previous examples (Scheme 17B).

A) Carboxylation of acetylacetate with CO, catalysed by Ru@Zn$S

(0] (0]
)J\)J\ Ru@zns 18 o 1) )J\)J\/
+ CO2

300 nm, CCl, (8 mL)
(0.2 M) (1 bar)

co,
Conduction band

o @

0]
0] 0] 0] 0]
o e
0] 0]

Valence band

B) Carboxylation of alkyl halides using a Sm-based system

Sml,/Sm (1.5 mmol/0.5 mmol)

CallasBr + €0, 450-650 THF (12 mL) = CaaMlasCON
—650 nm, m
(8) (1 bar)
55 °C
Sml,/Sm
X R ] 1) Radical-radical coupling i
Sml, 450-650 nm O~ J 2) K R” “OH
CO, ——2—> Sml,(CO,), a\ Ssmi.

Scheme 17. Carboxylation of acetylacetate (A) and alkyl halides (B) with COx.

In 2006, Barba*® and co-workers observed that carboxylated derivatives could be

produced through the carboxyl radical generated under electrochemical conditions. In
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the same direction that the work reported by Ogawa, Mellah and co-workers described
the formation of C-C bonds using aryl® and benzyl halides® and CO; through the in situ
electrogenerated Sm(Il) species. This methodology was applied to a large scope of aryl
derivatives from moderate to excellent yield and with a good chemical tolerance
(Scheme 18A and 18B). Very recently, N-Boc-a-aminosulfones were studied as radical
precursors in the C-CO2 bond formation by Senboku and co-workers.** They proposed
that upon reduction, these species undergo a reductive C-S bond cleavage at 0°C
affording the benzyl radical that would react with the CO; radical anion to yield protected
o -aminoacids from moderate to excellent yields (up to 87%) . Another possibility is the
reduction of the benzyl radical to the anion that would react with the CO; via
nucleophilic attack. Nevertheless, they are still working on the mechanism (Scheme

18C).
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A) Carboxylation of aryl halides with CO, by electrogenerated SmX,

Xt (+)s5]5m () 5
RI_ + C02 > R|_
= 100 mA =
n
X=ClBr (latm) PMF (100 mL), "Bu,NBF, (1 mmol)
R = ED and EW groups SS: Stainless-stell grid
(5 mmol)
B) Carboxylation of benzyl halides with CO, by electrogenerated SmX,
X (+)SS[Sm (-) X
R—— X 4+ co, - R COH
= 100 mA =
X =Cl Br (dry ice) TMSCI (1.5 eq.)
CH;CN (50 mL), nBu4NI (0.02 M)
R =ED and EW groups
SS: Stainless-stell grid
(1 mmol)
C) Electrochemical carboxylation of N-Boc-a-aminosulfones with CO,
SO,Ph (+)Mg|Pt(-) CO,H
+ CO, >
R” “NHBoc 10 mA-cm, 3-8 F-mol?,0°C  R” “NHBoc
n
R = Ar, cyclohexyl groups (1 atm) DMF (10 mL), "Bu,NBF, (0.1 M)
50,Ph e SOPh | g 1) co, CO,H
PN — K — A w N
R NHBoc R NHBoc R NHBoc R NHBoc

PhSO,
PhSO,”

B g,
N

CO,H

R NHBoc

Scheme 18. Carboxylation of aryl (A) and benzyl (B) halides by electrogenerated SmX..

Electrochemical carboxylation of N-Boc-a.-aminosulfones (C).
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1.1.2.2.

compared to reaction in which open-shell species are involved. As a pioneering example,

Kubiak?°

stoichiometric amount of a Ni-based photoactive species. Upon irradiation, the excited
state of the Ni-based complex enables the generation of the free CO; radical anion,
which later undergoes a radical addition with a cyclohexene molecule yielding a generate
a Giese-type species (9) (Scheme 19). Then, 9 reacts with a free molecule of CO; (reverse

Kolbe reaction) and it is subsequently reduced by a second photoexcited Ni-based

reported

complex yielding 1,2-dichlohexanedicarboxylate molecule.

co,
(0.07 mM)
2C0, >
, THF:cyclohexene (4:1) _
(1 atm) o,
N @ co,
C02 —_—— a\o_ —_— —_—
co,
Giese-type
species
(9)
|
- Pz ‘\/P\
Pe LoNIZN b
Ni———Ni
\ / —
ﬁ\TLV/é P P
|
. P
Nis(k5-1),(dppm);  Ph,P PPh,

Scheme 19. Capture of CO; radical anion previously generated via SET with a photoactive

Ni-based complex.

In the same vein, Yu?® and co-workers recently disclosed a strategy using the vastly

employed photocatalyst, fac-Ir(ppy)s, to promote the carboxylation of a large scope of
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The reactivity of CO; radical anion towards unsaturated species has been vastly reported

in the mid-90’s the dicarboxylation of cyclohexene using

¢
co,
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unactivated alkenes with moderate to good vyields (Scheme 20). Upon the first
carboxylation of the alkene, the radical generated undergoes an intramolecular HAT
process to afford a more stable benzyl radical. It can either react with another carboxyl
radical to yield dicarboxylate derivatives or be reduced by the reduced photocatalyst to
afford an anion. This reactive species undergoes a nucleophilic attack to another
molecule of CO; to yield the dicarboxylated product. This strategy based on HAT-
intramolecular process can also disrupted by the impossibility of forming the benzyl
radical and lead to the fhydrocarboxylation. In another report based on the previous
methodology, they enlarge the substrate scope to activated alkenes, allenes and

hetero(arenes)** affording the desired product in good yields.
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R
RI/& R ___cOZH
or + €0 R.)\/COZH or R A
~~—H ‘-/L-COZH
R' R
= (13" Hydrocarboxylation Dicarboxylation
R
Iré* Intermolecular HAT | 1. Intramolecular HAT
R'=alkyl 2. SET
R =H, alkyl R 3.€0,

J -

Hydrocarboxylation

Benzyl radical

R (1 mol%), DIPEA (1.5 eq.), KO'Bu (3.0 eq.) R

/& + CO, )\/COZH
R 30 W blue LED lamp, NMP (0.1 M), 50°C R’

(leq.) (1 atm)

"BuNCI (1.5 eq.)

then HCI (2 N)

Dicarboxylation

(0.5 mol%), Cy,NH (2.5 eq.)

-~=H Cs,CO5 (4.5 eq.)

L--=CO,H

R'" H
30 W blue LED lamp, DMSO (0.1 M) ‘\_/LCOZH
R

& T then HCI (2 N)

(leq.) (1 atm)

fac-Ir(ppy);

xﬁ U

DIPEA Cy,NH

Scheme 20. Dicarboxylation and hydrocarboxylation of unactivatede alkenes using an Ir-

based complex with CO..

In contrast to the previous example, the same group** employed an organic-based

photocatalyst, 4CzIPN, with a higher catalytical loading (Scheme 21). As a mechanistic

proposal, they suggested that the excited state of the 4CzIPN (4CzIPN”) undergoes a SET
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with the amine to give the strong reductant capable of reducing the alkene to its radical
anion. At this stage, two paths could take place. In path a, the resulting alkene radical
anion could react with the CO; to generate a more stable benzyl radical. This
intermediate then further undergoes a second SET to yield the benzylic anion, which
then reacts with a second molecule of CO2 via nucleophilic attack resulting in the
formation of the desired product. In the case of path b, they also considered the
possibility of the electron transfer from the alkene radical anion to the CO, molecule
giving access to the CO; radical anion that would react with the benzyl radical and yield
the dicarboxylate species. Yet, path b seems to be less favoured as no oxalate formation

(from the CO; radical anion homocoupling) was observed in the reaction (Scheme 21).

As in other examples, the dicarboxylation of unsaturated species such as alkenes®,
arenes*® and heterocycles® can occur through electrochemical means to produce
dicarboxylic derivatives in good to excellent yields. Besides alkene derivatives, the
formation of new C-C bonds with alkynes can also take place. As a key example, Jiang?’
and co-workers disclosed in 2010 a methodology to yield tricarboxylates (12) that would
derive into anhydrides (14) upon hydrolysis in the presence of common metal salts under
electrochemical means with yields up to 83% for compound 14 (R = Me, R’ = H). The
dicarboxylic derivatives were also present in a significant amount, up to 27% for
compound 13 (R = R’ = H). Internal alkynes were also tested (10, R = H, R’ = Ph) and the
yield of compound 14 (R = H, R’ = Ph) (68%) was similar to the terminal alkyne
homologous (10, R =H, R’ = H) (70%). The use of internal alkynes (10, R = H, R’ = Ph) were
detrimental for the access of compound 13 (12%) as well as the use of alkynes bearing
electro-withdrawing groups (10, R = NO2, R’ = H) (7%). They could observe that the
electrode material also exhibited a large impact on the electrocarboxylation reaction

(Scheme 22).
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Ar
HOZC%\KCOZH
R Ar
R (2-3 %mol) R
R 'Pr,NEt (0.2-0.8 mmol) R ,CO,H R
/\ Cs,C0O4 (0.9 mmol) Ar COH + ArT X CO,H
Ar > + 200, - <
(1 atm) 30 W blue LEDs, DMF (1 mL) HO,C
~ atm
7 A rt. to 60 °C CO,H
N 7 7 N
IL\\\ - ~ ///)I
R =H or alkyl \ CO,H
(0.2 mmol)
+o
iPr,NEt \“’
R

Hozc%\rcoz"'
iPr,NEt Ar

R

R —e
Ar/& €0 R
- > )Q/co;

Ar)Q— then H*
path B /
co, path A Co,
R
\ / )Q/co;
\ Ar
Cz
NC CN iPr,NEt
Cz Cz +

iPr,NEt

Scheme 21. Dicarboxylation of activated alkenes, dienes and hetero(arenes) with CO;

using 4CzIPN as a photocatalyst under visible light.
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R' “0,C Co, ojojo
f y N
. (11) . (13)
(+)AI|Ni(-) H
+ CO, < o
Cul (0.1 eq.) B
~0,C CO o
R 10 mA.cm, 4 Fmol ! 2 2 Oﬁo
DMF (35 mL : ( _
R =H, Me, NO, n ( : al co, Ar CO,H
R'=H, Ph Bu,NBr (2.5 mmol) 2
(2mmol) (4 MPa) o (12) (14)
(10)

Scheme 22. Electrocarboxylation of alkynes with CO,.

The f-hydrocarboxylation of unsaturated species is largely explored in the literature. As
representative example, Li and colleagues described the fselective hydrocarboxylation
of substituted alkenes using Eosin B or an Ir-based photocatalyst (Scheme 23). Two
plausible mechanisms were suggested by the authors. In path A, the excited state of the
photocatalyst oxidises the formate salt to formyloxyl radical which is capable of trapping
the hydrogen of formate salts and provide CO; radical anion and formic acid. Then, the
[CO2]*~ undergoes a radical addition to the alkene resulting in a Giese-type species (15)
that will be reduced to the corresponding anion (16). The latter species is protonated
yielding the desired product. In path B, the reduced form of the catalyst may be excited
again and further reduce the alkenes to alkenyl radical anion which could react with the
in situ generated CO; from the formate salt. Finally, the resulting functionalised alkenyl
radical anion (15) is reduced and protonated as in path A to yield the desired carboxylate

product.
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R1 (1 mol%) R, O
HCO,Cs e
SR Y 2
R)\/ 2 DMSO (3 mL) RMOH
R = Aryl and EW groups 440 nm R,
100°C
(0.2 mmol) (2 mmol)
HCOO
SET
Path A
Eosin B
+
\_/ Rl O _|
HCOO" R)\HKOH _ N
_ hV R | |
HCoO 2 SNy, NS s
6
“Ir‘\
H,0 or HCOOH N
HCOOH |
N\ J
— SET |
co, — R oo — R o- _
Rl Rl R Rl R
SR ; ’ Ir(dtbb PF
R)\/ (15) (16) [ir(dtbbpy)(ppy),IPFs
HCOO
hv Ry
T R)\/Rz
Ry
R
HCOO' R,
Path B R, ©
decomposition \/ Ry
hv T H,0 or HCOOH
RI/ZR

co, > R

0] 0
SET
MO— %RMO_
R R
1 Rz 1 R2

(15) (16)

Scheme 23. Hydrocarboxylation of alkenes derivatives with formate salts catalysed by

either an organic or an Ir-based
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As another key example, the group of Jamison!! reported the [selective
hydrocarboxylation of terminal and ¢, /-substituted styrenes using CO> at atmospheric
pressure under UV-light based on flow chemistry (Scheme 24). Following this strategy,
they could have access to a large array of styrene derivatives with a good chemical
tolerance. Based on deuterium-labelling and control experiments, they proposed a
general mechanism for this transformation. Upon photoexcitation of the organic
photocatalyst, p-terphenyl, its excited singlet state, [p-terphenyl]*, undergoes a single
electron transfer (SET) with a sacrificial reductant agent, an amine, to provide very strong
reductant p-terphenyl radical anion (E°ed = —2.63 V vs SCE in DMF)4, At this stage, the
p-terphenyl radical anion would further reduce CO; to its radical anion via SET as
explained in the previous section. Then, the CO, radical anion undergoes a radical
addition at #-position of styrene and produces a stable Giese-type intermediate (17) that
it is reduced again to afford the benzylic anion (18). This species is protonated by a
proton source species giving the hydrocarboxylated product with yields up to 88%. It was
observed that the use of an excess of water (19 equivalents) was an important key factor
to obtain the product of high yields. However, a too large excess of water was

detrimental to the reaction due to homogeneity issues.
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(20 %mol)
H,0 (19 eq.) R'
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| / RI ! / RI
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I
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Scheme 24. Hydrocarboxylation of styrene derivatives with CO; catalysed by p-terphenyl

in continous flow.

In 2020, Malkov and Buckley*® described a selective S-hydrocarboxylation of broad
scope of styrene derivates in organic solvent by electrochemical means (Scheme 25).
Under experimental conditions, the S-hydrocarboxylation product (19) is obtained with
yields up to 70% along with the dicarboxylation product (20). Nevertheless, the ratio
between both products favours the formation of 19 (19:20, 8:1). Owing to the similarity
of potentials between CO; and styrene, they suggested that two mechanisms can take
place in parallel, either the reduction of CO; and subsequent addition to styrene (path
A, Scheme 25) or the reduction of styrene and nucleophilic attack towards the CO; (path

B, Scheme 25) (Scheme 25A). In the same vein, Nam® and lJiang* independently
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described the electrosynthesis of carboxylates of styrene derivatives in water. In the
example of the group of Nam, the ratio between hydrocarboxylation (21) and
dicarboxylation product (22) can be tuned with the proton source (R-OH). For instance,
22 is favoured respect to 21 (21:22, 7:93) using methanol as proton source (Scheme 25B).
In the case of Jiang and co-workers, they studied the influence of the electrode material
in the formation of the dicarboxylation product (23). They could observe yields up to
89% under optimal conditions (Scheme 25C). As in the previous example reported by

Malkov, the reaction can also undergo under two mechanisms in parallel.
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A) Hydrocarboxylation and dicarboxylation of subtituted styrenes by electrochemical means

R R CO,H

)\(R (ciet) COH COH
Ar + co, Ar)Y 2 + R%Y P
TEOA (2.0 mmol) . " Ar N
R 10V R" R R" R
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(2 mmol) (1 atm)

TEOA:triethanolamine

Path A) Reduction of CO, and subsequent addition to the unsaturated species

+1le”
+ Ar/\/cOZH
+le o then H
co, —— | —> Ar )\/Coz —
o . CO,H
€0, CO,H
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Path B) Reduction of the unsaturated species and nucleophilic attack towards CO,

+le”

e CO,H
. then H* AN
+le X@ co, X/CO_
A T A = Ar 2 CO,H
€0, CO,H
Ar

B) Electrochemical hydrocarboxylation/dicarboxylation of styrene derivatives

N (+)Mg|Ni(-)
R v+ co,
= 10 mA.cm™?

R=OMe, Me, F, Cl,CF, (1 atm) 20¢C (21) (22)
R-OH (1 eq.)

"Bu,NBF, (0.1 M)
then HCI (2 M)

R = H, CH,CO-, Ph-, CH;-, 'Bu

C) Dicarboxylation of styrene derivatives under electrochemical means

FARRN

r N
I I
P (+)AI1PE(-) jii
| | —R + €O, CO,H
R - F 10 mA.cm’L, 3 Emol™?
DMF (35 mL
R=H,Cl,F (4 MPa) (35ml) (23)
"Bu,NBr (0.05 M)
(5 mmol) then HCI (2 M)

Scheme 25. Hydrocarboxylation and dicarboxylation of styrene derivatives with CO;

under electrochemical means.

In 2021, Romo?'? and co-workers performed the fselective hydrocarboxylation of «,

unsaturated esters using the previous methodology developed by Jamison!. In this
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work, they employed a bulkier (TMS)sSiH as a H-atom source compared to the ones
tested by Jamison and it significantly improved the yield. The use of an amine with a
more hindered N-alkyl group (Et) inhibits the formation of dimers that clogged the flow
line. Besides the technical improvements in the existent methodology, they also describe
how to synthesize B-lactones (24) from the resulting carboxylate species (Scheme 26A).
A year later, Malkov and Buckley*® envisioned the B-selective hydrocarboxylation of «,
unsaturated esters by electrochemical means. They studied the mechanism of
hydrocarboxylation, and they suggested that two different pathways might occur
depending on the reduction potential of the substrate (Scheme 26B). According to a
study from Jui’s group3®, the CO, radical anion present an ambiphilic behaviour. It
undergoes a hydrocarboxylation with Michael acceptors whose reduction potential is
more negative than in the case of CO; (CO; radical anion plays the role of carboxylating
agent). The substrates with a less negative reduction potentials than CO, would undergo
a reduction with the [CO2]* (CO; radical anion plays the role of reductant). This does not
fully explain the behaviour in some substrates; thus, the two pathways could be

operative. Accordingly, the mechanism is still under investigation.
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A) Hydrocarboxylation of a,f~unsaturated esters via photochemical means
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(20 %mol) .
(TMS).SiH (2 eq.) Br,-dioxane (1.5 eq.) o)
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B) Hydrocarboxylation of «,/f-unsaturated esters via electrochemical means
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(1 mmol) TEOA: triethanolamine

Scheme 26. Hydrocarboxylation of ¢,/unsaturated esters with CO; via photochemical

(A) and electrochemical means (B).
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In 2017, Yu?? and co-workers described an iron-promoted process to synthesize S
thioacids using styrenes and acrylates with CO, under visible light. In this study, they
investigated the initiation of the difunctionalization of the alkene. Based on the observed
regioselectivity and control experiments, they proposed that difunctionalization of the
alkene begins with the C-C bond formation. Firstly, the CO, would be reduced by the
excited state of Fe/S complex via SET. Then, the thiyl radical generated via the reductive
quenching of the oxidised Fe/S complex further reacts with the C-centred radical via
radical-radical coupling achieving the thiocarboxylic acid (25) with yields up to 94% that
can be used lately in other synthetic applications (Scheme 27A). Three years later, the
same group!® described an organocatalytic approach for the hydrocarboxylation of
acrylates and styrene derivatives under visible light through the formation of a charge-
transfer complex (CTC) (26) in good yields, up to 73%. In this work, they employed
sterically hindered thiols which are responsible of the excellent chemio- and
regioselectivity. Based on experimental and computational results, Yu and co-workers
stated that two possible pathways might proceed in parallel. Upon irradiation of the CTC,
formed between the styrene/acrylate and the thiolate, either the CO; or the substrate is
reduced. In both pathways, the same Giese-type intermediate (27) is generated that

might undergo a HAT to yield the carboxylate product (Scheme 27B).
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A) Thiocarboxylation of styrene and acrylate derivatives enabled by a Fe-based complex
=z
SH (5 %mol) /@&
™
| AN KO'Bu (2.0 eq.) S
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B) Hydrocarboxylation of styrene and acrylate derivatives promoted by CTC
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Scheme 27. A) Thiocarboxylation of styrene and acrylate derivatives enabled by a Fe-

based complex. B) Hydrocarboxylation of styrene and acrylate derivatives promoted by

a CTC complex.

In 2023, the same group reported the arylcarboxylation of unactivated alkenes.?* Based

on control studies, they noticed that the presence of a silane improves the reaction yield
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up to 83% (absence of silane = 62%). They proposed a possible mechanism for this
transformation. The excited state of the Ir-based photocatalyst upon irradiation can be
guenched by a thiolate to yield a thiyl radical along with the reduced form of the
photocatalyst (Ir?*), which can then reduce CO> to form carbon dioxide radical anion.
With the presence of the silane, another CO; radical anion formation pathway may occur
which might explain the relative increase in the yield of hydrocarboxylation product (28).
The silane reacts with the CO; resulting in the formation of a formate salt, that can
undergo a HAT with the thiyl radical to generate the CO; radical anion. Then, it undergoes
a radical addition to the alkene resulting in the formation of an alkyl carbon radical (29)
which is trapped via cyclisation with the arene (30). Finally, the carboxylate (28) is yielded

upon rearomatisation with the aid of the thiol (Scheme 28).
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Scheme 28. Arylcarboxylation of unactivated alkenes with CO; using an Ir-based

photocatalyst.
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1.2. Reduction of NHC-CO,-based species.
In this section, examples about the reduction of NHC-CO;-based species are described
(Scheme 29). Upon reduction of these adducts, it can result into the formation of
formate (Scheme 29A) and methane (Scheme 29B) in the presence of a proton source.
In the absence of any proton source, its radical anion (product of the one-electron
reduction) is generated either via electrochemical (Scheme 29C) and chemical means

(Scheme 29D).

A) Generation of formate ion TMB
Q R
" (I
IMeH /)
k/ R
: - +
B) Generation of methane +le’, +H R = H (ANT); Br (9,10-DBA)
[Nl] R= Me . J
+8H* +8e” R dipp
R = dipp , N\+ 0 +le” o
CH, | >—4 L
; X\ 0 0}
IPrH R M: Li, Na, K
p N X:N,C . .
—| 2+ D) Chemical reduction CAAC-CO, adduct
AERK "
A R _ e
N N 2Cl

[ /Ni\ ]

(N/ \N\

H v H

[Ni]

C) Electrochemical reduction CAAC-CO, adduct

Scheme 29. Reduction of NHC-CO;-based adducts. A) Generation of the formate ion. B)
Generation of methane. C) Electrochemical reduction of CAAC-CO; adduct. D) Chemical

reduction of CAAC-CO; adduct.
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Examples of one-electron reduction of NHC-CO,-based adducts are limited in the
literature. In 2015, the group of Falvey®® demonstrated that the net photochemical
reduction of CO; can occur in the presence of IMe-CO; (31) through the photolysis of an
excited state donor under ultraviolet light (350 nm) (Scheme 30). The authors proposed
the following mechanism based on fluorescence quenching and photolysis experiments:
the NHC-CO; adduct (31) quenches the excited state of the photosensitiser (PS: TMB,
ANT and 9,10-DBA) previously generated upon irradiation at 350 nm and affords the
monoreduced NHC-CO; adduct and the oxidised form of PS. Subsequently, the reduced
form of adduct 31 undergoes an heterolytic dissociation which results in the release of
CO: radical anion along with the free N-Heterocyclic Carbene (NHC). Based on their
observation, they proposed that the generated CO; radical anion can follow two
pathways in parallel: a net disproportionation to afford the formate ion (32) and a free
CO2 molecule (path A, Scheme 30) and, the homocoupling of [CO;]*" to yield oxalate
species (path B, Scheme 30). The formation of formate was detected in a higher degree
(47 %) than the oxalate species (<6 %) which seems to indicate that path A is favoured
over path B. To shed more light on the generation of the carboxyl radical, they tried to
measure the one-electron reduction of the IMe-CO, adduct via cyclic voltammetry.
Despite several attempts, they could not have access to it. Owing to the impossibility of
this measurement, they estimated that the reduction potential of IMe-CO; adduct (31)
might be similar to the corresponding imidazolium cation (around -1.8 V vs Saturated

Calomel Electrode (SCE) in DMF>1).
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Scheme 30. Photogeneration of formate anion from a NHC-CO; adduct.

In the same year, Koval®? and co-workers described the electrochemical 8-electron
reduction of a preactivated CO; in an NHC-CO; adduct (IPr-CO;) (33) to methane in the
presence of a Ni-based complex and a proton source (CF3CH,0H) (Scheme 31). Based
on isotopic labelling experiments, they could confirm that the carbon-source for the
generation of methane (34) was the preactivated CO,. After different electrolysis studies,
they observed that the use of the preactivated CO; (in the form of NHC-CO; adduct) was
essential to yield methane. In fact, in the absence of NHC, a mixture of dihydrogen and
CO is produced from CO;. The use of both forms of CO,, preactivated and the free
molecule, slightly increases the amount of methane generated. The reduction potential
measurement of NHC-CO,-based adducts (IMe-CO,>° and IPr-CO,>?) in the absence of

any additives were still undone at that time.
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Scheme 31. Generation of methane though the reduction of a NHC-CO; adduct.

Three years later, Machan and Gilliard>? in a joint work studied the electrochemical one-
electron reduction of a NHC-CO> adduct using cyclic(alkyl)amino carbene (“YCAAC)
(Scheme 32A). They could identify a reduction potential of -2.08 V and -2.15 vs. Fc*/% in
MeCN and THF respectively. According to their DFT study, they estimate significant
structural differences between the neutral and monoreduced form of “YCAAC-CO,
adduct. They estimated that the CO, moiety is placed perpendicular in respect to the
YCAAC moiety in the neutral adduct, while it would rotate to a coplanar position in the
reduced form. The additional electron would be mainly located at the m-vacant orbital
of the carbenic carbon of the NHC. The spin density would also be located at the nitrogen
and both oxygen atoms but, to a lesser degree in respect to the carbenic carbon. None
was observed at the carbon atom of the CO, moiety. Very recently, the same groups
described the chemical reduction of ®*CAAC-CO; adducts using alkali metals (M = Li, Na,
K) resulting in the formation of monoreduced CAAC-CO; metallic clusters (35) (Scheme
32B).>* As predicted by DFT in the precedent work, they experimentally observed that
CO, was placed in a coplanar position in respect to the CAAC moiety upon reduction. The
spin density mainly resides at the carbenic carbon, followed by the nitrogen and the
oxygen atoms as in the previous work.>® However, a small portion of the spin density was
also placed at the carbon of the CO, moiety. Depending on the Lewis acidity of the metal
cation generated upon reduction of the adduct (Li*, Na*, K*), the spin density was either

enhanced or detrimental to the different atoms from the monoreduced adduct.
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Increasing the Lewis acidity of alkali cation, the spin density at the C of the CO; was

enhanced (from 4 % (Li*) to 8 %(K")).

A) Electrochemical reduction of “/CAAC-CO,
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B) Chemical reduction of “/CAAC-CO, enabled by alkali metals
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Scheme 32. Electrochemical (A) and chemical (B) reduction of “YCAAC-CO,.

1.3. Synthesis of NHC-CO2-BRs adducts.
In this subsection, examples of NHC-CO»-based adducts bearing a borane (BR3) as a Lewis

acid will be described.
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Scheme 33. Formation of NHC-CO,-BR3 adducts
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Synthesis of NHC-CO,-BRs adducts.

In the last decade, Tamm and colleagues described three examples>>°® of NHC-CO,-BR3
adducts (37, 39 and 42) in the context of the FLP (Frustrated Lewis Pairs) chemistry.
These systems consist of two parts, a bulky classical diaminocarbene bearing tert-butyl
groups as a N-substituents (either (38) or (40)), and a hindered boron-based Lewis acid,
tris[3,5-bis(trifluoromethyl(phenyl]borane (abbreviated as B(m-XyFs)3) (upper, scheme
33) and tris(pentafluorophenyl)borane (B(CeFs)3) (down, scheme 33).

In 2012, they isolated a carbene-borane adduct (42) constituted by a I'Bu carbene (36)
and B(m-XyFe)s (Scheme 34).>° The singularity of this Lewis acid-base adduct is its ability
to partially dissociate in solution. This dynamic behaviour could lead to the CO; bending,
the THF ring-opening and C(sp)-H breaking of acetylene under the FLP-type chemistry.
In the absence of CO;, the addition of stoichiometric amount of carbene and borane
afforded the carbene borane I'Bu-B(m-XyFs)s pair (42) in a high yield (95%). Heating
under reflux in toluene led to the formation of an abnormal adduct interacting with the
borane through an internal rearrangement (43). On the other hand, bubbling of CO; into
a benzene solution of the I'Bu-B(m-XyFs)3 Lewis pair (42) enabled the formation of the

desired I'Bu-CO,-B(m-XyFe)3 adduct (37) in a 66% yield.
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Scheme 34. Formation of I'Bu-CO»-B(m-XyFs)s adduct from a normal Lewis adduct.

Previously, the same group confirmed that the equimolar combination of I'Bu and
B(CsFs)3 was active towards the dihydrogen heterolytic splitting following a FLP-type
reactivity.”’ In the absence of dihydrogen, they only could observe the irreversible
formation of the abnormal adduct (44) (Scheme 35A). In this work, they studied the

reactivity of this system towards CO; and N;O activation in the form of NHC-based
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adducts (Scheme 35B).°® Besides I'Bu carbene (36), a NHC-CO, adduct (40) constituted
by an equivalent carbene with a methylated backbone was also tested in order to
preclude the possible abnormal adduct formation. Both NHC-CO,-B(CeFs)3 adducts were
obtained in good yields (R = H (39), 89%; R = CH3 (42), 68%).

A) Heterolytic dihydrogen activation by a frustrated carbene—borane Lewis pair
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Scheme 35. Dihydrogen (A) and CO; (B) activation by a frustrated carbene-borane Lewis

pair.
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Reduction potentials: Concepts and applications.

1.4. Reduction potentials: Concepts and applications.
This subchapter, which concerns an introduction about the origin of redox potential from
a thermodynamic standpoint, is divided into two sections. The definition of redox
potential as well as its basis (1.4.1.) will be described and then, examples about the
estimation of reduction potentials via DFT means based on the direct approach will also

be discussed (1.4.2.).

1.4.1. Definition of redox potential and its origin.
Reduction-oxidation (redox) reactions are largely present in a wide array of chemical
transformations. The propensity of the chemical species to either gain or lose electrons
during the electron transfer is dictated by the redox potential of the reaction. Depending
on the direction of this electron transfer, it can be either the reduction potential (the
species of interest acquires electrons) or oxidation potential (lose electrons). In
thermodynamic terms, the redox potential in a chemical reaction refers to the
thermodynamic feasibility of electrons to be transferred from one chemical species to
another. All chemical reactions in nature are govern