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ABSTRACT 

Photoredox catalysis exploits visible light as energy source to carry out 

chemical reactions that involve electron transfer processes. On the one hand, 

implementing water as hydrogen equivalents for reductive organic transformations is 

essential from a sustainable perspective. In that direction, given that transition metal 

complexes are good candidates for the transference of hydrogen equivalents, 

metallaphotoredox catalysis is a promising platform for reducing functionalities such as 

double bonds. 

In the present thesis, a dual photocatalytic system previously reported in our 

group for reducing aryl ketones using visible light as the driving force and H2O/amine 

as the hydride source has been used to reduce aryl olefins. The catalytic system involved 

a robust and well-defined cobalt complex with an aminopyridine ligand, and a copper 

photoredox catalyst. Furthermore, based on our mechanistic understanding, evaluation 

of other photosensitizers and conditions reached a dual Co/Ir system capable of 

selectively reducing styrene versus acetophenone and vice versa. 

In parallel, we explored the asymmetric reduction of aromatic ketones in 

aqueous media by utilizing chiral-at-ligand cobalt complexes. Using synthetic 

modifications in the chiral ligand, we found that the ortho-position of the pyridine ring 

must remain non-substituted, while the meta-substitution could positively affect 

chirality transfer. 

On the other hand, in the main project of the thesis, we have revisited the 

reductive quenching mechanism of [Ir(bpy)(ppy)2]PF6 as a model iridium photoredox 

catalyst. After the isolation and well-defined characterization of the reduced 

intermediate [Ir(bpy)(ppy)2]0, we found that it can catalyze more reductive 

transformations under irradiation. Furthermore, our theoretical and experimental 

mechanistic studies support that the reactivity comes from the reduced bipyridine 

ligand. 

This thesis paves the way for new selective organic reductions using visible 

light as the driving force and H2O as a clean source of hydrides, as well as sheds light 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



 

- 2 - 

 

on the current mechanistic understanding of multiphoton photoredox cycles, disclosing 

the crucial role of bipyridine derivatives. 
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RESUMEN 

La catálisis fotorredox utiliza la luz visible como fuente de energía para llevar a 

cabo reacciones químicas que implican procesos de transferencia de electrones. Por un 

lado, la implementación del agua como fuente de equivalentes de hidrógeno para llevar 

a cabo reducciones orgánicas es fundamental desde una perspectiva sostenible. Dado 

que los complejos de metales de transición son buenos candidatos para la transferencia 

de equivalentes de hidrógeno, su combinación con catalizadores fotorredox es una 

estrategia prometedora para la reducción de funcionalidades como los dobles enlaces. 

En la presente tesis, un sistema fotocatalítico dual previamente reportado en 

nuestro grupo para la reducción de cetonas aromáticas aromáticas usando luz visible 

como fuerza motriz y H2O/amina como fuente de hidruro, se ha utilizado para la 

reducción de olefinas. El sistema catalítico se compone de un complejo de cobalto 

robusto y bien definido con un ligando de aminopiridina y un catalizador fotorredox de 

cobre. De acuerdo a nuestra comprensión del mecanismo, la evaluación de otros 

fotosensibilizadores y condiciones llevó a un sistema dual (Co/Ir) capaz de reducir 

selectivamente estireno frente a acetofenona y viceversa. 

Paralelamente, exploramos la reducción asimétrica de cetonas aromáticas en 

medios acuosos mediante la utilización de complejos de cobalto quirales en el ligando. 

Mediante modificaciones sintéticas en el ligando quiral, encontramos que la posición 

orto del anillo de piridina debe permanecer sin sustituir, mientras que la posición meta 

podría tener un efecto positivo en la transferencia de quiralidad. 

Por otro lado, en el proyecto principal de la tesis, hemos revisado el mecanismo de 

quencheo reductivo de [Ir(bpy)(ppy)2]PF6 como modelo de catalizador fotorredox de 

iridio. Después del aislamiento y la caracterización bien definida del intermedio 

reducido [Ir(bpy)(ppy)2]0, encontramos que puede catalizar transformaciones más 

reductoras al ser irradiado con luz visible. Nuestros estudios mecanísticos teóricos y 

experimentales respaldan claramente que la reactividad proviene del ligando de 

bipiridina reducido. 
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Esta tesis allana el camino para nuevas reducciones orgánicas selectivas utilizando 

luz visible como fuerza motriz y H2O como fuente limpia de hidruros, y arroja luz sobre 

la comprensión mecanística actual de los ciclos fotorredox multifotónicos, revelando el 

papel crucial de los derivados de bipiridina. 
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List of abbreviations 

In this doctoral thesis, the abbreviations and acronyms most commonly used in organic 

chemistry are based on the recommendations of the ACS “Guidelines for authors”. 

Additional abbreviations are listed below: 

  

4CzIPN 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 

AcOEt Ethyl Acetate 

anh anhydrous 

AP Artificial Photosynthesis 

APSET Assembly promoted single electron transfer 

aq Aqueous 

Ar Aromatic group 

ATH Asymmetric transfer hydrogenation 

atm atmosphere 

BET Back Electron Transfer 

BNAH 1-benzyl-1,4-dihydropyridine-3-carboxamide 

BP biphenyl 

bpy 2,2’-bipyridine 

cat catalyst 

C60 Fullerene 

CD Cyclodextrine 

COD Cyclooctadiene 

conv Conversion 

Cp Cyclopentadiene 

Cp* 1,2,3,4,5-Pentamethylcyclopentadiene 

CPE Controlled potential electrolysis 

CPME Cyclopentyl methyl ether 

CT Charge transfer 

CV Cyclic voltammetry 

BARF Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 

DCA Dicyanoanthracene 

DCM Dichloromethane 

DCE Dichloroethane 

Dcob 2,2′-Bipyridine-4,4′-dicarboxylic acid 

DFT Density functional theory  

DIPEA N,N-Diisopropylethylamine 

DMA N,N-Dimethylacetamide 
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DMAP 4-dimethylaminopyridine   

DMF N,N-Dimethylformamide 

DMSO Dimethylsulfoxide 

DMPU N,N′-Dimethylpropyleneurea 

DPZ Dicyanopyrazine 

EA Electron Acceptor 

ED Electron Donor 

EDA Electron donor acceptor complex 

EDG Electron donating group 

EDTA Ethylenediaminetetraacetic acid 

ee Enantiomeric excess 

en Ethylenediamine 

EnT Energy transfer 

Eox Oxidation potential 

Eox* Excited state oxidation potential 

equiv equivalents 

Ered Reduction potential 

Ered* Excited state reduction potential 

Et Ethyl group 

ET Electron transfer 

Et3N Triethylamine 

EtOH Ethanol 

EPR Electron Paramagnetic Resonance 

EWG Electron withdrawing group 

EXAFS Extended X-ray absorption fine structure 

FAD Flavin adenine dinucleotide 

FID Flame ionization detector 

FMN riboflavin-5′-phosphate 

GC Gas chromatography 

GC-MS Gas chromatography-mass spectrometry 

HAT Hydrogen atom transfer 

HOMO Highest occupied molecular orbital 

HPLC High-performance liquid chromatography 

HRMS High-resolution mass spectrometry 

IC Internal Conversion 

iPr Isopropyl group 

iPrOH isopropanol 

IR Infrared 

ISC Intersystem crossing 
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kq Quenching constant 

KRA Ketyl radical anion 

LC Ligand centered 

LED Light-emitting diode 

LKADH Alcohol dehydrogenase from Lactobacillus kefir 

LLCT Ligand to ligand charge transfer 

LMCT Ligand to metal charge transfer 

LSV Linear square voltammetry 

LUMO Lowest occupied molecular orbital 

MA Mandelic acid 

MC Metal centered 

MCP (1S,2S)-N1,N2-dimethyl-N1,N2-bis(pyridin-2-

ylmethyl)cyclohexane-1,2-diamine 

Me Methyl group 

MeOH Methanol 

MLCT Metal to ligand charge transfer 

MO Molecular orbital 

MPA 3-mercaptopropionic acid 

MV Methyl viologen 

NAD Nicotinamide adenine dinucleotide 

NADP Nicotinamide adenine dinucleotide phosphate 

NMe2 Dimethylamino group 

NMR Nuclear Magnetic Resonance 

NpMI 2-(2,6-diisopropylphenyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione 

NT Nanotubes 

NT-COOH Nanotubes functionalized with carboxylic groups 

OTf Triflate 

ovn Overnight 

ox oxalate 

PC Photoredox Catalyst 

PC* Excited photoredox catalyst 

PDP (2S,2'S)-1,1'-bis(pyridin-2-ylmethyl)-2,2'-bipyrrolidine) 

phen Phenantroline 

ppm Parts per million 

ppy 2-phenylpyridine 

Q Quencher 

QD Quantum dots 

rGO Reduced graphene oxide 
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RVC Reticular vitreous carbon 

rt Room temperature 

SCE Saturated calomel electrode 

SDS Sodium dodecyl sulfate 

SET Single electron transfer 

SN1 Unimolecular nucleophilic substitution 

SN2 Bimolecular nucleophilic substitution 

SPEC Spectroelectrochemical 

SPS Solvent Purification System 

tacn 1,4,7-Triazacyclononane 

TAEA Tris(2-aminoethyl)amine 

TAS Transient absorption spectroscopy 

TBS tert-butyldimethylsilyl 

TBA2ox Bis(tetrabutylammonium) oxalate 

TBA Tetrabutylammonium 

tBu Tert-butyl group 

TEOA triethanolamine 

THF Tetrahydrofuran 

TD-DFT Time dependent density functional theory 

TLC Thin layer chromatography 

TMB Trimethoxybenzene 

TMS trimethylsilyl 

TON Turnover Number 

TS Transition state 

TsOYE old yellow enzyme homologue from Thermus scotoductus 

SA-01 

Ur Urate 

UV Ultraviolet 

vis visible 

XANES X-ray absorption near edge structure 

XAT Halogen atom transfer 

XR X-ray 
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Structures and abbreviations of studied catalysts 
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‘And all this science I don't understand, It's just my job five days a week’ - 

Elton John 
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General Introduction 

 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



 

 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



General Introduction 

- 15 - 

 

1.1. What is photoredox catalysis? 

1.1.1.  Short prelude 

Chemists traditionally relied on harsh reagents or high temperatures to enable 

reactions. Alternatively, light is a clean and relatively inexpensive energy source that 

can accelerate specific processes at room temperature. Moreover, it can provide 

pathways to access different products and permit temporal reaction control.1 The ability 

of chemical reagents to absorb photons and undergo different transformations has been 

explored since the end of the eighteenth century,2 but ‘Photocatalysis’, the utilisation of 

light-absorbing compounds to catalyse energetically-demanding reactions under 

illumination, is not that old.3, 4 Indeed, it remained unexploited until Fujishima and 

Honda observed the photocatalytic effect of TiO2 in electrochemical water splitting that 

fascinated scientists.5 By that time, the term ‘photoredox catalyst’ (PC) was coined to 

be a type of photocatalyst with the ability to donate or remove one electron to or from 

organic substrates, generally under UV light irradiation.6 Then, photoredox catalysis 

emerged as a promising branch of photocatalysis. Nonetheless, 15 years ago, the field 

experimented its renaissance with the utilization of visible light for activating a 

molecular ruthenium catalyst in the contributions of Yoon,7 MacMillan,8 and 

Stephenson.9 Their work attracted an exponentially growing interest of the scientific 

community, and photoredox catalysis evolved into an accessible and well-established 

research area (Figure 1. 1). 

 

Figure 1.1. Number of publications per year using keyword: “photoredox catalysis” Scifinder 

search conducted on 10/11/2022. 

The vast field of photocatalysis explores light-driven catalytic processes that 

proceed via three main types of reactivity: energy transfer (EnT)10, 11 atom transfer,12, 13 
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or reductive and oxidative single electron transfer events (SET).14, 15 In particular, 

photocatalytic SET reactions define the area of photoredox catalysis (Scheme 1.1c). 

 

Scheme 1.1. Selected examples of photocatalytic reactions where the excited photocatalyst 

performs (a) SET = single electron transfer, (b) EnT = energy transfer and (c) HAT = hydrogen 

atom transfer. ED = Electron donor. 

The present thesis focuses on challenging photoredox transformations, specifically 

using transition-metal-based PCs.16 But, we first introduce concepts critical to 

understand photoredox catalysis. The next section contains a walkthrough that starts 

from the photoactivation of a given complex, followed by its possible deactivation 

pathways, and ends in its reactivation to engage (photoredox) catalysis.17 

1.1.2.  Photocatalyst activation: absorption of light energy 

When being introduced to photocatalysis, some of the initial questions can be ‘why 

does light alter the chemical behaviour of certain molecules?’, or ‘how does the 

photocatalyst structure change after irradiation?’. The answer is found in the first event 

present in any photochemical process: the electronic photoactivation or excitation of 

the photocatalyst.18, 19 Under appropriate irradiation, the photocatalyst can absorb a 

photon with enough energy to promote one electron from the lowest (ground) electronic 
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states to an excited state (higher energy orbital). This electronic transition is very fast 

and has no direct effect on the relative disposition of the atoms of the photocatalyst 

(Franck-Condon principle). However, it can significantly alter the charge redistribution 

or bond strength, affecting its chemical behaviour (vide infra). A visual way to illustrate 

the changes in an excited PC is the three-dimensional representation of the different 

orbitals that the excited electron populates (Figure 1.2), which will be addressed in 

deeper detail in the following sections. 

 

Figure 1.2. Illustration of the charge redistribution between different orbitals as a consequence 

of electronic excitation of a complex, [Ir(bpy)(ppy)2]+. Coloured areas indicate the orbitals 

populated by the excited electron. MLCT = Metal to ligand Charge Transfer. This complex is an 

example for this introductory section because it will be a relevant PC along the thesis, but it can 

be taken as a generic model to illustrate charge redistribution. 

To draw a more precise picture of electronic transitions in transition metal 

complexes, it can help to describe the molecular orbitals (MO). 

 

Figure 1. 3 illustrates the MO diagram of a generic octahedral complex.20, 21 Crystal 

field theory describes how MO of a coordination complex is derived from the 

combination of the degenerated atomic d orbitals of the metal ion with the orbitals of 
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the ligands, producing their destabilization and splitting. The two resulting groups of 

MOs have different energy depending on their symmetry: t2g (lower energy) or eg (higher 

energy).22 The interaction caused by orbital overlap between metal d- and ligand σ-

orbitals is stronger than with ligand π-orbitals. Therefore, the destabilized t2g and eg 

correspond with πM* (lower energy) and σM* (higher energy) respectively, where the 

subscript M indicates that the MO is predominantly metal centred rather than ligand 

centred (subscript L, as the case of σL and πL*). 

 

Figure 1. 3. Simplified molecular orbital diagram for a generic transition metal complex with 

octahedral symmetry. This diagram includes possible sigma-donor, pi-donor, and pi-acceptor 

orbitals. 

The difference in energy between the -occupied and unoccupied- MO of a 

photocatalyst allows us to estimate if a particular electronic transition requires a photon 

of lower or higher energy. In particular, the energetic difference between t2g and eg is 

called ligand field splitting (Δ), and it is smaller for first-row transition metals than for 

second- and third-row. Other important factor that affects Δ is the nature of the ligand: 

those ligands which most favour metal to ligand back bonding also produce most 

splitting, as deduced from the empirical trend observed in the spectrochemical series 

(CO > CN‒ > PPh3 > NO2
‒ > SO3

2‒ > phen > bpy > en > NH3 > py > CH3CN > ONO‒ > 

NCS‒ (S-bonded) > OH2 > C2O4
2‒ > ONO2

‒ > OSO3
2‒ > OCHO‒ > OH‒ > OCO2

2‒ > 

OCOR‒ > S2O3
2‒ > F‒ > N3

‒ > Cl‒ > SCN‒ > S2‒ > Br‒ > I‒).23 

Now that we have described the types of MOs, we can describe the main classes 

of electronic transitions between them. 

- On the one hand, electronic transitions within metal-centred orbitals (MC, t2g → 

eg in Figure 1.3, red line) or ligand-centred orbitals (LC, πL → πL* in Figure 1.3, purple 
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line) occur without significant charge redistribution. Although these transitions can 

cause important changes in the bonding properties of the ligands, they are not relevant 

in photoredox catalysis, and these classes will not be discussed further. 

- On the other hand, charge-transfer (CT) transitions are the ones responsible of the 

photoredox properties of the PCs, and are named either MLCT (metal to ligand, 

exemplified in Figure 1.2, blue line) or LMCT (ligand to metal) depending on the 

original and final involved orbitals. The charge redistribution implies the formal 

oxidation (MLCT) or reduction (LMCT) of the metal centre while respectively reducing 

or oxidising the ligand. The nature of these events is dictated by the individual redox 

properties of the metal and the ligand: for instance, MLCT will be favoured when the 

metal is easier to oxidise than the ligand, while the opposite is true for LMCT. A third 

possible CT transition involves orbitals in two different ligands (called inter-ligand or 

ligand-to-ligand charge transfer, LLCT).24 Once a given CT excited state is formed, its 

redox properties are very different from the ground state, and oxidative/reductive events 

can be unlocked; but it has to be considered that depending on the PC, also changes in 

pKa can favour protonation/deprotonation events,25 as well as changes in bond strength, 

can alter the coordination sphere.26, 27  

Moreover, the selection rules dictate the probability of a certain electronic 

transition happening, which also determines the intensity of absorption (or emission). 

A transition is generally allowed only if it involves a change in the orbital quantum 

number (specifically, ΔL = ±1), so d-d transitions are forbidden. Besides, the spin 

multiplicity does not change for an allowed transition (ΔS = 0), and the total angular 

momentum should follow ΔJ = 0 or ±1. Yet, the selection rules can be broken (vide 

infra) mainly by spin-orbit coupling or by vibrational changes in symmetry.18, 19 

1.1.3.  Deactivation: different pathways 

After the fast absorption of the photon, the excited state survives only for a 

particular lifetime (τ) and tends to decay back to the more stable ground state (S0) by 

different possible deactivation pathways. The electronic deactivation transition involves 

an electronic decay from the excited state (Sn) to the initial ground electronic state (S0), 

typically passing through multiple excited states before returning to the S0. (Activation: 

S0→Sn; Deactivation Sn→…→S0). Jablonski diagrams summarize the different 

electronic transitions between ground and excited states of a given photocatalyst and 

their dynamics (Figure 1.4), which can be summarised in two main groups: non-

radiative and radiative. 
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Figure 1.4. Jablonski diagram of a generic photocatalyst. S = Singlet; T = Triplet; IC = Internal 

Conversion; ISC = Intersystem Crossing. 

• Non-radiative transitions (indicated with dashed lines in Figure 1.4): 

- Vibrational relaxation: to the lowest vibrational level of the same electronic 

level. 

- Internal conversion (IC): from a vibrational state in an excited state to the 

vibrational state in a lower electronic level. 

- Intersystem crossing (ISC): a transition to a level with a different spin 

multiplicity (in Figure 1.4, from singlet S to triplet T). This means that the spin 

selection rule is not followed (vide supra), which is characteristic of metal 

complexes with strong spin-orbit coupling effects (second- and third-tow 

transition metals).28 

• Radiative transitions: 

- Fluorescence: an electronic transition from excited to ground state that occurs 

without being preceded by an ISC event. The excited state's lifetime is short 

and decays very fast (ps-ns).29 

- Phosphorescence is an electronic transition from excited to ground state after 

an ISC event. The spin selection rule forbids the relaxation to the ground state; 

thus, the excited state lifetime is longer (ns-ms).29 The longer an exciting state 

lives, the more likely it is to engage in bimolecular encounters.30 

As a practical example, Figure 1.5 illustrates the photophysical processes 

unchained after excitation of the photocatalyst [Ir(bpy)(ppy)2]+ (PCIr
+, bpy = 2,2’-

bipyridine, ppy = monodeprotonated 2-phenylpyridine). The excitation from the ground 

state (S0) to an excited 1MLCT state has been generally accepted in the literature.31-33 
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Then, the strong spin-orbit coupling effect of Ir+3 facilitates ISC to a 3MLCTppy (<100 

fs, predominantly located in the ppy ligand), which after vibrational relaxation (700 fs) 

is followed by a LLCT (16 ps) to a 3MLCTbpy (predominantly located in the bpy ligand). 

This is the resting excited state (τ ≃ 300 ns in acetonitrile)34 from which the complex 

emits a photon by phosphorescence. 

 

Figure 1.5. Jablonski diagram of PCIr
+. S = Singlet; T = Triplet; IC = Internal Conversion; ISC 

= Intersystem Crossing. This complex is an example for this introductory section because it will 

be a relevant PC along the thesis, but it can be taken as a generic model to illustrate electronic 

transitions.  

Notably, an excited photocatalyst (PC*) can play simultaneously two roles: first, 

the high energy of the excited electron (Figure 1.4, T1) makes the PC* to be a potential 

reductant via single electron transfer (SET) in the presence of electron acceptors. 

Second, the excitation of the ground state PC also leaves a low energy hole (Figure 1.4, 

S0) that acts as a potential oxidant in front of electron donors. Likewise, if an irradiated 

photocatalyst rests in an excited state that lives long enough to diffuse in solution (at 

least a few nanoseconds), collisional bimolecular events called dynamic quenching 

processes can occur instead of radiative or non-radiative deactivation. Moreover, if the 

excited photocatalyst encounters an appropriate quencher, its emission intensity and 

lifetime will decrease (vide infra). For PCs, the quenching process can be reductive (the 

quencher donates one electron to the PC, Scheme 1.2a1) or oxidative (the quencher 

accepts one electron from the PC, Scheme 1.2a2). Third, energy transfer events result 

in the excitation of the quencher (Scheme 1.2b), but this process is not related to 

photoredox catalysis and will not be further discussed. 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Chapter 1 

- 22 - 

 

 

Scheme 1.2. Kinetic steps in a dynamic quenching process. PC = photoredox catalyst; Q = 

quencher. 

Alternatively, static quenching processes can happen if the PC and the quencher 

form a donor-acceptor complex in the ground state. Then once excited, no diffusion 

events are required. It is noteworthy to mention that after the electron transfer (either 

via reductive or oxidative quenching), the PC* is not being ‘deactivated’ towards its 

original pre-excitation form because the resultant species have been either mono-

reduced (PC‒) or mono-oxidised (PC+) in one electron. The reductant or oxidant 

behaviour of the excited state will depend on the matching redox potentials between the 

different species in the media. In general, electron donors (EDs) and electron acceptors 

(EAs)  are economical molecules expected to respectively transfer one electron to the 

excited PC (such as tertiary amines, ascorbate, alcohols…)35 or to remove one electron 

from the PC (more limited, such as Ag+, S2O8
2-… ).36 For the SET to take place, the 

redox partners need suitable redox potentials. This implies that the Eox of the ED or the 

Ered of the EA, match with E(PC*/PC‒) or E(PC+/PC*), resulting in an exergonic event 

according to the formulas: 

ΔGredox = Ered(ED+/ED) – Ered(PC*/PC‒) (for reductive quenching) 

ΔGredox = Ered(PC+/PC*) – Ered(EA/EA‒) (for oxidative quenching) 

The redox potentials of a ground-state molecule can be measured by cyclic 

voltammetry.37 From the different ways known to estimate excited state redox 

potentials,38-40 the most common approach is the use of simplified Rehm-Weller 

equations:41 

E(PC+/PC*) = E(PC+/PC) - E00 

E(PC*/PC‒) = E(PC/PC‒) + E00 

In these expressions, the value E00 is the energy gap between the zeroth vibrational 

state in the ground and the excited state, and it has been generally approximated as the 
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crossing point of the absorption and emission spectra40 (or directly from the emission 

peak).42 It is important to recall that the excited state redox potential will not be as strong 

as the ground state potential. To put an example of what compounds are predicted to be 

reactive in SET event, we can look again at PCIr
+ (Scheme 1.3). In its ground state,42 

only reductants with Ered more negative than -1.4 V (vs SCE) will be effective (such as 

Na0),43 as well as oxidants over +1.2 V vs SCE (such as NO+).44 However, on its excited 

state,20, 42, 45 the compound can be reductively quenched by molecules with an oxidation 

potential as low as 0.7 V. A clear example of a good reductive quencher is the oxalate 

anion C2O4
2‒,46 and also triethylamine35, 47 (because the ET events do not only happen 

at the Ered value but in a certain redox range as can be detected in voltammetry 

measurements).37  In the opposite way, the excited state PCIr
+* is expected to be 

oxidatively quenched by molecules with a reduction potential milder than -0.8 V, such 

as MV2+.48 

 

Scheme 1.3. Collection of reported redox values for PCIr
+ in its ground (black letters) and 

excited state (blue letters), as well as for a series of potential single electron donors (in orange 

background) and acceptors (in green background). 

Stern-Volmer quenching studies can quantify the quenching effect between a 

particular PC* and the quencher. Both the original lifetime (τ0) and emission (I0) of the 

pure PC, will decrease with higher concentrations of quencher [Q], as dictated by the 

Stern-Volmer equation: 

I0/I = 1 + KSV·[Q] 

τ0/τ = 1 + KSV·[Q] 

From where KSV (Stern-Volmer quenching constant) correspond with the slope at 

which the quenching evolves, and can be calculated from the linear plot of the ratio of 

starting/final intensity vs [Q] as illustrated in Figure 1.6. Furthermore, when having a 
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purely dynamic quenching, KSV can be correlated with the bimolecular quenching 

constant by the formula: 

KSV = kqτ0 

It is important to note that Stern-Volmer studies confirm the existence of a 

quenching process but cannot indicate whether the quenching mechanism is oxidative, 

reductive, or even EnT. Furthermore, the comparison of kq values obtained for a given 

PC in front of different potential quenchers can be used to estimate the predominant 

reactivity of PC*.49, 50 

 

Figure 1.6. Decay of the emission and Stern-Volmer plot of a generic photocatalyst. 

 

1.1.4.  Reactivation: design of a photoredox cycle 

All the information above can help identify good PC candidates: molecules that 

exhibit a long-lived excited state after absorption of a -visible light- photon, which 

facilitates the interaction with a quencher possessing matching-redox potentials.51 Up 

to here, we have revisited the first two steps of a photoredox cycle: the electronic 

excitation and the reductive/oxidative quenching. To close the reductive quenching 

cycle, the intermediate PC‒ has to react with a suitable EA (Scheme 1. 4, left cycle), 

whereas the oxidative quenching cycle requires an ED (Scheme 1. 4, right cycle). For 

instance, with the molecules included in Scheme 1.3, we can rationalise a simple 

photoredox cycle for PCIr
+ to reduce different substrates. 
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Scheme 1. 4. General mechanism of photoredox catalytic processes. PC = photoredox catalyst; 

ED = electron donor; EA = electron acceptor. 

It was already commented that after the initial absorption of a photon, reductive 

quenching of PCIr
+* can happen with oxalate or even triethylamine (Scheme 1.5, left 

cycle). The resultant PCIr
0 is expected to transfer one electron to substrates with Ered up 

to -1.4 V vs SCE (Scheme 1.3). Likewise, suitable examples to close the cycle could be 

methyl 4-formylbenzoate (Ald-B, Ered = -1.2 V)52 or methyl viologen (MV2+, Ered=-0.4 

V),48 whereas cyclohexanecarboxaldehyde (Ald-A, Ered=-2.3V)47 is not expected to be 

reduced under these conditions. Moreover, since the one-electron reduction of methyl 

viologen is also accessible via oxidative quenching of PCIr
+*, both alternative 

mechanisms can be operative for this substrate. Which of the two pathways is 

preferential will be dictated by the quenching rate of PCIr
+* vs each potential quencher, 

what depends on the bimolecular quenching constant kq and the concentration of each 

quencher ([Q]). 

rate = ‒ 
𝑑[𝑃𝐶∗]

𝑑𝑡
 = kq·[PC*]·[Q] 

 

Scheme 1.5. Hypothetical photoredox catalytic cycles for selected substrates. MV2+ = Methyl 

viologen; ED = Electron donor; C2O4
2‒ = oxalate anion. 
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1.1.5.  Combining cycles: dual photoredox catalysis 

As illustrated in the previous section, the illuminated PC can mediate transferences 

of electrons that would not happen under darkness between a given ED and an EA. 

Nonetheless, this electron circuit can also be connected with a non-photoactive second 

catalyst. The simultaneous combination of two catalytic cycles is known as cooperative 

or dual catalysis (Scheme 1. 6),53 and it embraces the combination of PCs with enzymes, 

organic molecules8 or transition metal complexes.54 In the present thesis, we will study 

the latter case, also termed metallaphotoredox catalysis, which can present multiple 

advantages regarding direct ET reactions: first, (1) the energy barrier is divided in a 

multi-step electron transfer process. Moreover, (2) the chemistry of many 

organometallic complexes is well known, so (3) the co-catalyst can be designed to 

improve the selectivity and (4) prevent electron-hole recombination via back electron 

transfer (especially when using heterogeneous PC). Likewise, (5) rational catalyst 

design can unlock otherwise inaccessible transformations, as we will describe in the 

next section. 

 

Scheme 1. 6. Schematic representation of the concept of dual photoredox catalysis. 

1.2. Artificial photosynthesis for organic transformations 

1.2.1.  Context 

Through natural photosynthesis, plants and other organisms convert light energy 

into chemical energy. In essence, sunlight is used to split water into oxygen and 

hydrogen equivalents, which reduce carbon dioxide to carbohydrates (and other energy-

rich organic compounds). The process relies on combining multiple natural catalysts, 

which are very specific (bio)organic molecules and organometallic complexes. Inspired 

by nature, the concept of artificial photosynthesis (AP) has been defined in many 

different ways.55-58 In general, based on the use of (sun)light to produce another energy 

source employing an heterogeneous or homogeneous catalyst. Similarly, in the present 
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thesis, we employ the AP as catalysts combination that uses visible light's energy with 

water as a source of hydrogen equivalents to drive chemical reductions (storing 

luminous energy into chemical bonds). 

In this context, archetypical AP examples are the visible-light-induced fixation of 

carbon dioxide59, 60 or the reduction of aqueous protons61-64 to carry out H2 evolution (a 

profitable fuel), coupled with O2 evolution as the only by-product. This last reaction, 

called ‘water splitting’ has been performed since 1972 using light-driven 

electrochemistry.5 In their pioneering experiment, Fujishima and Honda connected a 

TiO2 electrode to a Pt electrode in a divided cell containing an aqueous electrolyte. The 

irradiation of the TiO2 electrode with ultraviolet light activated the oxidation of water 

on its surface, while the released protons were reduced to hydrogen in the Pt cathode 

chamber (Figure 1.7). Nonetheless, when looking at the thermodynamics of light-driven 

water splitting, it is clear that water oxidation half-reaction is highly endergonic, what 

represents an arduous bottleneck to bypass (the overall process results in 

ΔG = 113 kcal/mol).65, 66 In fact, performing visible-light-driven water splitting by a 

homogeneous system is still a challenging and inefficient process.67 

 

Figure 1.7. Thermodynamics of water splitting half-reactions and schematic representation of 

Fujishima and Honda experiment. 

 With this context in mind, it can be envisioned that those catalytic systems 

developed for water splitting could also facilitate the use of water as a source of H 

equivalents for reducing organic functionalities (Scheme 1.7).56 Nevertheless, although 

much attention has been put on using water molecules as electron donors, the 

photocatalytic reduction of organic substrates in combination with oxygen evolution 

remains underdeveloped. Its limited implementation is a direct consequence of the 

thermochemically challenging half-reaction of water oxidation. In addition, the 

generation of O2 in a reductive environment can lead to unfavourable side reactivity 

such as PC quenching, oxidation of the co-catalyst or even oxygenation of the 

substrates. Under those circumstances, until now, photocatalytic reduction studies have 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Chapter 1 

- 28 - 

 

been forced to disregard the exciting approach of being complemented with O2 

evolution half-reaction. Instead, the use of water as a clean, economical and 

environmentally benign source of hydrogen atoms has been explored in photocatalysis 

by coupling the reduction of organic substrates with the oxidation of sacrificial ED 

(Scheme 1.7). This approach matches with our definition of AP (vide supra), focused 

on organic reductions with molecular catalysts. 

Moreover, it is remarkable that using D2O in these organic methodologies provide 

direct access to valuable deuterated products obtained under mild conditions and from 

the most economical deuterium source. The highest limitation of this approach using 

homogeneous catalysts could be to control the selective reaction of catalytic [M‒H] 

species vs the substrate rather than vs water. Although controlling this selectivity is 

complicated, there has been progress in the field, and selected contributions will be 

discussed in the following section. 

 

Scheme 1.7. Schematic representation of artificial photosynthesis concept applied to organic 

reductions. S = Substrate; ED = electron donor. 

   

1.2.2.  Artificial photosynthesis for the reduction of double bonds 

Substantial work has been devoted to exploiting water as H source for the 

photocatalytic reduction of organic functionalities.68, 69 In the present section, we focus 

our attention on the reduction of double bonds. At this point, it must also be highlighted 

that, despite that water being a good proton donor (pKa = 14),70 is not a good H atom 

donor compared with other abundant compounds such as alcohols, amines or alkanes 

(Table 1. 1). 
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Table 1. 1. Bond dissociation energies and pKa of some selected common molecules. 

Entry Bond (substance) BDE (kJ/mol) pKa 

1 O‒H (water) 498.7 14 

2 O‒H (methanol) 436.8 16 

3 H‒H 436 35 

4 N‒H (ammonia) 435 37 

5 C‒H (methane) 431 ~50 

6 O‒H (phenol) 368 10 

 

Consequently, using co-catalysts that can undergo hydride or hydrogen atom 

transfer is convenient to exploit water as a co-substrate to reduce organic compounds. 

Transition metal complexes are good candidates to perform selective transference of 

reducing equivalents. However, this transference frequently implies the formation of 

very reactive organometallic [M‒H] species. Compromised by the accessible pKa of 

water, [M‒H] can unselectively react with protons instead of the desired organic 

substrate. In addition, water does not always match with organic compounds in terms 

of solubility and pKa. Over decades, many of the systems developed for the reduction 

of organic double bonds have relied on non-purely aqueous mixtures, where a 

proportion of alcohol or organic acid facilitated the transference of H atoms (in acid-

base equilibrium with water).71-74 

The earliest example of photocatalytic reduction of organic double bonds using 

water corresponds with the work of Boonstra and co-workers in 1975,75 very close in 

time after the discovery of photoelectric water splitting.5 The irradiation of TiO2 with 

UV-light in the presence of ethylene gas and H2O vapour generated a mixture of short-

chain saturated alkanes (Scheme 1.8, mainly methane, ethane, propane and butane). 

This contribution preceded many other hydrogenations using semiconductors; however, 

following our definition of AP (vide supra), we will focus our discussion on molecular 

catalysis rather than purely heterogeneous. 

 

Scheme 1.8. The first photocatalytic reduction of a C=C bond using water as H source. 
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Examples of organometallic catalysts employed for the photoreduction of alkenes 

in aqueous media are very scarce. To the best of our knowledge, the first case was 

reported by Can Li and co-workers in 2011,74 who employed CdS nanoparticles as PC 

(irradiating at λ > 400 nm) and a tetradentate anionic iridium complex as a transition 

metal catalyst. As illustrated in Scheme 1.10, lactic acid was used as a sacrificial reagent 

and benzylideneacetone was the only olefin explored. Despite the lack of solid 

mechanistic evidence, this was likely the first use of a photocatalytically generated [M‒

H] species for the reduction of C=C bond in aqueous media. The following example 

was the hybrid TiO2-B12 system reported by Hisaeda and co-workers,76 which could 

reduce the C=C bond of atropic acid in water (Scheme 1.10b). Different substrates were 

also explored in their work but using methanol as solvent. Other reported molecular 

photocatalytic systems have also relied on the utilization of alcohol/water solvent 

mixtures. Hence the role of water as H source was not well-defined.72, 73 

 

Scheme 1.9. Selected examples of the photocatalytic reduction of olefins in aqueous media using 

molecular complexes. 

Alternatively, enzymes have been successfully employed for the photocatalytic 

reduction of alkenes in aqueous media with sacrificial additives, what’s more, in an 

enantioselective fashion. Nonetheless, although protocols for broad scopes have been 

reported by different authors,77-79 the state-of-the-art in AP corresponds with the bio-

inspired photocatalytic system of Corma and co-workers.80 In particular, the irradiation 

of Au nanoparticles supported on TiO2 in the presence of an oxidoreductase (the old 

yellow enzyme homologue from Thermus scotoductus SA-01, TsOYE) afforded the 

stereoselective reduction of the C=C bond of ketoisophorone. Moreover, this reductive 

transformation was coupled with the thermodynamically recalcitrant O2 evolution 

semirreaction (Figure 1.7, Scheme 1.12). 
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Scheme 1.10. State-of-the-art C=C photocatalytic reduction in water coupled with O2 evolution. 

In the case of the reduction of carbonyl groups, the initial examples of 

photocatalysis were reported by Pac and co-workers in 1983.81-83 The system, which 

consisted of [Ru(bpy)3]Cl2 as PC and 1-Benzyl-1,4-dihydronicotinamide (BNAH) as 

sacrificial reductant, could reduce ketones with electron withdrawing groups under 

visible light irradiation (λ > 470 nm, Scheme 1.11a). The early use of visible light 

instead of UV is significant, since near-UV irradiation can directly excite aromatic 

ketones.84-87 

 

Scheme 1.11. First example of the photocatalytic reduction of C=O bonds. 

On the other hand, developing organometallic catalysts to reduce carbonyl groups 

using water as the source of H has been unusual.74, 88-92 In a remarkable work from Baeg 

and co-workers,89 the combination of a graphene-based PC, a rhodium-based co-

catalyst, and triethanolamine (TEOA) as the source of electrons rendered a [Rh‒H] 

species that could be applied for the reduction of NADP+ (nicotinamide adenine 

dinucleotide phosphate) to NADPH in water. The same system was utilised as a 

catalytic source of NADPH in the presence of alcohol dehydrogenase (Lactobacillus 

kefir, LKADH), and various acetophenone derivatives could be reduced to the 

corresponding chiral alcohols (Scheme 1.12a). Another example by our group92 

presented a dual system based on a copper-based PC and a cobalt-based co-catalyst. 

Under light irradiation, the in situ generated [Co‒H] species reduced a diverse scope of 

ketones and three aldehydes in aqueous media (Scheme 1.12b). Moreover, competitive 

studies in both types of substrates revealed a very unusual selectivity: aromatic ketones 

were reduced in the presence of aliphatic aldehydes. This work is an example of how 
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the rational design of organometallic complexes for metallaphotoredox catalysis can 

facilitate the access to otherwise unreachable reactivity. 

 

Scheme 1.12. Selected examples of the photocatalytic reduction of carbonyl groups using 

molecular complexes. 

Lastly, the photocatalytic reduction of C=N bonds was not explored until 2018.93-

97 From those systems that operate in aqueous media,93, 96, 97 it is remarkable the 

contribution of Wenger and co-workers. In the first publication,97 hydrogen equivalents 

coming from 3-mercaptopropionic acid (MPA) were transferred to the C=N bonds of in 

situ generated iminium species (Scheme 1.13a). Furthermore, in a second report in 

collaboration with Ward,97 the water-soluble iridium PC Na3[Ir(sppy)3] (sppy= 3-

(pyridin-2-yl)benzenesulfonate) was combined with E. coli (MAO-N-9) and ascorbic 

acid (AscH2) to produce different pyrrolidine derivatives in a stereoselective fashion 

(Scheme 1.13b). Moreover, although reductive methodologies usually require a strictly 

inert atmosphere, their system was optimally operating under aerobic conditions. 
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Scheme 1.13. Selected examples of the photocatalytic reduction of imines. 

To sum up, various photocatalytic technologies have been developed for the 

saturation of double bonds, and significant examples are operating in aqueous solutions. 

Actually, transition metal-based co-catalysts are a promising strategy for the double 

incorporation of H atoms from water into the substrate, although their use is frequently 

compromised due to the side-reactivity of [M‒H] species with aqueous protons. 

Nevertheless, all these studies represent a necessary progression towards 

environmentally-benign, efficient and well-understood organic reductions, which might 

be coupled with water oxidation someday. 

1.3. Highly reductive photocatalytic systems 

1.3.1.  Two photons, one cycle 

As we have introduced in the first section, excited PCs exhibit a strong reductant 

or oxidant character in comparison with their ground state (Scheme 1.3). Nonetheless, 

the excited state redox properties of a given PC* are still limited, and substrates with 

more extreme reduction or oxidation potentials remain inaccessible under conventional 

conditions. In the case of reductive photocatalysis, a practical limit for regular 

transformations can be considered around -2 V vs SCE.98, 99 However, more challenging 

substrates have been activated through dual catalysis,100 high energy irradiation 

wavelengths,101 or multiphoton mechanisms.102, 103 In the latter case, despite different 

multiphoton catalytic cycles have been proposed,104-107 the most common scenario 

corresponded with the illustrated absorption-reduction-absorption cycle (Scheme 1.14).  
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Scheme 1.14. General absorption-reduction-absorption mechanism for generating excited 

radical intermediates. 

In recent years, the photocatalytic reduction of very challenging substrates has been 

performed through different PC,107-114 mainly organic molecules based on polyaromatic 

structures,107-111 which have aroused further interest for mechanistic studies.115-118 In a 

notorious contribution, Nicewicz and co-workers111 reported the characterization of a 

new acridinium catalyst (Mes-Acr-BF4). The Eox* of the reduced intermediate was 

calculated to be -3.4 V vs SCE, a value similar to that of the alkali metals.43 Indeed, the 

system was able to reduce aryl halides with values of Ered up to -2.9 V vs SCE (Scheme 

1.15a) and break the N‒S bond from substrates with N-tosylate group (Ered < -2 V vs 

SCE). A very unusual feature of this system was that the excited radical intermediate 

could engage SET events in solution despite of having a sub-nanosecond lifetime (~100 

ps).119 

 

Scheme 1.15. Selected examples of two-photon catalysis. 
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From a distinct approach, Weix and co-workers utilised quantum dots (QD),113 

semiconductors nanoparticles (few nm) that acquire different properties than larger 

particles due to quantum mechanics.120 In their methodology, the irradiation of CdS QD 

in the presence of tertiary amines as external ED allowed the accumulation of electrons 

in the nanomaterial. The reduced CdS-n can absorb an additional photon. Then the 

excited species transfers the electron to aryl chlorides with reduction potentials beyond 

-3 V (Scheme 1.15b). Moreover, a catalyst loading as low as 0.002% was sufficient to 

functionalise the generated aryl radicals (for example with boron pinacolate), but also 

to perform alternative organic reductions (as cyclopropyl ring opening or 

N-detosylation). 

Nonetheless, in some of these reported methodologies for challenging reductions, 

the authors also proposed the generation of solvated electrons as an alternative 

mechanism.112-114 In theory, the promotion of electrons in reduced intermediates to 

extremely high energy levels can surpass the ionization potential of the catalyst. Under 

those circumstances, instead of the conventional relaxation pathways to the ground 

state, the catalyst might directly eject the electron to the solvent (Scheme 1.16).  

 

Scheme 1.16.  Simplified MO diagram for a reduced PC and its excited species. 

Solvated electrons have been generated in different solvents such as methanol,121, 

122 acetonitrile,123 tetrahydrofuran (THF)124 or ammonia,125, 126 generally using high 

radiation sources, photoionization of chemical species, or dissolving alkali metals.127 To 

the best of our knowledge, the generation of solvated electrons using visible light 

irradiation has been well-supported only in aqueous media.106, 128 In this context, the first 

photocatalytic systems that employed solvated electrons (Ered = -3.1 V vs SCE)129, 130 

were designed by Goez and co-workers.131-134 The authors demonstrated that the cycle 

of absorption-reduction-absorption104 could be operative for [Ru(bpy)3]2+, with the 

ultimate ejection of a solvated electron.128 This catalyst was employed to reduce many 

substrates with Ered beyond -2 V vs SCE (in dehalogenations,134 cross couplings,133 or 

the saturation of C=C bonds,132, 134 among others).134 Originally, their methodologies 

relied on SDS (sodium dodecyl sulfate) micellar compartmentalization. This anionic 

environment permitted the isolation of the stable cationic intermediate [Ru(bpy)3]+ for 
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its fruitful excitation, minimizing the electron recombination with the formal radical 

cation of the sacrificial donor. Nonetheless, in the same year, they also designed a 

micelle-free alternative, in which the anionic environment was replaced with a PC 

bearing carboxylate substituents that afforded a comparable reactivity (Scheme 

1.17a).131 Shortly after, Wenger and co-workers reported that the water-soluble PC 

Na3[Ir(sppy)3] could also generate solvated-electrons, which were employed for 

different transformations (Scheme 1.17b).106 However, spectroscopic data supported a 

different mechanism, in which the electron ejection took place after two consecutive 

photon absorptions (absorption-absorption-reduction), and finally the oxidised PC 

reacted with the sacrificial ED. 

 

Scheme 1.17. Selected examples of two-photon transformations mediated by the generation of 

solvated electrons. 

1.3.2.  Electrophotocatalysis 

In the previous section, we revisited some recent publications where the reduced 

intermediate of specific photoredox cycles unlocked challenging reactivity after a 

second excitation event (Scheme 1.14). For this reason, studying these reduced 

intermediates is promising both from fundamental and practical perspectives. In that 

direction, replacing sacrificial EDs with an external electric bias is a very convenient 

strategy (Scheme 1.18).135, 136 In the first place, it has been proposed by Goez and co-

workers how the presence of formal cationic sacrificial agents can dramatically quench 

the reactivity behind second excitation events.131, 137 Moreover, eliminating chemical 

additives is a significant upgrade in economy and green chemistry. Hence, 
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electrophotochemistry emerges as a powerful approach to exploiting reduced PC 

intermediates' excitation.137-140 

 

Scheme 1.18. A general mechanism for the electrophotocatalytic generation of excited radical 

intermediates, avoiding sacrificial electron donors. 

Two pioneering contributions established the viability of reductive 

electrophotocatalysis using organic dyes (both were reported in 2020, the same day). 

On the one hand, Wickens and co-workers138 used an N-naphtalimide (NpMI) under the 

application of a constant current and irradiation to form C‒C and C‒P bonds with good 

yields (Scheme 1. 19a). The system could activate substrates with up to -3.4 V vs SCE. 

Nonetheless, further mechanistic insights by Nocera and co-workers141 revealed that the 

active species is not the non-emissive excited radical anion (NpMI‒*) but an excited in 

situ generated organic hydride (NpMI(H) ‒*). On the other hand, Lin and co-workers,139 

used dicyanoanthracene (DCA) to explore the formation of C‒C, C‒B and even C‒Sn 

(Scheme 1. 19b), in this case merging irradiation with a fixed cell potential. Although 

an indirectly measured lifetime in the nanosecond timescale was reported for the excited 

radical anion, Vauthey and co-workers118 revisited that this transient lives just a few 

picoseconds. Therefore, it cannot engage conventional dynamic quenching processes. 
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Scheme 1. 19. Selected examples of reductive electrophotocatalysis. 

 

Hence, beyond using light as a unique driving force, its combination with an 

electric potential facilitates access to state-of-the-art reductions. Furthermore, this 

eliminates the necessity of stoichiometric additives, and new approaches and outcomes 

might be implemented soon (such as using dual electrophotocatalysis or multiphoton 

mechanisms). 
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A prerequisite for a sustainable society is to develop new efficient, economic, and 

greener synthetic methods. The use of sun light as a source of energy is one of the most 

sustainable approaches. In the same direction, water is the ideal source of hydrogen 

equivalents for reductive organic transformations. In this context, metallaphotoredox 

catalysis is a challenging but promising platform for the reduction of double bonds. On 

the other hand, the use of photoredox catalysts for highly reductive transformations has 

recently opened the door to mechanistic pathways based on multiphoton absorption. 

Nonetheless, the accessible reactivity is frequently attributed to intermediates with a 

controversial sub-nanosecond lifetime, then further research is needed to understand 

how these processes work. 

 

Based on these premises, the main aims of the current thesis are: 

- Optimization of reaction conditions for the selective photoreduction of aromatic 

ketones in the presence of aromatic olefins (and vice versa) in aqueous media. 

This will be pursued by rationally tuning the activity of the dual catalytic 

system. 

- Revisit the photocatalytic transfer hydrogenation to aromatic ketones in 

aqueous media but using chiral-at-ligand [M–H] species. Study the effect of 

synthetic modifications in the chiral ligand. 

- Develop a methodology for the isolation of reduced derivatives of iridium 

photoredox catalysts, in order to examine its second excitation process and shed 

light on current mechanistic uncertainness. 

 

To this end, following the previously stated objectives, this thesis takes the 

chemistry developed in our research group in recent years as a starting point. 

Specifically, it starts (Chapter 3) from a previously reported catalytic system based on 

earth-abundant elements (Co/Cu) that reduced aryl ketones using visible light as the 

driving force and H2O/amine as the hydride source. Further studies in the group 

extended this dual system for the reduction of aromatic olefins, and based on our 

mechanistic understanding, we have envisioned that selectivity in the reduction of 
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aromatic ketones versus aromatic olefins could be predictably tuned upon optimization 

of the catalytic conditions. 

 

 

Scheme 2. 1. Light-driven competitive reduction of aromatic ketones vs aromatic olefins in 

aqueous media, Chapter 3. 

According to our mechanistic insights, for Chapter 4 we have contemplated that 

introducing chirality into the cobalt complex would lead to the enantioselective 

reduction of aromatic ketones. We propose to design and synthesize chiral ligands 

whose pyridine rings have substituents in the ortho- or meta- position, so that the 

introduction of steric hindrance near the reaction centre favours the chirality transfer. 

 

Scheme 2. 2. Enantioselective reduction of acetophenone by chiral cobalt complexes, Chapter 

4. 

The main project of this thesis is presented in Chapter 5. We endeavour to study if 

an absorption-reduction-absorption catalytic cycle can be operative in heteroleptic 

iridium complexes, what has been proposed but not demonstrated yet. We have 

designed some experiments to try to clarify this information, including transient 

spectroscopic studies carried out during an international stay at Imperial College 

London with Prof. James Durrant. 
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Scheme 2. 3. Studies on the intermediate of reductive quenching cycle of iridium photoredox 

catalysts, Chapter 5. 
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‘There is no better catalyst than motivation’ 

 

 

Chapter 3 

Studies on the photocatalytic reduction of aromatic olefins 

in aqueous media 

 

 

The results described in this chapter have been published in:  

Casadevall, C.; Pascual, D.; Aragón, J.; Call, A.; Casitas, A.; Casademont-Reig, I.; Lloret-Fillol, 

J. Chem. Sci. 2022, 13, 4270-4282.  
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3.1 State of the art 

Using sunlight as a driving force is a promising but challenging strategy towards 

sustainability in chemical production.1-5 As introduced in Chapter 1, artificial 

photosynthesis (AP) exploits water and visible light to provide a clean source of 

reductive equivalents, what has been mainly studied in CO2
6, 7 and H2O8-11 reduction. 

However, it is reasonable that the same or similar photocatalytic systems might also 

catalyse organic reductive reactions, a field with still limited progress in the context of 

AP. A challenging transformation in this direction is the hydrogenation of double 

bonds.5 Among other difficulties, developed synthetic protocols for olefin reduction rely 

on the activation of H2, silanes or alcohols, but are not suitable for operation under 

aqueous conditions.12-14 Moreover, selectivity of olefin reduction versus water reduction 

is needed to use these systems practically. Besides, only a few studies used light to drive 

these reactions. 

Initially, semiconductor materials such as TiO2 and CdS were used as photoredox 

catalysts (PC) for the light-driven hydrogenation of a limited number of olefins,15-26 

what established the first connection between this transformation and AP. These 

systems generally required UV light or noble metals to obtain moderate selectivity for 

alkane formation. In 2014, Hishaeda and co-workers employed a B12–TiO2 hybrid for 

the UV light-driven reduction of alkenes to alkanes.27 Unluckily, the highly energetic 

conditions led to the formation of dimeric products compromising the selectivity. 

Another remarkable example in aqueous media was presented by Qiu and co-workers, 

in which substituted olefins and alkynes could be reduced by Pd nanoparticles on the 

surface of a KCl-modified polymeric carbon nitride nanosheet (PCN-KCl) as PC.25 
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Scheme 3.1. Selected examples of the photocatalytic reduction of olefins in aqueous media using 

heterogeneous systems were reported by (a) Hishaeda and (b) Qiu. (references 25 and 27). 

Another elegant approach to connect AP with the reduction of double bonds is 

using enzymes, which inherently operate in aqueous media. Holland, Corma and co-

workers introduced the stereoselective hydrogenation of the C=C bond of 

ketoisophorone by combining the photocatalytic activity of Au nanoparticles supported 

on TiO2 with the enzymatic activity of oxidoreductases, with FAD+ as a mediator 

(Scheme 3.2a).28 The uniqueness of this system lies in exploiting water as a source of 

protons and electrons, then releasing oxygen as a by-product. Todd Hyster used ene-

reductases with [Ru(bpy)3]Cl2 as PC for the enantioselective hydrogenation of 

heteroaromatic olefins (Scheme 3.2b).29 Likewise, Hartwig, Zhao and co-workers 

reported a cooperative chemoenzymatic reaction that combines the sequential 

isomerisation of inactive olefins by an iridium PC, with the hydrogenation activity of 

ene-reductases. Electron-deficient aromatic olefins are selectively reduced to their 

corresponding alkanes in high enantiomeric excess (88–99% ee, Scheme 3.2c).30 
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Scheme 3.2. State-of-the-art selected examples of the enantioselective reduction of olefins using 

photobiocatalytic systems by (a) Corma (R = 2R,3S,4S-trihydroxypentyl dihydrogen phosphate), 

(b) Hyster and (c) Hartwig. (references 28, 29 and 30). 

Moving from vast enzymes to the molecular scale, the use of well-defined 

homogeneous catalysts permits a deeper understanding and control of the reactivity. 

Recently, Cambeiro and co-workers reported the reduction of aromatic 1,2-disubstituted 

alkenes using a Hantzsch ester for the initial HAT, and an iridium PC for the subsequent 

single electron transfer (SET), although good yields were obtained only for activated 

olefins.31 At the same time, Kojima, Matsunaga and co-workers found that glyoxime-

type complexes with a PCy3 ligand and a ruthenium PC reduce aliphatic alkenes via a 

hydrogen atom transfer (HAT) mechanism (Scheme 3.3a).32 However, aromatic alkenes 

have additional difficulties such as their tendency to engage in radical polymerization33 

or isomerization34-37 reactions under reductive conditions, which makes their reduction 

under photocatalytic conditions more challenging. By a conceptually different 
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approach, Guo, Wenger and co-workers recently reported the reduction of olefins by 

the organometallic iridium hydride complex [Cp*IrII(phen)–H], which participates both 

in SET and HAT processes after excitation.38 Alternatively, Conell and co-workers 

showed the reduction of aromatic olefins via direct photoinduced electron transfer under 

highly reductive conditions and light intensity (Scheme 3.3b).39 

 

 

Scheme 3.3. State-of the art selected examples of the photocatalytic reduction of olefins using 

molecular catalysts in aqueous media (references 32 and 39). 

Ideally, AP systems should employ water as an environmentally benign source of 

hydrogen atoms and use the PC in combination with molecular catalysts to facilitate the 

selective reduction of alkenes. Furthermore, such an approach should identify catalysts' 

hits to develop more complex AP schemes. Towards this goal, we previously reported 

a dual catalytic system formed by 1Co (formula [Co(OTf)(Py2
Tstacn)](OTf), where 

Py2
Tstacn = 1,4-di(picolyl)-7-(ptoluenesulfonyl)-1,4,7-triazacyclononane, OTf = tri-

fluoromethanesulfonate anion) as reduction catalyst and PCCu (formula 

[Cu(bathocuproine)(xantphos)](PF6))40 as PC, which efficiently reduces water to 

hydrogen41 and carbonyl groups to alcohols,42 using water as hydrogen source. 

Moreover, the system presents a unique selectivity for reducing acetophenone in front 

of aliphatic aldehydes, unprecedented for metal-catalysed transformations (Figure 3.1).  
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Figure 3.1 (Left) Earth-abundant dual catalytic system for the photoreduction of aromatic 

ketones and aldehydes. (Right) Plot of the selective reduction of an aromatic ketone in front of 

an aliphatic aldehyde. The dotted line indicates the point where the aldehyde starts reacting. 

As summarised in Figure 3.2, our mechanistic studies suggested that the [CoII] 

precursor undergoes SET to form the more nucleophilic [CoI] species, which reacts with 

protons to form the [CoIII–H]. However, this hydride is not strong enough to react and 

suffers an additional SET to form the key intermediate [CoII–H] ([Co(H)(Py2
Tstacn)]+), 

which was a common species in both reduction reactions. To close the cycle, different 

pathways can operate depending on the substrate: reactivity experiments support a 

hydride transfer step (Figure 3.2) for substrates with more negative redox potentials 

(>-2 V), such as aliphatic aldehydes, while those with more accessible redox potential 

such as aromatic ketones can be reduced via HAT to the corresponding ketyl radical 

anion (KRA in Figure 3.2, cycle on the right). Nevertheless, both homolytic and 

heterolytic pathways could coexist depending on the redox potential of the substrate.  

 

Figure 3.2 Possible mechanistic scenarios for the photoreduction of aromatic ketones and 

aldehydes. Acronyms stand for PC = photoredox catalyst; ED = electron donor; SET = single 

electron transfer and HAT = hydrogen atom transfer. 
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Based on these precedents, we hypothesised that [CoII–H] should also be reactive 

enough to reduce other organic functionalities, such as aromatic olefins, without strong 

reducing agents. Indeed, we developed a dual catalytic system consisting of cobalt 

complexes based on nitrogenated ligands, a photoredox catalyst and an electron donor 

to reduce styrene derivatives using light as an energy source.43 The reduction operates 

without using typical hydrogen sources such as silanes, H2, HCO2H or alcohols. The 

best-performing catalytic system is obtained by combining 1Co and PCCu under light 

irradiation employing H2O/Et3N as a hydride source (Scheme 3.4). Reactivity and 

mechanistic studies based on kinetics, isotopic labelling and radical clock experiments 

suggest that the reduction of aromatic olefins occurs via a HAT mechanism, most likely 

through a [CoII–H] intermediate. 

 

Scheme 3.4. Earth-abundant dual catalytic system for the photoreduction of aromatic olefins. 

In the present chapter, we will complement the mechanistic understanding of this 

system with different studies, including the screening of PC, deuterium-labelling 

experiments, and competitive reactivity. Based on this mechanistic picture, the main 

focus will be to study the interplay between the catalyst/substrate redox potential, 

together with the light intensity, to provide a way to control the selectivity for the 

reduction of aromatic olefins versus aromatic ketones and vice versa. This unique 

behaviour is rationalised by the different reduction pathways that each substrate 

undergoes. 
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3.2 Results and Discussion 

3.2.1 Photoredox Catalyst screening 

The general conditions (solvent, temperature, atmosphere, cobalt catalyst and 

electron donor) for the dual earth-abundant system based on 1Co as catalyst for the 

transference of hydrogen atoms and PCCu as photoredox catalyst (Scheme 3.4), had 

been optimised by Dr. Carla Casadevall.44 At this point, we screened different PC (Table 

3.1) with the main aim of bringing deeper comprehension of the catalytic system.  

First, two new copper-based PC synthesised were tested (Table 3.1, above). A 

PCCu in which the phenyl substituents of the bathocuproine ligand had been replaced 

by iodide groups, IPCCu (Ered = -1.47 V vs SCE in CH3CN), exhibited sluggish reactivity 

under these conditions (obtaining 21% yield). Then, introducing two sulphate groups to 

the bathocuproine ligand led to the anionic complex SO3PCCu (Ered = -1.66 V vs SCE). 

The introduction of the sulphate groups was designed to make the complex highly 

soluble in aqueous organic mixtures as well as pure water. However, the level of 

performance was 78% lower than PCCu (91%, Ered = -1.6 V vs SCE). The previous 

results obtained with these three copper-based PC, indicate that the redox power of the 

reduced ground state is not the only factor influencing the catalytic performance of the 

PC.  

Interestingly, the widespread [Ru(bpy)3](PF6)2 was not compatible (11% yield), as 

well as fac-Ir(ppy)3 resulted in no transformation. In the case of the latter, redox 

potentials do not match for a reductive quenching between the excited state fac-

Ir(ppy)3* (Ered* = 0.3 V vs SCE)45, 46 and triethylamine (Eox = 0.8 V vs SCE).47, 48 

Moreover neutral iridium photocatalysts are highly insoluble in aqueous media.49 
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Table 3.1. Screening of photoredox catalysts. 

 

Conditions: 1Co (261 mM, 3 mol%), PC (261 mM, 3 mol%), and 1a (8.7 mM) in 

H2O:CH3CN:Et3N (6:4:0.2 mL), irradiation (447 nm) overnight at 15 °C under N2. Yields were 

determined by GC analysis after workup relative to a calibrated internal standard. Values were 

the average of duplicates and corresponded to conversion and [2a, 3a yield]. 

Next, we also tested various iridium-based heteroleptic catalysts, where those with 

electron-donating groups in the bipyridine ligand afforded reasonable yields of 69%, 

67%, 76% for NMe2-FPCIr, NMe2PCIr, tBuPCIr, respectively. The formation of dimers was 

not detected in any case, whereas with complexes bearing electron-withdrawing groups, 

slightly lower yields were obtained (47, 51% for CO2HPCIr and CO2EtPCIr, respectively, 
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and 8% of dimerisation in both cases). The most unexpected finding was that the non-

substituted PCIr afforded only 11% yield, given that its reduction potential (-1.40 V vs 

SCE) is within the redox window of the other iridium-based complexes (CO2EtPCIr, 

CO2HPCIr, tBuPCIr, NMe2PCIr, Ered = -0.99, -1.01, -1.51, and -1.81 V vs. SCE). Other 

tested photosensitisers resulted unreactive for this transformation, in particular a couple 

of rhenium complexes synthesised by Koshevoy’s group and the organic dye pyrene, 

which was also highly insoluble in the aqueous mixture. 

An interplay between the different components of the system results in a non-

general correlation with the redox potential or with the structure of the complexes, 

whereas PCCu clearly remains the optimal choice for the current transformation. 

3.2.2 Polisubstituted double bonds 

The scope of aromatic olefins had been previously explored by Dr. Carla 

Casadevall.44 Here, we also studied if introducing phenyl substituents as a slightly 

activating group in the different positions of the double bond could unlock the reduction 

of other disubstituted olefins by stabilising the benzylic radical formation. For 

comparison, 1,1-diphenylethylene (1b) was reduced to 2b in 83% yield (similar to the 

other 1,1-disubstituted olefins),44 while no alkane was found in the reaction of 1c, the 

tri-substituted 1d, or the tetra-substituted 1e. The only product found in the reaction of 

1c (trans-stilbene) resulted in 1c’ (cis-stilbene), an E→Z isomerisation (ratio Z/E 69/31) 

matching with an energy transfer process (EnT) from PCCu
34-37, though the presence of 

1Co  could also make possible other mechanisms.50 It is noteworthy at this point that we 

discard EnT as the responsible path for the reduction of olefins: despite both 1a and 

Et3N showing a similar quenching rate of PCCu, the higher concentration of the amine 

backed its role as predominant quencher.43 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Chapter 3 

- 64 - 

 

Table 3.2. GC-analyses of reactions with double-bond-polysubstituted styrene derivatives. 

 

Conditions: 1Co (261 mM, 3 mol%), PC (261 mM, 3 mol%), and 1 (8.7 mM) in 

H2O:CH3CN:Et3N (6:4:0.2 mL), irradiation (447 nm) 5 h at 15 °C under N2. Yields were 

determined by GC analysis (not isolated) after workup relative to a calibrated internal 

standard. Values were the average of duplicates and corresponded to conversion and 

(yield%). 

In summary, the presence of substituents in the terminal position of the olefin 

hampers its reactivity. This result could be due to different reasons, i) an excessive 

steric interaction with the putative [CoII–H] species, (in aggrement, increasing the 

size of the substituent at the alfa position also has a detrimental effect on the yield) 

ii) electronic effects, although less likely, or iii) due to a more efficient energy 

transfer between the PC excited state and the olefine, hampering the electron transfer 

process to the cobalt complex. 

3.2.3 Deuteration studies and mechanistic implications 

Different mechanistic studies have been performed for the current system by Dr. 

Carla Casadevall44 and Dr. Jordi Aragón, including radical clock experiments, Stern-

Volmer analysis, DFT calculations or electrochemical studies.43 With all this 

mechanistic information, the two main possible pathways for the reduction of styrene 

derivatives are the insertion of the olefin into the [CoII–H] (Scheme 3.5a) or HAT+SET 

(Scheme 3.5b). The pieces of evidence discard as an important pathway the direct 

hydride transfer from [CoII–H] to the olefin (as supported by radical clock experiments 

or the observation of dimers). 
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Scheme 3.5. Possible mechanistic scenarios for reducing aromatic olefins by the light-driven 

dual-copper–cobalt catalytic system in aqueous media. The [CoII] intermediate inside each cycle 

indicates the beginning of the catalytic cycle. Acronyms stand for PC = photoredox catalyst; ED 

= electron donor; SET = single electron transfer and HAT = hydrogen atom transfer. 

Since H2O is the source of hydrogen atoms in the developed method, we also 

explored the possibility of obtaining deuterated products by using D2O as a solvent. 

Thus, olefins 1f-j were reduced with the dual PCCu/1Co catalytic system in a 

D2O:CH3CN mixture.43  

 

Scheme 3.6. Deuterium labelling studies of aromatic olefins. Conditions: 1Co (3 mol%), PCCu 

(3 mol%), the substrate (8.7 mM) in D2O:CH3CN:Et3N (6:4:0.2 mL) irradiated for 24 h (447 nm) 

at 15 °C under N2. [a] Other conditions: 1Co (6 mol%), PCCu (6 mol%), and the substrate (4.4 

mM) in D2O:CH3CN:iPr2EtN (6:4:0.2 mL), irradiated (447 nm) for 24 h at -3 °C under N2. 
[b]Conditions [a] modifying [Subs.] to 16 mM and 5 h at 30 °C. [c]NMR yield. [d]Low isolated 

yields were obtained due to the volatility of the products. Isolated yields (average of 16 

reactions). D-insertion analysed by NMR. Products 2f, 2g, 2h were isolated by the PhD candidate 

D. Pascual, and 2i, 2j, 3f by Dr. Carla Casadevall. 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Chapter 3 

- 66 - 

 

We observed nearly quantitative olefin deuteration (Figure 3.3Figure 3.13, Figure 

3.15 and reference 43) incorporating one deuterium atom at each carbon atom of the 

double bond (α and β) (Scheme 3.6). This agrees with the formation of the deuteride 

species [CoII–D] involved in a deuterium atom transfer (DAT) mechanism with the 

olefin (Scheme 3.5b), forming the corresponding benzylic radical, which either 

dimerises or undergoes deuteration in the benzylic position, affording the final product 

(Scheme 3.5). Moreover, in the substrates 2f, 2h, 2i, 2j, we did not observe double 

deuteration at the same carbon nor H/D scrambling (Figure 3.3, Figure 3.16, reference 

43). Therefore, if organometallic cobalt species are formed after the insertion of Co–

D/H in the olefin, the reversibility of the reaction via beta-hydride elimination would 

be negligible in this case. Otherwise, reversible beta-hydride elimination would imply 

deuteration in both equivalent methyl groups of 2f, but the corresponding NMR analysis 

is more consistent with 98% of deuterium incorporation in one unique position (the 

methyl group integrates 5H in 1H-NMR and no significant isotopomers or isotopologues 

were observed in 13C-NMR, Figure 3.3). Still, we found some signals that could be, in 

principle, associated with minor H/D scrambling in the 13C-NMR spectrum for 2g 

(Figure 3.14).  
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Figure 3.3.  1H-NMR spectra (CDCl3, 400 MHz, 300 K) and 13C[1H]-DEPT-135-NMR 

spectra (CDCl3, 100.6 MHz, 300 K) of the isolated product [D]-2f using D2O (99.9 % in 

deuterium) in the solvent mixture. Inset in 1H-NMR spectra: amplification of the area of the –

CD and the -CH2D. Inset in 13C-NMR spectra: amplification of the area of the –CH2D with the 

insertion of deuterium showing the triplet due to the C–D coupling. Conditions: 1Co (6 mol%), 

PCCu (6 mol%), substrate (0.044 mmol, 4.4 mM) in H2O (or D2O):CH3CN:Et3N (6:4:0.2 ml) 

irradiated at λ = 447 nm and -3 ºC for 24 h, under N2.  
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Since no doubly deuterated terminal carbons in the reduced products were detected, 

this indicates that neither β-hydride elimination (Scheme 3.5a) nor reversible HAT 

occurs significantly. Although irreversible insertion cannot be ruled out, the most likely 

scenario is that benzylic radicals are formed via HAT and then undergo a reduction (Ered 

=-1.44 to -1.69 V vs. SCE)43 by PCCu
0 (Ered=-1.60 V vs. SCE), which after subsequent 

protonation gives the alkane (Scheme 3.5b). We also discard the HAT from the oxidised 

amine because the deuteration of the benzylic position is virtually quantitative. 

Finally, when we employed 1,2-disubstituted olefin 1k, we did not observe 

deuterium insertion (Scheme 3.7 and Figure 3.17), indicating that although 

isomerisation takes place (Table 3.2), it is most likely to proceed through a 

photochemically generated excited state and a diradical mechanism34-37 without the 

intervention of [CoII–H] insertion–elimination steps or direct SET from PCCu.  

 

Scheme 3.7. Deuterium labelling studies of aromatic olefin 1g. Conditions: 1 (3 mol%), 

PCCu (3 mol%), the substrate (8.7 mM) in H2O:CH3CN:Et3N (6:4:0.2 mL) irradiated for 5 h (447 

nm) at 15 °C under N2. Z/E ratio analysed by NMR. 

 

3.2.4 Amine-side reactivity  

We have shown that this methodology allows the selective reduction of aromatic 

olefins avoiding dimerisation or oligomerisation side-processes (see Table 3.1, 91% of 

2a). However, careful examination of the chromatograms with PCCu revealed a small 

peak in the optimised reactions. The same peak also appeared when using other PC, 

especially with NMe2PCIr. Furthermore, GC-MS analysis of the samples revealed that 

the molecular mass of this by-product was 205 g/mol, which is consistent with the 

coupling between styrene and the α-aminoalkyl radicals generated in solution, as 

illustrated in Scheme 3.8. 
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Scheme 3.8. Photogeneration of α-aminoalkyl radicals and their side reactivity. 

Despite the light-driven coupling of amines and olefins having been reported 

elsewhere51-56 and it is not our current target transformation, we were interested in the 

mechanistic information obtainable from the selectivity of the formation of 2a vs 4a by 

modifying our model conditions. Such information can be valuable for further 

methodologic developments based on this system. In that direction, we could foresee 

that removing 1Co from the system should result in an increment of the by-product since 

its formation is expected to be dictated merely by the PC reactivity. However, only a 

minor increment of 4a was observed for NMe2PCIr without 1Co, and there was no 

detection for PCCu. Other copper and iridium PC were also tested without 1Co and 

neither showed an increment in the formation of 4a. Consequently, 1Co is not responsible 

for suppressing the side-reactivity of α-aminoalkyl radicals. 
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Table 3.3. Effect of removing 1Co from the dual system for selected PC. 

 

Entry PC [1Co] 

(mol%) 

[PC] 

(mol%) 

Conv 

(%) 

Yield 2a 

(%) 

Yield 3a 

(%) 

‘Yield’ 4a 

(%)b 

1 PCCu 3 3 100 91 0 3 

2 PCCu 2 3 100 81 <1 5 

3 PCCu 1 1.5 100 67 <1 4 

4 PCCu
 0 3 2 0 0 0 

5b NMe2PCIr 3 3 100 57 0 22 

6b NMe2PCIr 0 3 89 4 0 30 

7 SO3PCCu 3 3 100 71 0 1 

8 SO3PCCu 0 3 19 0 0 1 

9 IPCCu 3 3 33 21 0 5 

10 IPCCu 0 3 7 0 0 5 

11 PCIr 3 3 20 11 8 1 

12 PCIr
 0 3 4 2 0 1 

13 CO2HPCIr
 3 3 66 47 8 0 

14 CO2HPCIr 0 3 3 0 0 0 

Conditions: 1Co (261 mM, 3 mol%), PC (261 mM, 3 mol%), and 1a (8.7 mM) in 

H2O:CH3CN:Et3N (6:4:0.2 mL), irradiation (447 nm) overnight at 15 °C under N2. Yields were 

determined by GC analysis after workup relative to a calibrated internal standard. Values were 

average of duplicates. Since we had not isolated 4a, this yield was estimated using the calibration 

constant for styrene. bDiphenylcyclobutane traces were also found. 

These results suggest that for the side-production of 4a, a powerful PC is required 

to accumulate enough α-aminoalkyl radicals or activate styrene. In terms of redox 

potential, the generation of α-aminoalkyl radicals is expected to be slightly more 

efficient from NMe2PCIr* than PCCu* (being their excited state reduction potential 0.6 

and 0.5 V vs SCE, respectively, Table 3.7). On the other hand, since 1a has Ered = -2.3 

V vs SCE, a direct SET from the PC to the olefine is not possible; still, an EnT can 

occur.43, 57 In this regard, the quenching effects of both PCCu and NMe2PCIr with styrene 
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in aqueous media have been studied in our group by Dr. Jordi Aragón (Figure 3.4). 

Despite these two experiments were not recorded in identical conditions, they can serve 

for a close comparison, highlighting that NMe2PCIr (KSV = 399.3 M-1)58 has a superior 

interaction with styrene than PCCu (KSV = 109.8 M-1). As a matter of fact, 

diphenylcyclobutane traces with MW=208 g/mol were also detected by GC-MS in the 

case of NMe2PCIr (Table 3.3, entries 5 and 6). 

 

Figure 3.4. Comparison of the emission spectra of PCCu (left, graph from reference 35) and 
NMe2PCIr (right, graph from reference 36) in the presence of varying styrene concentrations. 

[PCCu]= 10 µM in CH3CN:H2O (800 µL/1200 µL). [NMe2PCIr]= 10 µM in CH3CN:EtOH:H2O 

(400 µL/1200 µL/300 µL). 

The other point we studied about this side reaction was whether the generation of 

4a is dictated by a purely photochemical or thermal effect (Table 3.4). We only observed 

a vague decrease in the reactivity when warming up from 15 to 40 ºC. However, the 

side reaction accelerated when increasing the amount of light (entries 9 and 10), 

especially for PCCu. These results indicate that under more reductive conditions (more 

powerful PC and increased photon flux), the reduction of olefins becomes less selective 

in favour of the coupling with α-aminoalkyl radicals. 
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Table 3.4. Thermal vs photo-response of the catalytic system.

 

Entry n 

LEDs 

PC T 

(°C) 

Conv 

(%) 

Yield 2a 

(%) 

Yield 3a 

(%) 

‘Yield’ 4a 

(%) 

1 1 PCCu 5 100 74 <1 4 

2 1 PCCu 15 100 67 <1 4 

3 1 PCCu 25 100 66 3 3 

4 1 PCCu 40 100 62 3 2 

5 1 NMe2PCIr
 5 100 36 0 29 

6 1 NMe2PCIr
 15 100 50 0 27 

7 1 NMe2PCIr
 25 100 33 0 30 

8 1 NMe2PCIr 40 100 0 30 35 

9 7 PCCu 15 100 77 <1 30 

10 7 NMe2PCIr
 15 100 45 0 37 

11 0 PCCu
 15 0 0 0 0 

Conditions: 1Co (1 mol%), PC (1.5 mol%), and 1a (17.4 mmol, 8.7 mM) in H2O:CH3CN:Et3N 

(6:4:0.2 mL), irradiation (447 nm) 5 h under N2. Yields were determined by GC analysis after 

workup relative to a calibrated internal standard. Values were average of duplicates. bSince we 

had not isolated 4a, the yield was estimated using the calibration constant for styrene. 

3.2.5 Selectivity olefin vs ketone 

The postulated HAT mechanism for olefin reduction (Scheme 3.5) implies a 

controllable selectivity in front of functional groups that are reduced via a different 

mechanism, such as SET. This is the case for our previously reported reduction of 

aromatic ketones using the dual catalytic system. Therefore, we selected styrene (1a) 

and acetophenone (5a) as competing substrates to test our hypothesis. As introduced in 

Section 3.1 (Figure 3.2), we previously determined that under equivalent photocatalytic 

conditions that 5a is reduced to 1-phenylethanol (6a). The process is initiated by a SET 

mechanism from PCCu
0 to form the ketyl radical anion (KRA) as an intermediate (Ered 

= -1.65 V vs. SCE).42 Then the generated KRA is trapped by [CoII–H] to form the 

reduced product via HAT (Scheme 3.9, above). 
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Scheme 3.9. Different substrate-dependent mechanisms for the expected selectivity. KRA stands 

for ketyl radical anion and PC for the photoredox catalyst (the electron donor has been omitted 

for simplicity). 

Therefore, it should be possible to differentiate the KRA formation via SET from 

the HAT mechanism of the olefin, designing the photocatalytic conditions rationally. 

This rationalisation suggests, for instance, the counterintuitive idea of increasing the 

redox potential of the PC to make the catalytic system more selective. In this way, under 

more reducing conditions where the SET step is favoured, the reduction of the ketone 

would be preferential, while the opposite conditions in which SET is minimised would 

favour the reduction of the olefin. 

First, when similar catalytic conditions to those previously reported for the 

selective reduction of aromatic ketones vs. aliphatic aldehydes42 were used, 5a was 

preferentially reduced in the presence of 1a (Sel5a/1a = 1.9, Figure 3.5, where selectivity 

is calculated as the ratio of converted moles of each substrate at a given reaction time). 
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Figure 3.5. Monitoring of the competitive reaction between 1a vs 5a without any optimisation. 

Conditions: (1Co (1 mol%), PCCu (1.5 mol%), total substrates (1a + 5a, 16.5 mM, 1:1) in 

H2O:CH3CN:Et3N (6:4:0.2 mL) irradiated for 4 h at 25 °C under N2). 

Then, we modified the reaction conditions to test the hypothesis of favouring either 

the SET to 5a or the HAT to 1a. According to our rational design, one of the key 

parameters to tune is the redox potential of the PC. With this aim in mind, we considered 

it more convenient to work with the set of heteroleptic iridium PC, for which the redox 

potential is easy to tune by modification of the substituents in the bipyridine ligand. 

Therefore, we monitored the competitive reduction using NMe2PCIr, tBuPCIr and 

CO2HPCIr, finding a different behaviour in selectivity: the favoured reduction of 5a or 

1a was even reversed with the different PC (Figure 3.6). 
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Figure 3.6. Monitoring of the competitive reaction between 1a vs 5a with different iridium PC 

to compare the effect of Ered in selectivity at 40 min. Conditions: 1Co (1 mol%), PC (1.5 mol%), 

total substrates (1a + 5a, 16.5 mM, 1:1) in H2O:CH3CN:Et3N (6:4:0.2 mL) irradiated for 4 h at 

25 °C under N2. 

To our delight, the improvement in the selectivity for ketone reduction observed 

by using NMe2PCIr instead of PCCu (from 1.9 to 2.6, Figure 3.6 and Figure 3.20) matches 

with the more favourable SET step by using a more reductively powerful PC. To further 

promote the SET, we increased the light intensity up to 6.2·10-3 mmol·hv·s-1 (3 LED) 

vs. the normal 2.1·10-3 mmol·hv·s-1 (1 LED), which presumably increased the 

concentration of the reduced PC (NMe2PCIr
0), and thus, accelerated the reduction of the 

ketone (from 2.6 to 7.1, Figure 3.21). In addition, decreasing the concentration of 

complex 1Co to disfavour the HAT was slightly effective (from 7.1 to 9.1, Figure 3.22). 

In essence, total selectivity for ketone 5a reduction was obtained in the presence of 
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styrene 1a (in 2 min) using a higher amount of NMe2PCIr (3 mol%, Ered= -1.80 V vs. 

SCE), a lower amount of complex 1Co (0.25 mol%, E(CoII/I) = -1.15 V vs. SCE) and 

irradiation at higher light intensity (1.4·10-2 mmol·hv·s-1, 7 LED) (Figure 3.7bFigure 

3.25).  

 

Figure 3.7. (a) Optimisation of the photocatalytic conditions for competitive reduction of 

acetophenone (5a) in the front of styrene (1a). (b) Conditions: 1Co (0.25 mol%), NMe2PCIr (3 

mol%), total substrate concentration (1a + 5a, 16.5 mM, 1:1) in H2O:CH3CN:Et3N (3:2:0.1 mL) 

mixture, irradiated at 447 nm (7 LED at 700 mA, 1.44·10-2 mmol·hν·s-1 of photons) for 4 min at 

25 °C under N2. The black dotted line indicates where substrate 1a starts reacting. 

At this point, it’s noteworthy to mention that the determination of the photon flux 

for the LEDs was carried out by chemical actinometry. This experiment consists in 

measuring the yield of a simple photochemical reaction after irradiation. The reaction 
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must have a well-known quantum yield (ϕ), which is defined as the number of events 

(reactions) that occur per absorbed photon.59 Therefore the moles of product after a 

particular time can be correlated with the moles of absorbed photons. A widespread 

actinometer is potassium ferrioxalate,60, 61 that decomposes under irradiation following 

the next reaction: 

[FeIII(C2O4)3]3- → Fe2+ + 2C2O4
2- + C2O4

•- 

In this way, the photon flux can be calculated measuring the yield of the irradiated 

sample (and a non irradiated sample as a blank) by UVvis absorption spectroscopy:62  

mol Fe2+= (V·ΔA)/(l·ε) 

Photon flux = (mol Fe2+)/(ϕ·t·f) 

Where V is the volume of irradiated solution, ΔA is the difference in absorbance, l 

is the path length and ε is the absorptivity coefficient at the irradiated wavelength, ϕ is 

the quantum yield of the actinometer, t is the time of irradiation and f is the fraction of 

light absorbed at that wavelength. In our case, Dr. Noufal Kandoth determined that the 

photon flux per LED was 2.05·10-3 mmol·hν·s-1. 

On the other hand, we should be able to favour the HAT by modifying the reaction 

conditions to make them less reducing, enabling the selective reduction of the olefin 

without converting the ketone. Indeed, we already observed that the less reductive 

photoredox catalyst CO2HPCIr (Ered = -1.01 V vs. SCE) inversed the selectivity of PCCu. 

For CO2HPCIr the styrene reduction is slightly preferential (Sel1a/5a increased from 0.5 to 

1.2) (Figure 3.26). Likewise, using a Co complex easier to reduce 

[(CoII(OTf)(H,CO2EtPy2
Tstacn)] (CO2Et1Co, E(CoII/I) = -0.96 V vs. SCE, while E(CoII/I) 

= -1.15 V vs. SCE for 1Co), the selectivity improved up to 2.2. Then, we increased the 

CO2Et1 concentration with the idea to increase [CoII–H] and thus the HAT product 

(Sel1a/5a = 3.1, Figure 3.28). Finally, lowering the light intensity of the LED to 8% 

(1.7·10-4 mmol·hv·s-1), 1a was reduced over 5a with full selectivity (Figure 3.7 and 

Figure 3.29). GC monitoring of the reactions showed that 5a remained virtually intact, 

whereas 1a was consumed and converted to 2a and dimer 3a (Figure 3.28). The 
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observation of 3a under less reductive conditions also matches the fact that once 

benzylic radicals are formed, dimerisation becomes relevant rather than the disfavoured 

SET. 

 

Figure 3.8. (a) Optimisation of the photocatalytic conditions for competitive reduction of styrene 

(1a) in front of acetophenone (5a). (b) Conditions: CO2Et1Co (3 mol%), CO2HPCIr (1.5 mol%), 

total substrate concentration (1a + 5a, 16.5 mM, 1:1) in a H2O:CH3CN:Et3N (3:2:0.1 mL) 

mixture, irradiated at 447 nm (1 LED at 50 mA 1.67·10-4 mmol·hν·s-1 of photons) for 36 h (2160 

min) at 25 °C under N2. The black dotted line indicates where substrate 5a (d) starts reacting. 

At this point, apart from the previous mechanistic support, it could be attractive to 

expand this methodology for the selective reduction of double bonds to the 

intramolecular fashion. Therefore, the chalcone 1l was tested as a preliminary substrate 

under the optimised conditions for the competitive reduction of styrene. GC-followed 
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kinetic studies revealed the consumption of the substrate 1l without any apparent 

product formation, but some white precipitate was significantly accumulated. The 

reaction was left overnight, and the filtered particles were then washed with water and 

ethanol. The powder quickly crystallised and X-ray diffraction revealed the obtention 

of a cyclopentanol structure resulting from the reductive dimerisation of the chalcone 

(Figure 3.9), a type of reactivity that has also been reported by other authors.63, 64 This 

finding does not match with our target reactivity and indicates that, effectively, chalcone 

is not a suitable substrate for selective intramolecular studies. 

 

Figure 3.9. Reductive dimerisation of chalcone was observed under the optimised conditions for 

reducing olefins. 

As a summary of this section, the observed intermolecular selectivity agrees with 

the existence of two competitive mechanistic scenarios involving: (i) SET + HAT for 

substrates that can be directly reduced, such as acetophenone, and (ii) HAT for 

substrates with more negative reduction potentials that cannot be directly reduced by 

one electron from the PC such as aromatic olefins. 

3.3 Conclusions 

In this chapter, we found that the methodology developed for the photocatalytic 

reduction of olefins in aqueous media strongly depends on the PC nature. In that sense, 

PCCu is the prevalent selection under optimised conditions for olefin reduction, and it 

exhibits excellent selectivity in front of side processes, such as the dimerisation of 

styrene. We also corroborated that despite a variety of styrene derivatives and 1,1-

disubstituted aryl olefins can be reduced to the corresponding alkanes using the present 

methodology, 1,2-disubstituted olefins are recalcitrant to undergo the target reduction 

under the current reaction conditions. 
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The selected system was used to expand the methodology for synthesising 

deuterated alkanes using D2O (99.9%), exhibiting quantitative incorporation of 

deuterium atoms in the olefin's alpha and beta carbons. The absence of doubly 

deuterated positions and scrambling was consistent with an irreversible HAT step, 

although a slow irreversible metal hydride insertion cannot be fully discarded. 

Moreover, even though 1,2-disubstituted olefins were not reduced under the optimised 

conditions isomerise to the cis-diastereomer without deuterium incorporation. This 

result matches EnT from the PC to the olefin rather than other pathways, such as 

reversible insertion-elimination or SET.  

In addition, the side reaction of styrene with α-aminoalkyl radicals was detected, 

and we noted that the process is not dependent on the presence/absence of cobalt catalyst 

but on the nature of the PC. Consistent with that, this side reaction is not significantly 

affected by thermal changes but is accelerated when increasing irradiation intensity 

increases. 

Based on our mechanistic understanding, we envisioned that selectivity in the 

reduction of aromatic ketones versus aromatic olefins could be predictably tuned upon 

optimisation of the catalytic conditions. Therefore, other photosensitisers and 

conditions were evaluated, reaching a dual Co/Ir system capable of reducing all the aryl 

ketone with absolute selectivity before reacting with the aryl olefin and vice versa. This 

unique behaviour is rationalised by the different reduction mechanisms that each 

substrate undergoes. 

These results show that the selectivity of the metal hydrides in basic media can be 

controlled and directed to reducing organic functionalities. For this reason, we envision 

that other readily available H2O reduction catalysts could also be active in reducing 

other functional groups and more complex organic structures. These results pave the 

way for the development of selective organic reductions and solar-chemical generation 

using artificial catalytic systems that operate entirely with earth-abundant elements, 

using visible light as the driving force and H2O as a clean source of hydrides. 
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3.4 Experimental Section 

3.4.1. Materials and reagents 

Reagents and solvents were used as received from the commercial supplier unless 

otherwise stated. Triethylamine and diisopropylethylamine were distilled over 

potassium hydroxide and were stored under argon. Photocatalysts [Ir(deeb)(ppy)2](PF6) 

(CO2EtPCIr), [Ir(tbbpy)(ppy)2](PF6) (tBuPCIr), [Ir(bpy)(ppy)2](PF6) (PCIr), 

[Cu(bathocuproine)(xantphos)](PF6) (PCCu),  and complexes (Py2
Tstacn)Co(OTf)2 

(1Co), (Py2
Tstacn)Co(OTf)2102 (CO2Et1Co) were synthesized according to the literature 

procedures. 40, 41, 65, 66 The other photocatalysts [Ir(dmabpy)(ppy)2](PF6) (NMe2PCIr), 

[Ir(dcbpy)(ppy)2](PF6) (CO2HPCIr), were synthesised from a modified procedure from 

the literature. 66, 67, 68 

For the synthesis of reagents, the solvents (DMF, hexane, Et2O, CH2Cl2, CH3CN 

and toluene) were used from a SPS-400, Innovative Technology solvent purification 

system and stored under argon with activated 4 Å molecular sieves. Anhydrous 

acetonitrile was purchased from Sigma-Aldrich® and water was purified with a Milli-

Q Millipore Gradient AIS system. Water, methanol, ethanol, trifluoroethanol, 

acetonitrile, dimethylformamide, dimethylacetamide and tetrahydrofurane used for 

photoreactions were degassed by freeze-pump-thaw method (repeated 3 cycles) and 

were stored under argon. All the alkenes were filtered by a pad of Celite (Hyflo Super 

Cel from Sigma-Aldrich, CAS: 68855-54-9) before running the photoreactions.  

The synthesis of air-sensitive reagents, as well as the preparation of visible light 

photocatalytic reactions, were conducted inside a nitrogen-filled glove box 

3.4.2. Instruments 

Nuclear magnetic resonance (NMR). NMR spectra were recorded on Bruker 

Fourier300, AV400, AV500 and AVIII500 spectrometers using standard conditions 

(300 K). All 1H chemical shifts are reported in ppm and have been internally calibrated 

to the residual protons of the deuterated solvent. The 13C chemical shifts have been 
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internally calibrated to the carbon atoms of the deuterated solvent. The coupling 

constants were measured in Hz. 

Mass Spectrometry. High resolution Mass Spectrometry (HRMS) data were 

collected on a HPLC-QqTOF (Maxis Impact, Bruker Daltonics) or HPLC-TOF 

(MicroTOF Focus, Bruker Daltonics) mass spectrometer using 1 mM solution of the 

analysed compound.  

Electrochemistry. All the electrochemical experiments were performed with a vsP 

potentiostat from BioLogic, equipped with the EC-Lab software. CV measurements 

were carried out under Ar atmosphere using 1 mM solutions of nickel complex or Ir 

photoredox catalysts in MeCN, with tetrabutylammonium hexafluorophosphate 

(TBAPF6) as supporting electrolyte (0.1 M). A single-compartment cell was employed, 

with glassy carbon (GC) working electrodes (3 mm and 1 mm diameter). Additionally, 

a Pt wire was used as a counter electrode and a Ag/AgCl wire as a pseudo-reference, 

immerged in a bridge tube containing the same electrolyte solution (0.1 M 

TBAPF6/MeCN) and separated from the working solution by a porous tip. Ferrocene 

(Fc) was added to the solution as an internal standard and all the potentials were first 

referenced vs. the Fc+/0 redox couple and then vs. SCE. The working electrodes were 

polished by using 0.05 μm alumina powder (CHInstruments) on a polishing pad wet 

with distilled H2O, followed by rinsing with distilled water/acetone and sonication to 

remove the residues of alumina over the electrode.  

UV-Vis spectroscopy. UV-Vis spectra were recorded on an Agilent 8453 diode 

array spectrophotometer (190-1100 nm range) in 1 cm quartz cells. A cryostat from 

Unisoku Scientific Instruments was used for the temperature control.  

Fluorescence spectroscopy. Fluorescence measurements were carried out on a 

Fluorolog Horiba Jobin Yvon spectrofluorimeter equipped with photomultiplier [or 

InGaAs if using the nitrogen-cooled detector] detector, double monochromator and 

Xenon light source. Sample preparation was the same as that of absorption experiments 

in 1 cm quartz cells.  
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Gas chromatography analysis. The analysis and quantification of the starting 

materials and products were carried out on an Agilent 7820A gas chromatograph (HP5 

column, 30m or Cyclosil-B column, 30m) and a flame ionisation detector. GC-MS 

spectral analyses were performed on an Agilent 7890A gas chromatograph interfaced 

with an Agilent 5975c MS mass spectrometer. 

3.4.3. In-house developed parallel photoreactors 

 

Figure 3. 10. In house developed parallel photoreactors with (left) 25 positions for vials of 10 

or 21 mL and (right) with 48 positions for vials of 1 mL. 

Light source: The reactions were performed using Royal-Blue (λ = 447±20 nm) 

LUXEON Rebel ES LED, mounted on a 20 mm Square Saber - 1030 mW @ 700mA 

as a light source.  

Temperature Control: Reaction temperature was controlled by a high-precision 

thermoregulation Hubber K6 cryostat. Likewise, aiming at ensuring stable irradiation, 

the temperature of the LEDs was controlled and set at 22 ºC. 

3.4.4. Synthesis and characterisation of PC 
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Synthesis of [Ir(ppy)2(dmab)](PF6), (NMe2PCIr). IrCl3·xH2O (405 mg, 1.356 mmol) 

and phenylpyridine (1.55 ml, 10.85 mmol, 8equiv) were mixed and sonicated in 

ethylene glycol (15 mL). The reaction was set in the microwave at 200 ºC for 60 min, 

obtaining a bright yellow mixture corresponding with the formation of the dimer. Next, 

after adding dmab (493 mg, 2.035 mmol, 1.5 eq) the reaction vessel was microwaved 

at 200 ºC for an additional 45 min, obtaining an orange solution. The reaction was 

allowed to cool down to room temperature to carry out liquid-liquid extraction of the 

organic layer in water (15 mL) and dichloromethane (3 x 150 ml). The organic phases 

were combined, dried over MgSO4, and removed the solvent in vacuo. The solid was 

dissolved in a methanolic solution containing ammonium hexafluorophosphate (10.0 g 

in 100 mL of MeOH), and the precipitate was filtered and dried to afford NMe2PCIr in 

76% yield (0.915 g, 1.03 mmol). 1H NMR (400 MHz, Acetone-d6) δ 8.19 (d, J = 8.1 Hz, 

2H), 7.96 – 7.87 (m, 4H), 7.85 (d, J = 6.8 Hz, 2H), 7.44 (d, J = 6.7 Hz, 2H), 7.20 (t, J = 

6.6 Hz, 1H), 6.97 (t, J = 7.5 Hz, 2H), 6.80 (td, J = 7.5 Hz, 2H), 6.73 (dd, J = 6.7, 2.8 

Hz, 1H), 6.35 (d, J = 8.3 Hz, 2H), 3.19 (s, 12H). 13C NMR (101 MHz, Acetone-d6) δ 

169.18, 156.98, 155.99, 153.72, 149.70, 149.55, 145.15, 138.86, 132.69, 130.93, 

125.61, 124.00, 122.55, 120.38, 110.32, 106.61, 39.65. 19F NMR (376 MHz, Acetone-

d6) δ -72.71 (d, J = 707.4 Hz). 32P NMR (162 MHz, Acetone-d6) δ -141.15 (hept, J = 

707.4 Hz). MS (GC): 743.2 [M]. 

 

Synthesis of [Ir(ppy)2(dcbpy)](PF6), (CO2HPCIr). [Ir(ppy)2(µ-Cl)]2 (50.0 mg, 0.047 

mmol) as a solution in dichloromethane (6 mL) was added to a suspension of 4,4′-

dicarboxy-2,2′-bipyridine (22.78 mg, 0.093 mmol) in methanol (6 mL). The reaction 

mixture was heated to reflux with stirring for 3 h under N2 atmosphere, and then sodium 
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acetate (excess) in methanol (1.5 mL) was added. The mixture was heated for 2 h and 

then cooled to room temperature. 

The solvent was removed under reduced pressure, hexafluorophosphoric acid (1 M, 5 

mL) was added, and the suspension was stirred for 1 hour. The product was then filtered, 

washed with water (2 × 10 mL), and extracted into methanol. A saturated solution of 

ammonium hexafluorophosphate in methanol (2 mL) was added, and the mixture was 

stirred for a further 30 min. The solvent was removed under reduced pressure, and the 

residue was extracted into dichloromethane and filtered. The mixture was condensed 

and purified through a short silica path using CH2Cl2 for the elution. The solvent was 

removed under reduced pressure to give iridium [bis(C,N-phenylpyridine)-N,N-4,4′-

carboxy-2,2′-bipyridine] hexafluorophosphate as a dark-red powder (39.0 mg, 46%). 

1H-NMR (acetone-d6, 400 MHz, 300 K) δ, ppm: 9.34 (s, 1H), 8.33 (d, 2H, J = 5.6 Hz), 

8.25 (d, 2H, J = 8.0 Hz), 8.17 (dd, 2H, J = 5.6, 1.6 Hz), 7.97 (td, 2H, J = 7.9, 1.5 Hz), 

7.94-7.88 (m, 4H), 7.14 (ddd, 2H, J = 7.3, 5.9, 1.4 Hz), 7.06 (td, 2H, J = 7.6, 1.2 Hz), 

6.94 (td, 2H, J = 7.4, 1.3 Hz), 6.34 (dd, 2H, J = 7.5, 0.9 Hz). 13C[1H]-NMR (acetone-d6, 

100.6 MHz, 300 K) δ, ppm: 168.4, 164.8, 157.6, 152.7, 150.6, 150.4, 144.9, 141.6, 

139.8, 132.4, 131.4, 129.2, 125.9, 125.6, 124.6, 123.7, 120.9. MS (GC): 745.1 [M]. 

Table 3.5. Measured m/z: 743.2442 for NMe2PCIr (expected: 743.2469). 

 

Table 3.6. Measured m/z: 745.1448 for CO2HPCIr (expected: 745.1408). 
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Figure 3.11. Cyclic voltammograms of NMe2PCIr (1 mM, green), PCIr (1 mM, blue), CO2HPCIr 

(1 mM, red) and 1 (1 mM, purple). CVs were recorded using TBAPF6 (0.1 M) as a supporting 

electrolyte in dry acetonitrile. Scan rate = 100 mV/s, glassy carbon working electrode. Potentials 

are referenced versus SCE. Ered(NMe2PCIr) = -1.81 V; Ered(PCIr) = -1.40 V; 

Ered(CO2HPCIr) = -1.01 V. 

 

Figure 3.12. Normalised absorption and emission spectra of a) NMe2PCIr, b) PCIr and c) 

CO2HPCIr, at 10 μM concentration in CH3CN, (V = 2 mL); cell path length = 1 cm; T = 25 °C. 
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3.4.5. Calculation of excited state redox potentials 

Despite the redox potential of excited state photosensitisers can be measured 

experimentally,69 in the broad literature, these values have been estimated using different 

approaches.70 The most common way is probably using simplified Rehm-Weller equations, 

where E00 corresponds with the energy difference between the excited and ground state in the 

lowest vibrational level (0-0 transition). However, we consider that the most accurate 

measurement of the E00 from a triplet excited state should be estimated from the energy of the 

maximum emission wavelength (λem).71 Then, the energy E00 is calculated from Planck’s 

equation:  

E00 = hv = hc/λem 

E00 was calculated in Joules, taking h as 6.62607015E-34 J·s, c as 2.99792E17 nm/s and the 

corresponding λem in nm. Joules are converted to Volts divided by the Culoumbs of an electron 

(1.60217733E-19 C). Then, in a simplified manner, we can calculate: 

E*red = Ered + E00 

E*ox = Eox - E00 

Table 3.7. Summary of ground state reduction potentials measured for the selected PC series and calculated for the 

excited state. All measurements were done in anhydrous acetonitrile. 

Entry PC λem (nm) E00 (V) Ered (V) E*red (V) 

1 PCCu 581 2.13 -1.6 0.5 

2 SO3PCCu 560 2.21 -1.7 0.6 

3 IPCCu 601 2.06 -1.5 0.6 

4 NMe2PCIr 520 2.38 -1.8 0.6 

5 PCIr
 610 2.03 -1.4 0.6 

6 CO2HPCIr
 670 1.82 -1.0 0.8 

 

3.4.6. Characterisation of deuterated alkenes 
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(1-methylethyl-1,2-d2)benzene ([D]-2f). (38%, *this isolated yield was that low due to the 

volatility of the product and that non-optimised conditions were used: Et3N was used instead of 

DIPEA) 1H-NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 7.31-7.27 (m, 2H), 7.24-7.21 (m, 2H), 

7.20-7.15 (m, 2H), 1.27-1.23 (m, 2H, CHD). 13C[1H]-NMR (CDCl3, 100.6 MHz, 300 K) δ, ppm: 

128.64, 126.74, 126.07, 23.93 (t, J = 19.4 Hz, CHD). MS (GC): 122.1 [M]. 

 

 

1-(tert-butyl)-4-(ethyl-1,2-d2)benzene ([D]-2g). (54%, *this isolated yield was that low due to 

the volatility of the product) 1H-NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 7.37-7.34 

(m, 2H, Harom), 7.19-7.17 (m, 2H, Harom), 2.67-2.63 (m, 1H, CHD), 1.35 (s, 9H, (CH3)3), 

1.29-1.23 (m, 2H, CH2D). 13C[1H]-NMR (CDCl3, 100.6 MHz, 300 K) δ, ppm: 148.5, 141.3, 

127.6, 125.3, 34.5, 31.6, 28.0 (t, J = 19.5 Hz, CHD), 15.3 (t, J = 19.3 Hz, CH2D). MS (GC): 

164.0 [M]. 

 

 

1-chloro-4-(ethyl-1,2-d2)benzene ([D]-2h). (33%, *this isolated yield was that low due to the 

volatility of the product) 1H-NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 7.26-7.23 (m, 2H), 7.14-

7.10 (m, 2H), 2.63-2.57 (m, 1H, CHD), 1.22-1.18 (m, 2H, CHD). 13C[1H]-NMR (CDCl3, 100.6 

MHz, 300 K) δ, ppm: 142.7, 131.4, 129.3, 128.5, 28.0 (t, J = 19.4 Hz, CHD), 15.3 (t, J = 19.3 

Hz, CH2D). MS (GC): 142.0 [M]. 

 

3.4.6. Deuteration spectra collection 
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Figure 3.13.  1H-NMR spectra (CDCl3, 400 MHz, 300 K) of the isolated products 2g and [D]-2g using H2O (top) 

or D2O (99.9 % in deuterium) (bottom) in the solvent mixture, respectively. Conditions: 1Co (3 mol%), PCCu (3 mol%), 

substrate (0.087 mmol, 8.7 mM) in H2O (or D2O):CH3CN:Et3N (6:4:0.2 ml) irradiated at λ= 447 nm and 15 ºC for 5 h, 

under N2. Inset: amplification of the area of the –CHD and the -CH2D. 
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Figure 3.14.  13C[1H]-NMR spectra (CDCl3, 100.6 MHz, 300 K) of the isolated products 2g and [D]-2g using H2O 

(Top) or D2O (99.9 % in deuterium) (Bottom) in the solvent mixture, respectively. Conditions: 1Co (3 mol%), PCCu (3 

mol%), substrate (0.087 mmol, 8.7 mM) in H2O (or D2O):CH3CN:Et3N (6:4:0.2 ml) irradiated at λ = 447 nm and 15 ºC 

for 5 h, under N2. Inset: amplification of the area of the –CH2D and –CHD with the insertion of deuterium showing the 

triplet due to the C–D coupling. 
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Figure 3.15.  1H-NMR spectra (CDCl3, 400 MHz, 300 K) of the isolated products 2h and [D]-2h using H2O (top) 

or D2O (99.9 % in deuterium) (bottom) in the solvent mixture, respectively. Conditions: 1Co (3 mol%), PCCu (3 mol%), 

substrate (0.087 mmol, 8.7 mM) in H2O (or D2O):CH3CN:Et3N (6:4:0.2 ml) irradiated at λ = 447 nm and 15 ºC for 5 h, 

under N2. Inset: amplification of the area of the –CHD and the -CH2D. 
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Figure 3.16.  13C[1H]-NMR and 13C[1H]-DEPTQ-135-NMR spectra (CDCl3, 100.6 MHz, 300 K) of the isolated 

products 2h and [D]-2h using H2O (top) or D2O (99.9 % in deuterium) (bottom) in the solvent mixture, respectively. 

Conditions: 1Co (3 mol%), PCCu (3 mol%), substrate (0.087 mmol, 8.7 mM) in H2O (or D2O):CH3CN:Et3N (6:4:0.2 ml) 

irradiated at λ =  447 nm and 15 ºC for 5 h, under N2. Inset: amplification of the area of the –CH2D and –CHD with the 

insertion of deuterium showing the triplet due to the C–D coupling. 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



 Studies on the photocatalytic reduction of aromatic olefins in aqueous media 

- 93 - 

 

 

Figure 3.17. 1H-NMR spectra (CD3OD, 400 MHz, 300 K) of the mixture of products 1k and 1k’ using D2O 

(99.9 % in deuterium) in the solvent mixture, respectively. Conditions: 1Co (3 mol%), PCCu (3 mol%), substrate 

(0.087 mmol, 8.7 mM) in D2O:CH3CN:Et3N (6:4:0.2 ml) irradiated at λ = 447 nm and 25 ºC for 5 h, under N2. Inset: 

amplification of the area of the olefin characteristic signals. 
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Figure 3.18. 13C[1H]-NMR and 13C[1H]-DEPTQ-135-NMR spectra (CD3OD, 100.6 MHz, 300 K) of the mixture 

of products 1k and 1k’ using D2O (99.9 % in deuterium) in the solvent mixture, respectively. Conditions: 1Co (3 mol%), 

PCCu (3 mol%), substrate (0.087 mmol, 8.7 mM) in D2O:CH3CN:Et3N (6:4:0.2 ml) irradiated at λ = 447 nm and 25 ºC 

for 5 h, under N2. Inset: amplification of the area of the olefin characteristic signals (their appearance as singlets and not 

triplets correspond with no insertion of deuterium). 
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3.4.7. Competitive studies 

 

 

 

Figure 3.19. Monitoring of the competition between substrates 1a and 5a under catalytic conditions. Top: yield during 

the first 10 minutes of irradiation, it can be seen that the reduction of substrate 1a starts when 5a has not been totally 

reduced; bottom, all the reaction time monitorisation (3.5 hours). [a]Conditions: 1Co (1 mol%), PCCu (1.5 mol%), Substrate 

A + B (16.5 mM), A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 mL) irradiated (1 LED, 447 nm, 2.05·10-3 mmol·hν·s-1 

photons) for 4 h at 25 ºC under N2. 
[b]The plotted data is the ratio between the amount of the reduced product formed and 

the sum of the amount of the reduced product formed and the unconverted starting material.  [c] The black dotted line 

indicates where substrate 5a reaches full conversion. Selectivity for ketone reduction 1.9 and olefin reduction 0.5. 
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Figure 3.20. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 20 minutes of 

irradiation, it can be seen that the reduction of substrate 1a starts when 5a has not been totally reduced; bottom, all the 

reaction time monitorisation (75 min). [a]Conditions: 1Co (1 mol%), NMe2PCIr (1.5 mol%), Substrate A + B (16.5 mM), 

A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (1 LED, 447 nm, 2.05·10-3 mmol·hν·s-1 photons) for 75 min at 

25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated internal 

standard. [c]The black dotted line indicates the point where substrate 5a reaches full conversion. Selectivity for ketone 

reduction: 2.6. 
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Figure 3.21. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 10 minutes of 

irradiation, it can be seen that the reduction of substrate 1a starts when 5a has not been totally reduced; bottom, all the 

reaction time monitorisation (20 min)  [a]Conditions: 1Co (1 mol%), NMe2PCIr (1.5 mol%), Substrate A + B (16.5 mM), 

A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (3 LEDs, 447 nm, 6.16·10-3 mmol·hν·s-1 photons) for 20 min at 

25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated internal 

standard. [c]The black dotted line indicates the point where substrate 5a reaches full conversion. Selectivity for ketone 

reduction: 7.1. 
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Figure 3.22. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 8 minutes of 

irradiation, it can be seen that the reduction of substrate 1a starts when 5a has not been totally reduced; bottom, all the 

reaction time monitorisation (20 min). [a]Conditions: 1Co (0.5 mol%), NMe2PCIr (1.5 mol%), Substrate A + B (16.5 mM), 

A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (3 LEDs, 447 nm, 6.16·10-3 mmol·hν·s-1 photons) for 20 min at 

25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated internal 

standard. [c]The black dotted line indicates the point where substrate 5a reaches full conversion. Selectivity for ketone 

reduction: 9.1. 
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Figure 3.23. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 6 minutes of 

irradiation, it can be seen that the reduction of substrate 1a starts when 5a has not been totally reduced; bottom, all the 

reaction time monitorisation (20 min). [a]Conditions: 1Co (0.5 mol%), NMe2PCIr (3 mol%), Substrate A + B (16.5 mM), 

A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (3 LEDs, 447 nm, 6.16·10-3 mmol·hν·s-1 photons) for 20 min at 

25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated internal 

standard. [c]The black dotted line indicates the point where substrate 5a reaches full conversion. Selectivity for ketone 

reduction: 15.4. 
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Figure 3.24. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 6 minutes of 

irradiation, it can be seen that the reduction of substrate 1a starts when 5a has not been totally reduced; bottom, all the 

reaction time monitorisation (14 min) - [a]Conditions: 1Co (0.25 mol%), NMe2PCIr (3 mol%), Substrate A + B (16.5 mM), 

A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (3 LEDs, 447 nm, 6.16·10-3 mmol·hν·s-1 photons) for 14 min at 

25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated internal 

standard. [c]The black dotted line indicates the point where substrate 5a reaches full conversion. Selectivity for ketone 

reduction: 24.7. 
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Figure 3.25. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 6 minutes of 

irradiation, it can be seen that the reduction of substrate 1a starts when 5a has not been totally reduced; bottom, all the 

reaction time monitorisation (14 min) - [a]Conditions: 1Co (0.25 mol%), NMe2PCIr (3 mol%), Substrate A + B (16.5 mM), 

A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (7 LEDs, 447 nm, 1.44·10-2 mmol·hν·s-1 photons) for 4 min at 

25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated internal 

standard. [c]The black dotted line indicates the point where substrate 5a reaches full conversion. Selectivity for ketone 

reduction: >99, full. 
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Figure 3.26. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 20 minutes of 

irradiation, it can be seen that the reduction of substrate 5a starts when 1a has not been totally reduced; bottom, all the 

reaction time monitorisation (220 min). [a]Conditions: 1Co (1 mol%), CO2HPCIr (1.5 mol%), Substrate A + B (16.5 mM), 

A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (1 LED, 447 nm, 2.05·10-3 mmol·hν·s-1 photons) for 220 min at 

25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated internal 

standard. Selectivity for olefin reduction (taken at the end): 1.2. 
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Figure 3.27. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 30 minutes of 

irradiation, it can be seen that the reduction of substrate 5a starts when 1a has not been totally reduced; bottom, all the 

reaction time monitorisation (380 min). [a]Conditions: CO2Et1Co (1 mol%), CO2HPCIr (1.5 mol%), Substrate A + B 

(16.5 mM), A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (1 LED, 447 nm, 2.05·10-3 mmol·hν·s-1 photons) for 

380 min at 25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated 

internal standard. [c] The black dotted line indicates the point where substrate 1a reaches full conversion. Selectivity for 

olefin reduction: 2.2. 
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Figure 3.28. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 120 minutes of 

irradiation, it can be seen that the reduction of substrate 5a starts when 1a has not been totally reduced; bottom, all the 

reaction time monitorisation (400 min). [a]Conditions: CO2Et1Co (3 mol%), CO2HPCIr (1.5 mol%), Substrate A + B 

(16.5 mM), A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (1 LED, 447 nm, 2.05·10-3 mmol·hν·s-1 photons) for 

400 min at 25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated 

internal standard. [c] The black dotted line indicates the point where substrate 1a reaches full conversion. Selectivity for 

olefin reduction: 3.1. 
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Figure 3.29. Monitoring of the competition between substrates 1a and 5a. Top: yield during the first 400 minutes of 

irradiation, it can be seen that the reduction of substrate 5a starts when 1a has not been totally reduced; bottom, all the 

reaction time monitorisation (2160 min). [a]Conditions: CO2Et1Co (3 mol%), CO2HPCIr (1.5 mol%), Substrate A + B 

(16.5 mM), A:B (1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (1 LED, 447 nm, 2.05·10-3 mmol·hν·s-1 photons) for 

2160 min at 25 ºC under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated 

internal standard. [c] The black dotted line indicates the point where substrate 1a reaches full conversion. Selectivity for 

olefin reduction: >99, full. 
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Figure 3.30. Monitoring of the reaction of 1a under the optimised conditions for the competitive reduction of ketones, 

but in the absence of 5a (20 min) - [a]Conditions: 1Co (0.25 mol%), NMe2PCIr (3 mol%), Substrate A + B (16.5 mM), A:B 

(1:1), in H2O:CH3CN:Et3N (6:4:0.2 ml) irradiated (7 LEDs, 447 nm, 1.44·10-2 mmol·hν·s-1 photons) for 20 min at 25 ºC 

under N2. 
[b] The plotted data is determined by GC analysis after workup and relative to a calibrated internal standard, 

except for 4a that was not isolated (yield estimates with the calibration constant of styrene). 
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4.1 State of the art 

Asymmetric synthesis has become pivotal for an increasing number of 

applications, from the synthesis of bioactive compounds to the design of optically active 

materials.1-4 It also constitutes an expanding source of knowledge from the point of view 

of fundamental chemistry,5-7 given that the development of novel enantioselective 

processes demands new levels of understanding, especially when catalyzed. Different 

strategies are well-established to render chirality induction catalytically, including 

organocatalysis,8-11 biocatalysis,12-14 using auxiliary chiral additives,15, 16 or transition 

metal catalysis.17, 18 For the present chapter, we focus our attention on the latter. 

Catalytic asymmetric hydrogenation (Scheme 4. 1a) and hydrogen transfer 

hydrogenation of ketones (ATH, also called ‘asymmetric hydrogen transfer’, Scheme 4. 

1b) have been extensively studied since Noyori presented his pioneering work in 1995.19 

These transformations represent the most efficient, environmentally-respectful and 

atom-economical method to prepare chiral alcohols, which are versatile building blocks 

for the synthesis of other chemicals (including drugs, perfumes, pesticides and natural 

products).20 

 

Scheme 4. 1. On the left, a general scheme of the asymmetric hydrogenation and hydrogen 

transfer events. On the right, selected examples of biologically relevant molecules containing 

chiral alcohols. 

Many chiral transition metal complexes have been developed for the 

enantioselective reduction of ketones over the past decades.21, 22 Furthermore, several 
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groups presented successful catalysts based on elements from the 1st row transition 

series.23, 24 However, cobalt is an element that remains underexplored for the 

enantioselective ATH of ketones25, 26 in opposition to more scarce and expensive27 d7 

analogous Rh28-32 and Ir.33-35 This might be because cobalt exhibits different redox 

behaviour and the oxidation state MII is more common for cobalt than rhodium, while 

for iridium is exceptional. Moreover, Cobalt can more easily access both low and high-

spin electronic configurations. To the best of our knowledge, apart from the early work 

with 1,2-diketones by Waldron36 and Ohgo,37, 38 the only example of cobalt-catalysed 

asymmetric reduction of ketones was reported by Gao and co-workers in 2016, 

employing high pressure of molecular hydrogen in alkaline methanolic media (Scheme 

4.2).39 

 

Scheme 4.2. Selected example of Co-catalysed asymmetric reduction of ketones reported by Gao 

and co-workers. 

Following the principles of green chemistry,40 numerous examples have also 

demonstrated being operative in aqueous solutions.28, 30, 41-47 Excellent results can be 

highlighted from the work of Gao and co-workers, that combined the dimer 

[IrHCl2(COD)]2 with a chiral tetradentate ligand (Scheme 4.3a), or the more recent 

report from Meggers and co-workers, who utilised a chiral-at-metal iridium complex 

(Scheme 4.3b). 
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Scheme 4.3. Highlighted non-photocatalytic precedents in aqueous media. 

In photoredox catalysis48-50, a significant number of enantioselective reactions have 

been explored.51-54 In particular, photocatalytic asymmetric reduction of ketones has 

also been achieved through different approaches. Kohtani, Miyabe and co-workers 

presented the ATH of ketones using TiO2 with chiral mandelic acid (MA) adsorbed onto 

its surface (Scheme 4.4a).55 This modified heterogeneous material catalysed the 

reduction of ketones under UV irradiation in the presence of ethanol (up to 37% ee). 

Jiang and co-workers combined a dicyanopyrazine-derived chromophore (DPZ) as the 

photoredox catalyst (PC) with a noncovalent chiral organocatalyst to asymmetrically 

reduce 1,2-diketones in chlorobenzene (up to 97% ee, Scheme 4.4b)56 and azaarene-

based ketones in cyclopentyl methyl ether (up to 98% ee, Scheme 4.4c).57 Both 

methodologies operated under blue light irradiation at low temperatures (0 and -40 ºC) 

and employed a particular tertiary amine as a source of electrons. 
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Scheme 4.4. Examples of asymmetric photocatalytic reduction of ketones in non-aqueous media. 

Merging visible light as a driving force with water as a hydrogen-atom source is a 

very appealing approach towards green chemistry,23 and an essential requisite in 

artificial photosynthesis, but very challenging (see Chapter 1). Up to now, the only 

reported examples of the asymmetric photocatalytic reduction of ketones in aqueous 

media58 relied on enzymes.59-61 Hyster and co-workers reported how the combination of 

the flavin-dependent ene-reductase P. putida (morphinone reductase, MorB) and the 

photocatalyst Ru(bpy)3Cl2 afforded chiral alcohols from acetophenone derivatives (up 

to 76% ee).59 Mechanistic insights indicate that the ketone is reduced at the enzyme 

active binding site, where it undergoes single electron transfer (SET) from the reduced 

PC followed by a hydrogen atom transfer (HAT) from the reduced flavin 

mononucleotide (FMN). Following steps to close the catalytic cycle would likely 

involve SET from radical FMN to the excited PC, hydride transfer from NADH 

(nicotinamide adenine dinucleotide) to recover the reduced FMN and its protonation to 

release the product. In a comparable example, Baeg and co-workers described the 

visible-light-mediated regeneration of 1,4-NADPH (nicotinamide adenine 

dinucleotide phosphate), employing a graphene-based photocatalyst and a rhodium-
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based catalyst (that reduces NADP+ with triethanolamine as electron donor).60 This 

system was combined with the enzyme Lactobacillus kefir (LKADH) for the 

asymmetric reduction of acetophenone derivatives (up to >99% ee). 

 

Scheme 4.5. Mechanistic proposal of selected examples for the photocatalytic ATH of ketones 

in aqueous media. PC = Photoredox Catalyst, TEOA = triethanolamine, SET = Single Electron 

Transfer, HAT = Hydrogen Atom transfer. 

Yet, there is no reported example of the photocatalytic reduction of ketones where 

enantioselectivity is induced by transition metal catalysis. This is probably because the 

ATH reaction is more challenging than utilising the ketyl radical for further 

functionalization.62, 63 As a matter of fact, the first example of transition metal-catalysed 

photoreduction of ketones in aqueous media was presented by our group in 2017.64 The 

optimised catalytic system was already introduced in the previous chapter, and it 

involves a robust and well-defined Co complex with an aminopyridine ligand (1Co) and 

a Cu photoredox catalyst (PCCu), using visible light as driving-force and H2O/amine as 

a hydride source. The mechanistic investigations supported a SET+HAT mechanism for 

the photocatalytic ATH of ketones, as in the examples above. Since enantioselectivity 

was not the pursued objective for that project, the optimised cobalt catalyst was used as 

a racemic mixture of the two enantiomers; therefore, no enantioselectivity could be 

expected. 
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Scheme 4.6. Illustration of how two chiral-at-metal enantiomers of 1Co can be formed from the 

achiral precursors. Note that ‘A’ and ‘B’ are arbitrary letters. 

During the optimisation stage, other catalysts were explored, and this screening 

revealed that tetradentate cobalt complexes such as [CoPDP(OTf)2] (2Co, where PDP 

refers to (2S,2'S)-1,1'-bis(pyridin-2-ylmethyl)-2,2'-bipyrrolidine) and [CoMCP(OTf)2] 

(3Co, MCP refers to (1S,2S)-N1,N2-dimethyl-N1,N2-bis(pyridin-2-

ylmethyl)cyclohexane-1,2-diamine) could be potential catalysts (Scheme 4.7). 

However, the yield and enantioselectivity obtained by Dr. Arnau Call with these cobalt 

complexes with tetradentate chiral ligands were low.65 Nevertheless, the 11% 

enantiomeric excess for the reaction with 2Co was encouraging to develop the system 

further. 

 

Scheme 4.7. Reactivity of the pentadentate complex 1Co and two tetradentate complexes in the 

early optimization stage of the photoreduction of aromatic ketones. 

With this objective in mind, we first focussed on improving the product yield of 

ketone reduction when using tetradentate cobalt catalysts on photocatalytic ATH since 

these ligands are more amenable to having them chiral and tuning them. Indeed, the 

project is divided into two stages. First, to archive good yield levels for the reduction of 
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ketones by triggering the reactivity of putative cobalt hydrides towards ketyl radical 

anions (KRA) in water and the second stage, to promote the chirality induction.  

According to our mechanistic understanding, the aromatic ketone nor the 

corresponding ketyl radical anion coordinates the cobalt centre. Hence, no interaction 

is expected between the [Co–H] and the substrate apart from the HAT. This 

circumstance makes the transference of chirality more challenging since, during the 

HAT step, the substrate is expected to be located far away from the catalytic centre. 

Therefore, it is expected that the substrate will have difficulties perceiving the chiral 

ligand effect. Indeed, in all the literature mentioned above, the ketone is near the chiral 

environment, surrounded by specific covalent or non-covalent interactions.66, 67 

Previous computational modelling research in our group localized the transition state 

related to the HAT process between the [Co–H] derived from 1Co and acetophenone. As 

shown in Scheme 4.8. (right), the distance between the hydrogen atom and the cobalt is 

1.603 Å, and the distance between the hydride and the carbon of the ketone at the HAT 

transition state is 1.873 Å.64 This last distance is longer than other values reported for 

the enantioselective hydride transfer to acetophenone (as low as 1.21 Å).68-70 

 

Scheme 4.8. Simplified mechanism of the proposed SET+HAT mechanism for ketone reduction. 

Right) illustration of how the cobalt-hydride centre interacts with the substrate through the H 

atom in the HAT transition state. PC = Photoredox Catalyst, ED = electron donor, KRA = Ketyl 

Radical anion, SET = Single Electron Transfer, HAT = Hydrogen Atom transfer. 

 

In this chapter, we present our studies on the activation of chiral tetradentate 

complexes for the asymmetric reduction of ketones, taking complex 2Co (S,S) as model. 

We expect to contribute to the development of this methodology, which represents three 

main novelties: i) it unlocks the use of cobalt catalysts for the ATH of ketones (without 

H2), and ii) it would constitute the first photocatalytic system based on organometallic 
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species for the induction of chirality on alcohols, iii) in mild aqueous media. Moreover, 

by refusing to harness the conventional covalent or non-covalent interactions, we 

endeavour to develop a distinctive strategy for asymmetric induction in the outer-sphere 

HAT. 

4.2 Results and Discussion 

4.2.1 Optimization of the photoredox catalyst 

Although the reported reduction of 5a by the tetradentate complex 2Co was notably 

lower than the value obtained with the pentadentate complex 1Co (using PCIr as PC, 16% 

and 65% yield, respectively, Scheme 4.7),64 we anticipated that optimization of the 

reaction conditions could prompt the reactivity. Therefore, according to our current 

mechanistic hypothesis for ketone reduction (Scheme 4.8),64 more reducing conditions 

should facilitate SET to form both KRA and [Co–H] species, but with more impact in 

the KRA generation since its redox potential is more negative. This principle was 

strongly supported by the competitive studies in chapter 3 where a more reducing 

environment accelerated the ketone reduction in front of olefin reduction. Moreover, 

previous studies supported this hypothesis since increasing the reducing conditions as 

well as increasing the reduction power of the cobalt catalyst increased the ketone 

reduction versus water reduction, until the point of inhibining the H2 evolution 

reaction.71  

With this aim in mind, we screened more powerful PC against reduction to analyse 

the performance of the dual catalysis framework. From similar conditions to those 

optimised for ketone reduction,64 the reactivity of 2Co using PCIr (Ered = -1.4 V vs SCE) 

was slightly higher (22% yield, Table 4.1, entry 1). As shown in Table 4.1, more 

reducing photocatalysts enhanced the reactivity. However, the reactivity of the system 

does not only depend on the redox potential of the PC, since PCCu (Ered = -1.6 V, entry 

2) yielded less product than tBuPCIr (Ered = -1.5 V, entry 3). In particular, NMe2PCIr 

(Ered = -1.8 V) gave the best result for such a dual catalytic system (entry 4). This also 

matches with the fact that the ketyl radical anion, formed in a higher amount when using 
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powerful PC (Scheme 4.8), competes with the water for the cobalt hydride intermediates 

as dictated by Le Chatelier’s principle.71 

Table 4.1. Optimization of the PC for the photocatalytic reduction of acetophenone using 2Co. 

 

Entry Co-cat PCn E (PCn/n-1) 

(V vs SCE) 

Conversion 

(%) 

Yield 6a 

(%) 

Ee 

(%) 

Yield 7a 

(%) 

1 2Co PCIr -1.4 26 22 10 0 

2 2Co PCCu -1.6 57 49 10 0 

3 2Co tBuPCIr -1.5 93 85 7 0 

4 2Co NMe2PCIr -1.8 97 91 8 0 

5 1Co NMe2PCIr -1.8 100 93 0 0 

6 1Co PCCu
 -1.6 92 90 0 0 

7 2Co - - 1 0 - 0 

8 - NMe2PCIr -1.8 98 0 - 85 

Conditions: Co-cat (3 mol%), PC (1.5 mol%), 5a (10 mM) in H2O:CH3CN:Et3N (0.6:0.4:0.02 

mL) irradiated (447 nm) for 5 h at 25 °C under N2. Yields after workup (average of duplicates) 

determined by chiral GC analysis relative to the signal of biphenyl as calibrated internal standard. 

Regarding the enantioselective induction, the racemic pentadentate 1Co does not 

induce any enantioselectivity (Table 4.1, entries 5 and 6), while tetradentate 2Co exhibits 

a slight preference for the R enantiomer (Table 4.1, and see Experimental Section for 

further details). The ee% obtained is low (8-10%), and apparently, it does not depend 

on the PC (Table 4.1).57 These values match the expected ones by an outer-sphere HAT. 

In addition, the starting material is recovered in the absence of PC, while the absence of 

cobalt leads to dimerization processes (entries 7 and 8). 
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4.2.2 Screening of the complexes in the group 

Once we understood that the reduction capacity of the tetradentate systems is 

unlocked by using more reducing photocatalysts, we decided to explore other chiral 

complexes with the same type of ligands. In our group, we have developed during the 

years a library of chiral cobalt complexes, previously synthesized by group ex-members 

(Dr. J. Aragón, Dr. K. Michaliszyn and Dr. S. Fernández). Complexes have been here 

respectively named as J1-6, K1-8 and S1-2 and are represented in Scheme 4.9.72-74  

 

Scheme 4.9. Structures of the library of chiral cobalt complexes prepared in our group. 
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Most of these complexes bear chiral tetradentate ligands based on the privileged 

chiral backbones (S,S)-bispirrolidine and (S,S)-cyclohexanediamine (except K2, K6 and 

K7 being R,R). The pyridine rings present different substitution patterns. Therefore, 

these modifications could allow us to obtain some fundamental information. In addition, 

we also tested two C2-symmetric pentacoordinate chiral complexes presenting either a 

–NCH3
 or –NH group, which could promote interactions of the carbonyl group.  

 

 

Figure 4. 1. Initial screening of cobalt chiral catalysts (colour bars: blue = conversion%, orange 

= yield%, green = ee%). Values of ee% are indicated in bold outside the end of each green bar. 

Conditions: Co(L*) (3 mol%), NMe2PCIr (1.5 mol%), 5a (10 mM) in H2O:CH3CN:Et3N 

(3:2:0.01 mL) mixture at 25 ºC, irradiated at 447 nm for 24 h. Yields after workup (average of 

duplicates) determined by chiral GC analysis relative to the signal of biphenyl as calibrated 

internal standard. 

Differences in ee% were subtle along the screened chiral complexes without a 

general trend. Nevertheless, a careful analysis of the collected data revealed some 

valuable information. In the first place, as expected, the favoured enantiomer was 

(R)-phenylethanol except for the complexes in which the diamine backbone possessed 

the opposite chirality (for K2, K6 and K7, then R,R backbone favoured enantiomer (S)-

phenylethanol). Second, the counteranion at the exchangeable positions (Cl or OTf) was 
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unimportant (2Co/J2 or K6/K7). Third, when comparing the J1-J6 series, we observed 

no correlation to the catalyst's electronic character. However, an apparent increase in 

the ee% was caused by substituents on the pyridine ring. Still, this apparent effect was 

not constant in the whole series of complexes since K5 possessed substituted pyridines, 

and the ee% was lower than J5. Finally, the best improvement in ee% was obtained 

when introducing ester groups in the pyridine ring, increasing from 8% using 2Co to 

18% and 23% using J6 and K7, respectively. Bu the ester group is not independent since 

the comparison of J2 with J3 and K6 suggests an interplay with other parameters. 

Additionally, nickel catalysts prepared by Dr. Jordi Aragón were also tested, but 

exhibited neglegible reactivity for acetophenone reduction (Table 4.2). 

Table 4.2. Screening of nickel chiral catalysts.

 

Entry Ni-cat Conversion (%) Yield 6a (%) Yield 7a (%) 

1 J1-Ni 44 4 24 

2 J2-Ni 45 3 27 

3 J3-Ni 51 8 24 

4 J4-Ni 44 2 25 

5 J5-Ni 43 2 27 

6 J6-Ni 50 6 18 

Conditions: Ni-cat (3 mol%), NMe2PCIr (1.5 mol%), 5a (10 mM) in H2O:CH3CN:Et3N 

(3:2:0.01 mL) mixture at 25 ºC, irradiated at 447 nm for 24 h. Yields after workup (average of 

duplicates) determined by chiral GC analysis relative to the signal of biphenyl as calibrated 

internal standard. 
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4.2.3 Effect of the reaction environment 

Since the polarity of the reaction medium could alter the transition state's geometry, 

particularly how close the substrate is to the chiral catalyst, we hypothesized that tuning 

the solvent mixture could affect the ee. Although we pursued the reactivity in an 

aqueous solution, we screened the chiral catalysts also in methanol to study the effect 

of the polarity (Figure 4. 2).  

 

Figure 4. 2. Screening of cobalt chiral catalysts in methanolic solution (color bars: blue = 

conversion%, orange = yield%, green = ee%). Values of ee% are indicated in bold outside the 

end of each green bar. Conditions: Co(L*) (3 mol%), NMe2PCIr (1.5 mol%), 5a (10 mM) in 

CH3OH:CH3CN:Et3N (3:2:0.01 mL) mixture at 25 ºC, irradiated at 447 nm for 24 h. Yields after 

workup (average of duplicates) determined by chiral GC analysis relative to the signal of 

biphenyl as calibrated internal standard. 

In comparison with the previous results in aqueous media, some of the reactions in 

methanolic solutions presented diminished conversion and yields. This could be related 

to changes in redox potentials. The ee was is some cases slightly increased, in particular 

for the complexes bearing pyrene moiety (K2-K6 and K7). The differences of ee% 

values between the use of naked (J2, J5) and substituted pyridine rings (J1 and J3, also 

J4 and J6) was subtler and not general (K3). But unfortunately, the ee% remained in 

the same low range, lower than 25%. We also observed an improvement in ee% when 

introducing ester groups in the pyridine rings, increasing from 5% using 2Co to 18% and 
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15% using J6 and K7, respectively. Again, the ester group itself is not an independent 

factor since the comparison between the complexes bearing cyclohexylamine backbone, 

from non-substituted J2 (7%) to ester-substituted J3 (9%) and K3 (1%), supports the 

interplay with other parameters. It was unexpected that the loss of chirality transfer was 

observed in S2 (ee<0.5%). 

All these results exemplify how changes in the solvent mixture can influence 

reactivity and enantioselectivity, with a particular dependence on each chiral catalyst 

and without a clear relationship towards the general complex series. 

 

4.2.4 Further studies with perylene-antenna based complexes 

In the initial screening of cobalt complexes (Figure 4. 1), we had already tested the 

complexes K2 and K7, which were designed to combine the reactivity of the 

tetradentate cobalt complexes with the properties of polyaromatic hydrocarbons. There 

were two main reasons why these complexes could be appealing: in the first place, 

pyrene units have served as an antenna for photosensitization75-77 and also as redox-

mediator for electron transfer78-83 under light irradiation. Therefore, it is conceivable 

that incorporating this organic dye into an organometallic complex75, 84, 85 could unify 

the catalytic activity of a dual system into one single structure. Second, pyrene 

molecules furnish a profitable connection with heterogeneous chemistry. Although 

polyaromatic hydrocarbons are insoluble in aqueous mixtures, they have shown host-

guest interactions with macromolecules containing a hydrophobic cavity such as 

cyclodextrin,86-88 enabling the organic dyes to aggregate inside and increase their water-

solubility. Furthermore, species containing a pyrene ¨tail¨ structure can be anchored on 

the surface of carbon-based nanomaterials by strong aromatic π-π-stacking.89-95 Mata 

and co-workers demonstrated how organometallic complexes with pyrene groups 

improved their catalytic activity when supported on reduced graphene oxide surface, 

providing a recyclable catalyst.89 
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Scheme 4. 10. Example of a complex containing a pyrene unit that was anchored to the surface 

of rGO (reduced graphite oxide) by Mata and co-workers. 

With this context in mind, Dr. Klaudia Michaliszyn also synthesized a new iridium 

photocatalyst bearing a pyrene group (pyrenePCIr), to study if the interaction between the 

polyaromatic units of the different complexes (that is, K2 and K7) could enhance the 

catalytic activity for hydrogen evolution.72 On parallel, we herein study if these types of 

complexes with pyrene groups could develop profitable interactions for the 

enantioselective reduction of acetophenone. 

The use of pyrenePCIr as a photocatalyst suppressed the reactivity for both K2 and 

K7 (Table 4.3, entries 1-4), whereas the model 2Co was still active but less than when 

using NMe2PCIr (entries 5-6). We ascribe this behaviour to a combination of the less 

negative redox potential of pyrenePCIr (see PCIr in Table 4.1 for comparison) and the 

lower insolubility of pyrene-based complexes. However, neither K2 or K7 revealed any 

profitable activity in the absence of PC (entries 7-8), which suggests that pyrene units 

are not working as photon receptors by themselves at 447 nm, following their absorption 

spectrum in acetonitrile.72, 91 As expected, the analogous nickel-based complex K2-Ni 

did not afford the product (entries 9-11). 
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Table 4.3. Photocatalytic reduction of acetophenone using the complexes bearing pyrene units, 

the effect of the PC. 

 

Entry PC Co-cat Conv (%) Yield (%) ee (%) 

1 NMe2PCIr K2 90 76 -13 

2 NMe2PCIr
 K7 91 74 -8 

3 pyrenePCIr K2 15 9 -7 

4 pyrenePCIr
 K7 4 5 -6 

5 NMe2PCIr
 2Co 98 92 7 

6 pyrenePCIr
 2Co 42 40 9 

7 - K2 2 0 - 

8 - K7 -6 0 - 

9 NMe2PCIr
 K2-Ni 100a 0 - 

10 pyrenePCIr K2-Ni 2 0 - 

11 - K2-Ni -3 0 - 

Conditions: Co(L*) or K2-Ni (3 mol%), PC (1.5 mol%), 5a (10 mM) in H2O:CH3CN:Et3N 

(0.6:0.4:0.02 mL) mixture at 25 ºC under N2, irradiated at 447 nm for 18 h. Yields after workup 

(average of duplicates) determined by chiral GC analysis relative to the signal of biphenyl as 

calibrated internal standard. a94% dimerization. K2, K7, K2-Ni and pyrenePCIr were synthesized 

by Dr. Klaudia Michaliszyn. 
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Under those circumstances, we excluded pyrenePCIr from further studies, focusing 

our attention again on NMe2PCIr. Given that the hypothetical π-π-stacking interactions 

could also favour self-aggregation of the cobalt complex,75 we decided to study if the 

concentration of the catalyst could affect the catalytic response. For this reason, we 

raised the catalyst loading from 3% to 10% (Table 4.4, entries 1-2), which resulted in a 

substantial drop in the reactivity without an apparent enhancement of ee. Although a 

clear explanation cannot be provided yet, this observation was attributed to the intense 

colour of the cobalt catalyst in dispersion that might suppress PC activity. On the 

contrary, the concentration of catalysts can be lowered without diminishing the 

reactivity for acetophenone reduction, although there was no improvement in ee% 

(entries 3-6). From these results, we rationalised that if there are any self-aggregation 

effects in this range of concentrations, they are not profitable for the induction of 

enantioselectivity. 

Table 4.4. Photocatalytic reduction of acetophenone using the complexes bearing pyrene units, 

the effect of the concentration of catalysts. 

 

Entry Co(L*) Co(L*) (%) PC (%) Conv (%) 6a (%) ee (%) 7a (%) 

1 K2 10 1.5 28 17 -7 0 

2 K7 10 1.5 51 33 -15 0 

3 K2 0.5 1.5 100 84 -3 3 

4 K7 0.5 1.5 100 85 -4 2 

5 K2 0.5 0.25 88 84 -5 1 

6 K7 0.5 0.25 96 92 -4 1 

Conditions: Co(L*) (0.5 or 10 mol%), NMe2PCIr (0.25 or 1.5 mol%), 5a (10 mM) in 

H2O:CH3CN:Et3N (0.6:0.4:0.02 mL) mixture at 25 ºC under N2, irradiated at 447 nm for 18 h. 

Yields after workup (average of duplicates) determined by chiral GC analysis relative to the 

signal of biphenyl as calibrated internal standard. 

 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Chapter 4 

- 134 - 

 

As mentioned at the beginning of this section, π-π-stacking interactions can also be 

expected between the complexes K2 or K7 and carbon-based macromolecules or 

nanomaterials. Accordingly, we decided to study if their immobilization onto certain 

surfaces to generate ‘chiral cavities’ could improve their performance on catalysis, as 

other authors have reported before.89, 90 We selected nanofibers for the preliminary 

experiments, and we introduced it as an additive in the reaction media. For the 

preliminary experiments, we selected nanofibers as potential π-π-stacking additive, and 

to our delight we could observe that the catalytic activity of the system was not 

supressed (Table 4.5) while the nanomaterial did not afford 6a in the absence of cobalt 

catalyst. 

Table 4.5. First experiments in the presence of a nanomaterial. 

 

Entry Co-cat Conv (%) Yield 6a (%) ee (%) Yield 7a (%) 

1 K2 100 71 -9 0 

2 K7 100 81 -9 0 

3 - 100 0 - 88 

Conditions: Co(L*) (0.5 or 10 mol%), NMe2PCIr (1.5 mol%), 5a (10 mM) in H2O:CH3CN:Et3N 

(0.6:0.4:0.02 mL) mixture at 25 ºC under N2, irradiated at 447 nm overnight in the presence of 

nanofibers (10 times the mass of cobalt catalyst, no pre-stirring). Yields after workup (average 

of duplicates) determined by chiral GC analysis relative to the signal of biphenyl as calibrated 

internal standard. 

Observing that the activity did not drop in the presence of nanofibers, we 

considered that other additives might positively affect the induction of chirality. 

Therefore, we employed fullerene (C60), nanotubes (NT),92 functionalized nanotubes 

with COOH (NT-COOH) and nanofibers (NF). In addition, we also explored the 

interaction between the complexes and cyclodextrin (γ-CD), expecting the inclusion of 

the pyrene units in its hydrophobic cavity.86-88 All the reactions were stirred for 1 h 
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before the irradiation, expecting that the interaction between pyrene units and the 

additives in this lapse should stabilize the formation of the postulated chiral cavity. 

Table 4.6. Screening of additives that could provide some interaction with pyrene units. 

 

Entry Co-cat Material Mat/Co Conv (%) Yield (%) ee (%) 

1 K2 none - 100 75 -8 

2 K7 none - 99 82 -5 

3 K2 CD 10 60 53 -5 

4 K7 CD 10 100 98 -3 

5 K2 CD 33 76 89 -8 

6 K7 CD 33 100 81 -4 

7 K2 NF 10 100 56 -15 

8 K7 NF 10 100 86 -12 

9 K2 NF 33 100 88 -10 

10 K7 NF 33 100 93 -8 

11 K2 C60 10 93 77 -1 

12 K7 C60 10 68 56 -12 

13 K2 C60 33 63 40 -1 

14 K7 C60 33 38 11 -11 

15 K2 NT 10 41 24 -5 

16 K7 NT 10 61 47 -11 

17 K2 NT 33 29 6 0 

18 K7 NT 33 40 28 -9 

19 K2 NT-COOH 10 6 0 - 

20 K7 NT-COOH 10 8 0 - 

21 K2 NT-COOH 33 8 0 - 
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22 K7 NT-COOH 33 10 0 - 

Conditions for HTE screening: Co-cat (3 mol%), NMe2PCIr (1.5 mol%), 5a (10 mM) in 

H2O:CH3CN:Et3N (0.18:0.12:0.006 mL) irradiated (447 nm) for 48 h at 25 °C under N2 in the 

presence of additives (proportion: additive being 10 or 33 times the mass of cobalt catalyst). 

Yields after workup (average of duplicates) determined by chiral GC analysis relative to the 

signal of biphenyl as calibrated internal standard. CD = cyclodextrine, NF = nanofibers, C60 = 

fullerene, NT = nanotubes, NT-COOH = functionalized nanotubes with COOH groups. 

The enantiomeric excess values could reach -15% in the presence of nanofibers 

(Table 4.6, entry 7) and some observations can be outlined from the general results. 

First, there is an evident variation in yield between the tested materials, which tells us 

that these substances exhibit certain interactions with the catalytic system. Regarding 

yields, the reaction shows a very good tolerance to cyclodextrin, the only material 

soluble in the reaction media, and nanofibers. However, yields slightly dropped with the 

use of fullerene and carbon nanotubes, and the system's reactivity was fully inhibited 

when nanotubes were functionalised with COOH groups (entries 19-22). 

Another general observation is that, except for nanofibers, there is a trend towards 

a decreased yield at higher concentrations of heterogeneous material (considering that 

CD is not heterogeneous). Although we still cannot explain this result, some primary 

hypotheses may be related to the potential EnT quenching mechanism with the 

nanomaterials or competitive light absorption. In addition, the adsorbed catalysts could 

be less active due to local environmental effects. Further spectroscopic studies are 

required to understand the interaction between these catalysts and materials.72 

According to differences in ee, we suggest some interaction between the catalyst 

and nanomaterial caused by the immobilised. However, we can not discard the 

contribution in catalysis of no immobilised species between additives. In any case, we 

did not obtain the expected chirality induction and moved to another strategy. 

4.2.5 Design of o-substituted chiral complexes 

Our initial attempts to enhance the ee% for acetophenone reduction revealed a clear 

dependence on the employed catalyst (Figure 4. 1), despite being lower than 30%. 

Therefore, we continue the project by designing new chiral complexes. We 

hypothesised that increasing the steric hindrance of the ligand near the reaction centre 
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should impact the enantioselectivity. It is noteworthy to highlight that the previously 

tested chiral complexes from our group were made with different purposes (for instance, 

featuring different electronic properties, incorporating pyrene as an anchoring unit or 

strategical -NH position to bind CO2), but not pursuing a direct effect on steric 

hindrance. Indeed, in all the complexes that presented substituents in the pyridine rings, 

those groups were located at m- and p- position, but not at o- (nomenclature referring to 

the position relative to the nitrogen atom of the pyridine ring). For this reason, from the 

different things that could be modified (backbone, bridge, nearby groups…), we decided 

to increase the bulkiness of new synthetically tailored chiral complexes, either 

introducing a substituent in the o-position or extended N-heterocycles (Scheme 4.11).  

 

Scheme 4.11. Cobalt hydride species coordinated to a generic tetradentate aminopiridyl 

chiral ligand with the description of its different parts. Representation of the 

approaching ketyl radical anion (KRA) is also included to illustrate the expected steric 

effect on the hydrogen atom transfer step. 

(S,S)-bispyrrolidine was the chiral backbone incorporated into the ligands type 

XPDP and oxazBP in Scheme 4. 12 (where X refers to the different substitution patterns, 

o-MePDP, o-PhPDP, quinPDP). The preparation of these compounds was accomplished 

following similar procedures to the one reported in the literature.65 Still, the crude of 

oxazBP presented an unexpectedly complex mixture; column-chromatography 

purification was not straightforward, and a small isolated yield was obtained (9%).  
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Scheme 4. 12. Synthesis of tetradentate aminopyridine ligands containing the 

(S,S)-bispyrrolidine backbone and their corresponding Co complexes. 

The corresponding complexes were synthesized by the equimolar reaction of the 

tetradentate ligand with a cobalt (II) salt in a THF solution. Removal of the solvent 

under vacuum and slow diffusion of diethyl ether into a concentrated solution of the 

complexes in acetonitrile or dichloromethane afforded a colourful precipitate in good 
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yield (51-88%), yet no crystals were obtained except for oxazBPCoOTf (Experimental 

Section, Figure 4. 6). Since we do not expect that the Cl/OTf significantly affects the 

complexes' reactivity in ketone reduction, we indistinctly used CoCl2 or 

Co(CH3CN)2(OTf)2 as a source of cobalt salt. Nevertheless, to support their innocent 

behaviour in ee% studies, complexes bearing chlorides (quinPDPCoCl) or triflates 

(quinPDPCoOTf) with the quinoline unit were prepared. All these complexes were new 

structures since the only reported ligands were o-MePDP, quinPDP which have been used 

for the preparation of iron complexes.96 

4.2.6 Enantioselective catalysis with o-substituted complexes 

Unfortunately, the reactivity of 5 o-substituted complexes in the photocatalytic 

reduction of 5a, but lower in comparison with m- and p-substituted complexes (up to 

31% yield, Table 4.7). In addition, the enantiomeric excess did not improve (up to 11%). 

Even though the results were not favourable, we could note that the effect of the Cl/OTf 

ligand was not relevant for the target reaction (entries 3-4). 

Table 4.7. Reduction of 5a using o-substituted cobalt complexes based on (S,S)-bispyrrolidine. 

 

Entry Co-cat Conversion (%) Yield (%) ee (%) 

1 o-MePDPCoCl 99 31 11 

2 o-PhPDPCoCl 99 2 -6 

3 quinPDPCoCl 99 25 8 

4 quinPDPCoOTf 99 17 10 

5 oxazBPCoOTf
 99 2 4 

Conditions: Co(L*) (3 mol%), NMe2PCIr (1.5 mol%), 5a (10 mM) in H2O:CH3CN:Et3N 

(0.6:0.4:0.02 mL) mixture at 25 ºC under N2, irradiated at 447 nm for 18 h. Yields after workup 

(average of duplicates) determined by chiral GC analysis relative to the signal of biphenyl as 

calibrated internal standard. 
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We wondered if this lack of reactivity may be due to the cobalt precatalyst failing 

to form the [Co–H], or if this intermediate was formed but did not react with the KRA. 

Given that if the [Co–H] was formed, it is expected to be active for H2 evolution, we 

repeated the reaction while monitoring the pressure of the system (1Co was used as a 

blank experiment). As seen in Figure 4. 3, no significant increment in pressure was 

observed for the o-substituted complexes, still, complexes o-MePDPCoCl and 

quinPDPCoOTf exhibited some activity. Once the pressure reached a plateau, we injected 

in GC-TCD a sample of the reaction headspace to calculate the TON for hydrogen 

evolution. In the case of o-MePDPCoCl and quinPDPCoOTf (TON = 4 and 1, respectively). 

Hydrogen evolution reaction was considerably lower than with 1Co (TON = 12), while 

no H2 was detected for o-PhPDPCoCl and oxazBPCoOTf. From these observations, we 

rationalised that the CoI or [Co–H] species formation is responsible for the low catalytic 

activity when pyridine rings are o-substituted, especially for o-PhPDPCoCl and 

oxazBPCoOTf, which have an excessive steric hindrance. 

 

Figure 4. 3. On-line monitoring of the photochemical H2 production for selected cobalt 

complexes in the presence of the substrate. Reaction conditions: 5a (20 µmol, 10 mM), NMe2PCIr 

(0.3 µmol, 1.5 mol%), cobalt catalyst (0.6 µmol, 3 mol%). Samples were irradiated (λ = 447 nm) 

at 25 °C under N2 in a mixture of H2O:CH3CN:Et3N (1.2:0.8:0.04 mL). The amount of H2 was 

quantified by GC analysis when the evolved hydrogen reached a plateau. 

To test that the reactivity and ee% lack of o-substituted complexes is not related to 

geometrical restrictions derived from the (S,S)-bispyrrolidine backbone, we also 

synthesized the chiral ligands XMCP based on (S,S)-N,N′-dimethyl-1,2-
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cyclohexanediamine (where X refers to the different substitution patterns, see o-MeMCP, 

quinMCP in Scheme 4. 13) and their corresponding cobalt complexes. 

 

Scheme 4. 13. Synthesis of tetradentate aminopyridine ligands containing the 

(S,S)-cyclohexanediamine backbone, and their corresponding Co complexes. 

These two cobalt complexes are novel since the corresponding ligands have only 

been used to coordinate with copper,97 manganese98-100 and iron.101 However, despite a 

slight increase in yield for the reaction with complex o-MeMCPCoOTf, enantioselectivity 

remains low (Table 4.8). 

Table 4.8. Reduction of acetophenone using the o-substituted cobalt complexes based on 

(S,S)-cyclohexanediamine. 

 

Entry Co-cat Conv (%) Yield 6a (%) ee (%) 

1 o-MeMCPCoOTf 61 40 12 

2 quinMCPCoOTf 100 13 9 

Conditions: Co(L*) (3 mol%), NMe2PCIr (1.5 mol%), 5a (10 mM) in H2O:CH3CN:Et3N 

(0.6:0.4:0.02 mL) mixture at 25 ºC under N2, irradiated at 447 nm for 18 h. Yields after 

workup (average of duplicates) determined by chiral GC analysis relative to the signal 

of biphenyl as calibrated internal standard. 
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4.2.7 Towards new sterically hindered m-substituted complexes 

Our first approach for introducing bulky groups in the pyridine ring led us to find 

that the reactivity of the tetradentate cobalt complexes is too sensitive to the substitution 

in o-position. The only o-substituted complexes that catalysed the reduction of 5a, and 

with low yields, possessed substituents with as low hindrance as a methyl group (o-

MePDPCoCl) and a fused ring (quinPDPCoTf). The introduction of bulkier moieties on 

that position, such as a phenyl ring (o-PhPDPCoCl), or the use of a tert-butyl oxazoline 

scaffold as heteroaromatic unit (oxazBPCoOTf), limited the production of 6a to the 

threshold of stoichiometric reactivity. With those experiments, we could not confirm or 

refute if tetradentate complexes can harness steric hindrance to increasing ee%. Under 

those circumstances, we considered that the presence of bulky groups not in o- but in 

m-position should let us test our hypothesis, anticipating an equilibrium between excess 

and defect of steric hindrance for appropriate asymmetric induction without 

compromising the reactivity. 

At the initial screening of cobalt chiral complexes from our group’s library of 

catalysts (Figure 4. 1), we have already tested some m-substituted complexes such as 

K1 (bearing ester groups) or the even bulkier K2 (bearing chains with pyrene groups). 

However, they were not strategically designed to be sterically impeded towards the 

reaction centre. With this intention, we were attracted by introducing a bulky quaternary 

carbon in m-position, occupied with aryl groups rather than alkyl chains, to control the 

degrees of freedom of the bulky moiety. Such a hypothetical tetra-arylated carbon (three 

aryl groups plus the pyridine ring), is a synthetic challenge itself, and the corresponding 

molecule would probably exhibit extreme insolubility in most organic solvents.102 Still, 

we decided to focus our effort on the synthesis of structurally similar compounds where 

the pyridine ring is substituted in m-position with a tri-arylated quaternary carbon (two 

aryl rings plus the pyridine) that has an ‘easy-to-tune’ additional position (such as an 

ether or an ester). 

In that direction, we followed reported procedures (see Section 4.1.1) to prepare 

the building block py-1 (Scheme 4. 14), which can be easily tuned via nucleophilic 

attack to the ester moiety, therefore introducing two phenyl rings (py-2, 92% yield). 
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The resultant alcohol can be linked to an alkyl group by nucleophilic substitution, and 

the same mixture can be desilylated with a fluoride source (87% yield in the case of py-

3). Further chlorination with thionyl chloride afforded the compound qOMepy-Cl, which 

will be used as a model coupling partner to prepare the corresponding chiral ligand. 

Moreover, one of this synthetic route's most attractive features is that no metallic 

catalyst is employed. 

 

Scheme 4. 14. Top, synthetic route towards pyridine derivatives incorporating bulky quaternary 

carbons at m-position. Bottom, unsuccessful attempts to modify the substitution pattern on the 

quaternary carbon. 

Nonetheless, the presence of the methoxy group in the model building block 

qOMepy-Cl restricts the hindrance of the quaternary carbon. More impeded substituents 

would be more promising candidates for the target effect on chirality induction (Scheme 

4.11). However, our attempts to introduce bulkier substituents (such as cyclohexyloxy, 

tert-butoxy or benzyloxy groups) did not afford any significant product and the starting 

material was recovered (Scheme 4. 14, bottom left). The incorporation of mesityl groups 

instead of phenyl rings also resulted in a very complex NMR mixture (Scheme 4. 14, 

bottom right). In front of such a recalcitrant synthetic challenge/synthetic problem, the 

initial scope of m-substituted pyridines was interrupted with one only example of 

chloride coupling partner that did not fulfil the expected requisite of ‘all-bulky’ groups. 

Alternatively, we considered that a more feasible route could be based on cross-coupling 
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reactivity towards aryl-aryl structures rather than hindered nucleophilic substitution. A 

trio of these coupling partners were prepared by Dr. Felix Ungeheuer and Ajdin Velic 

(Scheme 4. 15). It is noteworthy to mention that the structure of Ar-tBupy-Cl was 

unexpected since the boronic did not undergo the conventional coupling with the 

bromide position but with a methyl group from a tert-butyl substituent. 

 

 

Scheme 4. 15. Synthetic route towards pyridine derivatives incorporating a bulky aryl ring at m-

position. Starting boronic ester was prepared by Dr. Klaudia Michaliszyn. Dr. Felix Ungeheuer 

prepared Ar-CF3py-Cl, and Ajdin Velic compounds Ar-iPrpy-Cl and Ar-tBupy-Cl. 

Having in hand these different coupling partners with substantial steric hindrance 

in the m-position, we linked them to the chiral backbone (S,S)-bispyrrolidine (20-90% 

yield) and then prepared the corresponding chiral cobalt triflates (77-84% yield). In this 

case, colourful crystals were obtained from all the complexes (despite Ar-CF3PDPCoOTf 

could not be diffracted). All these 4 complexes were new structures since the only 

previously reported ligand was Ar-CF3PDP, which had been used for the preparation of 

an iron complex.103 
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Scheme 4. 16. Synthesis of new tetradentate aminopyridine chiral ligands with m-substituted 

pyridine rings, and their corresponding Co complexes. aThe starting chloride was prepared by 

Dr. Felix Ungeheuer. bSynthesized in collaboration with Ajdin Velic. 
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4.2.8 Enantioselective catalysis with m-substituted complexes 

The four m-substituted complexes were tested in the photocatalytic reduction of 

5a, and we were glad to see that the sterically impeded substituents did not inhibit the 

reactivity. The enantiomeric excess was insignificant for qOMePDPCoOTf (3%), although 

this complex was derived from synthetic limitations, and its structure did not fulfil our 

targeted bulkiness requisites (vide supra). For the other complexes coming from the 

aryl-aryl coupling synthesis, ee% values were still very moderate but the highest up to 

now (up to 33% for Ar-CF3PDPCoOTf). Although more tests are needed to confirm this 

statement, the results discussed here suggest that synthesising complexes with hindered 

meta-substituted pyridines is on the right track to induce chirality in the ATH of ketones. 

Table 4.9. Photocatalytic reduction of acetophenone using the chiral cobalt complexes with 

bulky substitution in m-position. 

 

Entry Co-cat Conv (%) Yield 6a (%) ee (%) 

1 qOMePDPCoOTf 100 99 3 

2 Ar-CF3PDPCoOTf 100 88 33 

3 Ar-PrPDPCoOTf 87 70 23 

4 Ar-tBuPDPCoOTf 69 63 29 

Conditions: Co(L*) (3 mol%), NMe2PCIr (1.5 mol%), 5a (10 mM) in H2O:CH3CN:Et3N 

(0.6:0.4:0.02 mL) mixture at 25 ºC under N2, irradiated at 447 nm for 18 h. Yields after workup 

(average of duplicates) determined by chiral GC analysis relative to the signal of biphenyl as 

calibrated internal standard. 

 

4.2.9 Studying other ketones 

Acetophenone has been extensively used as a model substrate for the asymmetric 

reduction of ketones in the literature (vide supra, Section 4.1 State of the art). Still, in 

our conditions, we could hardly improve the chirality induction in phenylethanol (6a), 

and we decided to try other substrates using our standard tetradentate catalyst 2Co and 
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the one which exhibited the best performance up to now, Ar-CF3PDPCoOTf. We have 

explored what happens when going from acetophenone, to derivatives with slightly 

more hindered substituents. Interestingly, the ee% for the reduction of 5b was the 

highest we have obtained so far, both for Ar-CF3PDPCoOTf (34%) and 2Co (41%), 

although the yield drops, revealing a high dependence on the substrate both for 

reactivity and enantioselectivity. In the case of 5c, the reactivity was maintained and 

ee% was also ‘over the average’ for 2Co (20%) despite decreasing for the other catalyst 

(16%). In the reaction with 5d, the starting material was recovered. 

Table 4.10. Photocatalytic reduction of other ketones. 

 

Entry Co-cat Substrate Conv (%) Yield (%) ee (%) 

1 Ar-CF3PDPCoOTf 5b 96 6 34 

2 Ar-CF3PDPCoOTf 5c 100 92 16 

3 2Co 5b 23 23 41 

4 2Co 5c 100 87 20 

5 2Co 5d 0 0 0 

Conditions: Co-cat (3 mol%), NMe2PCIr (1.5 mol%), Subs. (10 mM) in H2O:CH3CN:Et3N 

(0.6:0.4:0.02 mL) irradiated (447 nm) overnight at 25 °C under N2. Yields after workup (average 

of duplicates) determined by chiral GC analysis relative to the signal of biphenyl as calibrated 

internal standard. 

In an effort to exploit the reactivity of aliphatic ketones, we employed the more 

active complex for ketone reduction 1Co, but 5d did not react. Different triflate salts 

were tested (X(OTf)3, where X = Gd, Al, Sc, Sm) so the cations may act as Lewis acids 
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to facilitate ketone reduction, and we also tried by increasing the light intensity to favour 

the SET. Nevertheless, in all these attempts the starting material was recovered. This 

could be explained either because the redox potential is not accessible104 for NMe2PCIr
0 

(E = -1.8 V vs SCE), or because the formation of the ketyl radical anion in a non-

aromatic position is so unstable that back electron transfer is more favoured than HAT, 

and a different mechanism is required (such as hydride transfer). 

Table 4.11. Studies on the photocatalytic reduction of 5d. 

 

Entry Change X(OTf)3 equiv Conv (%) 

1 - - <1 

2 X(OTf)3 1 <1 

3 X(OTf)3 100 <1 

4a 7 LED - <1 

Conditions: 1Co (3 mol%), NMe2PCIr (1.5 mol%), 5d (10 mM) in H2O:CH3CN:Et3N (0.6:0.4:0.02 

mL) irradiated (447 nm) overnight at 25 °C under N2. X(OTf)3 represents any of the employed 

triflate salts (X(OTf)3, where X = Gd, Al, Sc, Sm). Yields after workup (average of duplicates) 

determined by chiral GC analysis relative to the signal of biphenyl as calibrated internal standard. 
aReaction irradiated with 7 LED for 2 hours. 

 

4.2.10 Enhanced chirality induction through hydrosilylation 

In a parallel study, we investigated whether the model complex 2Co could induce 

higher values of enantioselectivity in a different reaction. We chose the hydrosilylation 

of 5a, which affords 6a by appropriate workup in NaOH (aq). As a result, we could 

observe that the model complex 2Co can induce higher enantioselectivity than the 

reactivity in aqueous media, affording up to -67% ee. However, this result was difficult 

to reproduce, which could be explained due to the heterogeneous character of the 

reaction mixture. It is noteworthy to highlight that in this reaction, the different 

conditions favour the formation of the opposite enantiomer (S-phenylethanol) despite 
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using the same chiral catalyst (2Co is coordinated to (S,S)-bispirrolidine through this 

chapter).  

As a result, the ee observed is higher than under aquous conditions, which still 

encourage us to bealive that this type of catalysts should be able to provide good 

catalytic performance under the adecuate reaction conditions.   

Table 4.12. Hydrosyililation of acetophenone using the model chiral cobalt complex 2Co. 

 

Batch Average of Conv (%) Yield (%) ee (%) 

1 - 83 81 -67 

2 2 50 41 -37 

3 4 100 78 -15 

4 4 88 77 -42 

Conditions: 2Co (3 mol%), BARF (3 mol%), 5a (10 mM), PhSiH3 (20 mM) and dry KOH (0.1 

equiv.) in dry toluene (1 mL) stirred 24 h at 80 °C under N2. Yields after workup determined by 

chiral GC analysis relative to the signal of biphenyl as calibrated internal standard. aReaction 

irradiated with 7 LED for 2 hours. 

4.3 Conclusions 

Although the enantioselective levels obtained are still low, some conclusions can 

be drawn. First, cobalt tetradentate complexes based on the chiral fragments S,S-

bispyrrolidine and S,S-cyclohexanediamine can catalyse the ATH of ketones efficiently. 

The best results were obtained using NMe2PCIr as the photocatalyst, which is attributed 

to its more extreme redox potential. According to the outer sphere HAT mechanism, the 

enantiomeric excess was very low (8% ee). Second, slight modifications in the 

substitution pattern of the chiral ligand's pyridines or in the media's polarity can 

significantly affect the enantioselectivity (upto 23% ee). Regarding the use of 

complexes linked to pyrene units for anchoring strategies on carbon-based surfaces, our 
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study indicates some interaction between the catalyst and the materials. Yet, we cannot 

confirm that the chiral cavity is formed at this point, and enantioselectivity values 

remain low (up to -15% ee). 

Another important fact is that seven new tetradentate complexes with substitution 

in the ortho position of the pyridine of the chiral ligand have been prepared. The 

reactivity of these complexes drops drastically without observing improvements in the 

asymmetric induction (up to 12% ee). This inactivity is associated with excessive steric 

hindrance. Four other novel m-substituted complexes have been synthesized, and 

reactivity was observed when the bulky substituent is located in that position. Equally 

important, our current data suggest that steric hindrance in the meta position positively 

affects chirality induction (up to 33% ee). However, more studies are needed to improve 

the enantiomeric excess with a new generation of complexes using the guide principles 

obtained in this chapter. 

Furthermore, reactivity and enantioselectivity are highly dependent on the 

substrate, as is the case with the model complex when comparing the reduction of 

acetophenone (92% yield, 8% ee) and isobutyrophenone (23% yield, 41% ee). Finally, 

the utilization of the model complex 2Co in the hydrosilylation of acetophenone allowed 

us to observe that it can also catalyze that transformation (up to -67%). 

It is hoped that this thesis chapter will guide the continuation of this project towards 

the synthesis of more suitable catalysts, as well as the development of relevant models 

and mechanistic studies. 

4.4 Experimental Section 

4.4.1. Materials and reagents 

Reagents and solvents were used as received from the commercial supplier unless 

otherwise stated. Triethylamine and diisopropylethylamine were distilled over 

potassium hydroxide and were stored under argon. Photocatalysts 

[Ir(tbbpy)(ppy)2](PF6) (tBuPCIr), [Ir(bpy)(ppy)2](PF6) (PCIr), 
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[Cu(bathocuproine)(xantphos)](PF6) (PCCu),  and complexes (Py2
Tstacn)Co(OTf)2 

(1Co), (PDP)Co(OTf)2102 (2Co) were synthesized according to the literature procedures. 

65, 105-107 [Ir(dmabpy)(ppy)2](PF6) (NMe2PCIr), was synthesized from a modified 

procedure from the literature. 107, 108 

For the synthesis of reagents, the solvents (DMF, hexane, Et2O, CH2Cl2, CH3CN 

and toluene) were used from a SPS-400, Innovative Technology solvent purification 

system and stored under argon with activated 4 Å molecular sieves. Anhydrous 

acetonitrile was purchased from Sigma-Aldrich® and water was purified with a Milli-

Q Millipore Gradient AIS system. Water, methanol, ethanol, trifluoroethanol, 

acetonitrile, dimethylformamide, dimethylacetamide and tetrahydrofurane used for 

photoreactions were degassed by freeze-pump-thaw method (repeated 3 cycles) and 

were stored under argon.  

The synthesis of air-sensitive reagents as well as the preparation of visible light 

photocatalytic reactions were conducted inside a nitrogen-filled glove box. 

4.4.2. Instruments 

Nuclear magnetic resonance (NMR). NMR spectra were recorded on Bruker 

Fourier300, AV400, AV500 and AVIII500 spectrometers using standard conditions 

(300 K). All 1H chemical shifts are reported in ppm and have been internally calibrated 

to the residual protons of the deuterated solvent. The 13C chemical shifts have been 

internally calibrated to the carbon atoms of the deuterated solvent. The coupling 

constants were measured in Hz. 

Mass Spectrometry. High resolution Mass Spectrometry (HRMS) data was 

collected on a HPLC-QqTOF (Maxis Impact, Bruker Daltonics) or HPLC-TOF 

(MicroTOF Focus, Bruker Daltonics) mass spectrometer using 1 mM solution of the 

analyzed compound.  

Gas chromatography analysis of liquid samples. The analysis and quantification 

of the starting materials and products were carried out on an Agilent 7820A gas 

chromatograph (HP5 column 30m, Cyclosil-B column 30m, or HP-Chiral-20B 30m) 
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and a flame ionization detector. GC-MS spectral analyses were performed on an Agilent 

7890A gas chromatograph interfaced with an Agilent 5975c MS mass spectrometer. 

Gas chromatography identification and quantification of gases. Gases at the 

headspace were analyzed with an Agilent 7820A GC System equipped with columns 

Washed Molecular Sieve 5A, 2m x 1/8’’ OD, Mesh 60/80 SS and Porapak Q, 4m x 1/8’’ 

OD, SS. Mesh: 80/100 SS and a Thermal Conductivity Detector. The quantification of 

the H2 obtained was measured through the interpolation of a previous calibration using 

different H2/N2 mixtures. 

Parallel Pressure Transducer Hardware. The parallel pressure transducer that 

we used for these studies is the same that previously was developed and described for 

water oxidation studies.109 This is composed by 8 differential pressure transducers 

(Honeywell-ASCX15DN, ± 15 psi) connected to a hardware data-acquisition system 

(base on Atmega microcontroller) controlled by a home-developed software program. 

The differential pressure transducer Honeywell-ASCX15DN is a 100 microseconds 

response, signal-conditioned (high level span, 4.5 V) output, calibrated and temperature 

compensated (0 ºC to 70 ºC) sensor. The differential sensor has two sensing ports that 

can be used for differential pressure measurements. The pressure calibrated devices to 

within ± 0.5 matm was offset and span calibrated via software with a high precision 

pressure transducer (PX409-030GUSB, 0.08 % Accuracy). Each of the 8 differential 

pressure transducers (Honeywell-ASCX15DN, ±15 psi) produce a voltage outputs that 

can directly transformed to a pressure difference between the two measuring ports. The 

voltage outputs were digitalized with a resolution of 0.25 matm from 0 to 175 matm and 

1 matm from 176 to 1000 matm using an Atmega microcontroller with an independent 

voltage auto-calibration. Firmware Atmega microcontroller and control software were 

home-developed. The sensitivity of H2 analytics allows quantifying the gas formed 

when low H2 volumes are generated. Therefore, it could not be discarded that small 

amounts of H2 were produced by inactive complexes. 
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4.4.3. In-house developed parallel photoreactors 

 

Figure 4. 4. In house developed parallel photoreactors with (left) 25 positions for vials of 10 or 21 mL 

and (right) with 48 positions for vials of 1 mL. 

Light source: The reactions were performed using Royal-Blue (λ = 447±20 nm) 

LUXEON Rebel ES LED, mounted on a 20 mm Square Saber - 1030 mW @ 700mA 

as a light source.  

Temperature Control: Reaction temperature was controlled by a high-precision 

thermoregulation Hubber K6 cryostat. Likewise, aiming at ensuring stable irradiation, 

the temperature of the LEDs was controlled and set at 22 ºC. 

 

4.4.4. Experimental procedures for photocatalysis 

General procedure for catalytic tests. Inside an anaerobic box, aliquots from 

stock solutions in CH3CN of substrate 200 mM (0.05 mL, 0.01 mmol, 1.0 eq.), cobalt 

or nickel complex 1.2 mM (0.25 mL, 3·10-4 mmol, 3 mol%), PC 1.5 mM (0.1 mL, 

1.5·10-4 mmol, 1.5 mol%) were equally distributed into a vial (10 mL of headspace) that 

contained glass beads. The vial was sealed with a septum and removed from the 

anaerobic box. To each vial, degassed water was added to reach a total volume of 1 mL 

(total concentration of substrate 10 mM) and Et3N (20 μL, 0.14 mmol, 14 equiv.) was 

injected, then the vial was placed in the photoreactor at the indicated temperature. After 

irradiating for a given time with blue LEDs (λ = 447 nm), the sample was opened to air 

and a solution of biphenyl in ethyl acetate was added as internal standard (1.28·10-3 

mmol in 0.04 mL). Then, addition of 1 mL of more ethyl acetate formed a biphasic 

solution and an aliquot of the organic phase was passed through a plug of MgSO4. The 
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resulting solution was analysed by gas chromatography. The yields reported for each 

reaction are given as an average of at least two runs. 

Injection in the GC-FID of the separated samples of commercial (R)-1-

Phenylethanol and (S)-1-Phenylethanol), allowed us to recognize that the more favoured 

product in the first reactions (Table 4.1) was the R enantiomer. Consequently, the 

equation to calculate the ee% in this thesis chapter is defined as: 

𝑒𝑒% =
(𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑅 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟) − (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑆 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟)

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑅 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟 +  𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑆 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟
 ×  100 

 

General procedure for the H2 evolution monitoring. Once vials are placed in the 

photoreactor, each reaction vial was connected to a differential pressure transducer 

sensor (Honeywell-ASCX15DN) with a reference vial that contains only NMe2PCIr, 

electron donor and solvent. The reaction and reference vials were kept under the same 

experimental conditions to compensate the noise due to temperature-pressure 

fluctuations. The dihydrogen generated in the reaction vessels were monitored by 

recording the increase of pressure in the headspace, which is measured as the difference 

in pressure between the reaction and the reference vial. 

 

4.4.5. Synthesis and characterization of the chloride building block 

Synthesis of methyl 6-(((tert-butyldimethylsilyl)oxy)methyl)nicotinate (py-1): 

Starting from the commercial compound pyridine-2,5-dicarboxylic acid, procedures 

from the literature were applied for the sequential steps of esterification,110 

regioselective reduction111 and silylation,112 obtaining py-1 in 83% yield from the three 

steps. 
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Synthesis of (6-(((tert-butyldimethylsilyl)oxy)methyl)pyridin-3-

yl)diphenylmethanol (py-2): to a stirred solution of py-1 (630 mg, 2.24 mmol, 1equiv.) 

in Et2O (5 mL) at -78 °C was added dropwise PhLi (1.8 M sol in Bu2O, 2.61 mL, 4.70 

mmol, 2.1 equiv.). The reaction was slowly warmed up to room temperature over 2 h, 

then quenched by small portions of dry CO2, filtered and the filtrate was concentrated 

at reduced pressure. The crude was purified through silica with hexane/ethyl acetate 

(pure hexane, then 10:1) to give 838 mg of the desired product (92%). 1H-NMR (CDCl3, 

400 MHz, 300 K) δ, ppm: 8.46 (s, 1H), 7.67 (d, J=7.4, 1H), 7.49 (d, J=8.1, 1H), 7.36-

7.23 (m, 10H), 0.95 (s, 9H), 0.12 (s, 6H). 13C[1H]-NMR (CDCl3, 100.6 MHz, 300 K) δ, 

ppm:160.2, 148.3, 146.3, 140.6, 136.4, 128.3, 127.9, 127.8, 119.2, 80.8, 65.9, 26.1, -5.2. 

 

Synthesis of (5-(methoxydiphenylmethyl)pyridin-2-yl)methanol (py-3): In the 

glovebox, to a vial containing a solution of py-2 (710 mg, 1.75 mmol, 1.00 equiv.) in 

THF (6 ml) was added NaH (144 mg, 5.99 mmol, 3.40 equiv.) and iodomethane (351 

μL, 5.64 mmol, 3.22 equiv.). Then, the vial was crimped and the mixture was stirred for 

72 hours at room temperature. Out of the glovebox, the mixture was slowly quenched 

with ice, then extracted in dichloromethane/water and dried over MgSO4. The solvent 

was removed and the crude was further stirred for 4 h in 3 ml of THF with excess of 

tetrabutylammonium fluoride (1.37 g, 5.25 mmol, 3 equiv.). Volatiles were evaporated 

in vacuo, and the crude was purified through silica with hexane/ethyl acetate (1:2) to 

give 469 mg of the desired product in 87% yield. 1H-NMR (CDCl3, 400 MHz, 300 K) 

δ, ppm: 8.68 (d, J = 2.2 Hz, 1H), 7.83 (dd, J = 8.2, 2.2 Hz, 1H) 7.44-7.20 (m, 10H), 4.77 

(s, 2H), 3.08 (s, 3H). 
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Synthesis of 2-(chloromethyl)-5-(methoxydiphenylmethyl)pyridine (qOMepy-

Cl): py-3 (458 mg, 1.50 mmol, 1 equiv.) was dissolved in CH2Cl2 (4 mL) at 0 ºC. SOCl2 

(251 μL, 3.45 mmol, 2.3 equiv.) was cautiously added dropwise, and the mixture was 

stirred overnight at room temperature. The solvent was removed by bubbling nitrogen 

into the crude reaction mixture to minimize the amount of aqueous  was added (sat., 3 

ml). The organic layer was extracted in dichloromethane/water, dried over MgSO4 and 

dried under vacuum to give 310 mg of the desired product in 64% yield. 1H-NMR 

(CDCl3, 400 MHz, 300 K) δ, ppm: 8.73 (d, J=1.5, 1H), 7.85 (dd, J=8.2, 2.4, 2H), 7.47-

7.41 (m, 4H), 7.39-7.27 (m, 6H), 4.68 (s, 2H), 3.10 (s, 3H). 13C[1H]-NMR (CDCl3, 100.6 

MHz, 300 K) δ, ppm: 13C NMR (101 MHz, CDCl3) δ 154.7, 149.4, 142.5, 140.0, 137.0, 

128.8, 128.2, 127.6, 122.0, 52.1, 46.4. GC-MS (m/z) = 323.2.  

 

4.4.6. Synthesis and characterization of chiral ligands 

 

Synthesis of (2S,2'S)-1,1'-bis((6-methylpyridin-2-yl)methyl)-2,2'-

bipyrrolidine (o-MePDP): 2-(chloromethyl)-6-methylpyridine (50.5 mg, 357 μmol), 

(2S,2'S)-2,2'-bipyrrolidine (25.0 mg, 178.2 μmol) and anhydrous acetonitrile (10 mL) 

were mixed in a 25 mL flask with Na2CO3 (104 mg) and tetrabutylammonium bromide 

(2 mg). The resulting mixture was heated at reflux under N2 for 18 h. After cooling to 

room temperature, the mixture was extracted in dichloromethane/water and dried over 

MgSO4. The crude was condensed and purified through neutral alumina with 

hexane/ethyl acetate (5:1) for the elution, obtaining 59 mg of a colorless oil (94%). 1H-
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NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 7.44 (t, J = 7.7, 1H), 7.19 (d, J = 7.7, 1H), 6.91 

(d, J = 7.6, 1H), 4.12 (d, J = 14.6, 1H), 3.44 (d, J = 14.6, 1H), 2.98 (dt, J = 8.9, 4.3, 1H), 

2.76 (p, J = 4.4, 1H), 2.47 (s, 3H), 2.19 (q, J = 8.5, 1H), 1.85–1.53 (m, 5H). 13C[1H]-

NMR (CDCl3, 100.6 MHz, 300 K) δ, ppm: 160.0, 157.3, 136.5, 121.1, 119.4, 65.4, 61.2, 

55.34, 26.0, 24.5, 23.7. 

 

Synthesis of (2S,2'S)-1,1'-bis(quinolin-2-ylmethyl)-2,2'-bipyrrolidine 

(quinPDP): 2-(chloromethyl)quinoline hydrochloride (104 mg, 485 μmol), (2S,2'S)-2,2'-

bipyrrolidine (34.0 mg, 242 μmol) and anhydrous acetonitrile (10 mL) were mixed in a 

25 mL flask with Na2CO3 (141 mg) and tetrabutylammonium bromide (3 mg). The 

resulting mixture was heated at reflux under N2 for 18 h. After cooling to room 

temperature, the mixture was extracted in dichloromethane/water and dried over 

MgSO4. The crude was condensed and purified through neutral alumina with 

hexane/ethyl acetate (5:1) for the elution, obtaining 75 mg of a yellowish oil (73%). 1H-

NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 8.02 (dd, J = 13.0, 8.5, 4H), 7.73 – 7.69 (m, 

2H), 7.64 (ddd, J = 8.4, 6.9, 1.5, 2H), 7.57 (d, J = 8.5, 2H), 7.44 (ddd, J = 8.1, 7.0, 1.1, 

2H), 4.38 (d, J = 14.3, 2H), 3.68 (d, J = 14.2, 2H), 2.98–2.89 (m, 4H), 2.30 (q, J = 8.7, 

2H), 1.93–1.77 (m, 4H), 1.75–1.66 (m, 4H). 13C[1H]-NMR (CDCl3, 100.6 MHz, 300 K) 

δ, ppm: 161.3, 147.5, 136.2, 129.3, 129.0, 127.5, 127.3, 125.9, 121.0, 65.6, 61.9, 55.4, 

26.2, 23.8. 
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Synthesis of (2S,2'S)-1,1'-bis((6-phenylpyridin-2-yl)methyl)-2,2'-

bipyrrolidine (o-PhPDP): 2-(chloromethyl)-6-phenylpyridine (116 mg, 570 μmol), 

(2S,2'S)-2,2'-bipyrrolidine (40.0 mg, 285 μmol) and anhydrous acetonitrile (10 mL) 

were mixed in a 25 mL flask with Na2CO3 (166 mg) and tetrabutylammonium bromide 

(2 mg). The resulting mixture was heated at reflux under N2 for 22 h. After cooling to 

room temperature, the mixture was extracted in dichloromethane/water and dried over 

MgSO4. The crude was condensed and purified through neutral alumina with 

hexane/ethyl acetate (5:1) for the elution, obtaining 93 mg of a yellowish oil (69%). 1H-

NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 8.00–7.95 (m, 4H), 7.64 (t, J = 7.7, 2H), 7.52 

(d, J = 7.6, 2H), 7.48–7.41 (m, 4H), 7.41–7.34 (m, 4H), 4.32 (d, J = 14.7, 2H), 3.65 (d, 

J = 14.8, 2H), 3.09 (dt, J = 9.5, 4.4, 2H), 2.99-2.90 (m, 2H), 2.34 (q, J = 8.5, 2H), 1.92–

1.69 (m, 8H). 13C[1H]-NMR (CDCl3, 100.6 MHz, 300 K) δ, ppm: 160.6, 156.5, 139.8, 

137.0, 128.7, 127.3, 121.0, 118.4, 65.5, 61.3, 55.3, 26.3, 23.8. [α]D = -11.5° (measured 

at 25 ºC). 

 

Synthesis of (2S,2'S)-1,1'-bis((5-(tert-butyl)benzo[d]oxazol-2-yl)methyl)-2,2'-

bipyrrolidine (oxazBP): 5-(tert-butyl)-2-(chloromethyl)benzo[d]oxazole (47.9 mg, 

214 μmol), (2S,2'S)-2,2'-bipyrrolidine (15.0 mg, 107 μmol) and anhydrous acetonitrile 

(10 mL) were mixed in a 25 mL flask with Na2CO3 (62.4 mg) and tetrabutylammonium 

bromide (2 mg). The resulting mixture was heated at reflux under N2 for 70 h. After 

cooling to room temperature, the mixture was extracted in dichloromethane/water and 

dried over MgSO4. The crude was condensed and purified twice through neutral alumina 

with hexane/ethyl acetate (10:1) for the elution, obtaining 9.9 mg of a brownish oil 

(9%). 1H-NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 7.88 (m, 2H), 7.31 (m, 4H), 4.55 (d, 

J = 15.1, 2H), 3.91 (d, J = 15.0, 2H), 3.16 (ddd, J = 9.2, 6.5, 2.9, 2H), 2.90 (td, J = 5.3, 

2.0, 2H), 2.50 (td, J = 9.2, 6.9, 2H), 1.91 (m, 2H), 1.70 (m, 8H), 1.35 (s, 18H). 13C[1H]-
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NMR (CDCl3, 100.6 MHz, 300 K) δ, ppm: 165.1, 147.7, 141.1, 122.5, 116.5, 109.8, 

66.5, 55.3, 52.2, 31.9, 27.7, 23.8. 

 

Synthesis of (1S,2S)-N1,N2-dimethyl-N1,N2-bis((6-methylpyridin-2-

yl)methyl)cyclohexane-1,2-diamine (o-MeMCP): 2-(chloromethyl)-6-methylpyridine 

hydrochloride (179 mg, 1.27 mmol), (2S,2'S)- (1S,2S)-N1,N2-dimethycyclohexane-1,2-

diamine (90.0 mg, 633 μmol) and anhydrous acetonitrile (10 mL) were mixed in a 25 

mL flask with Na2CO3 (369 mg) and tetrabutylammonium bromide (4 mg). The 

resulting mixture was heated at reflux under N2 for 18 h. After cooling to room 

temperature, the mixture was extracted in dichloromethane/water and dried over 

MgSO4. The crude was condensed and purified through neutral alumina with 

hexane/ethyl acetate (5:1) for the elution, obtaining 187 mg of a colourless oil (94%). 

1H-NMR (CDCl3, 400 MHz, 300 K) δ, ppm:  7.47 (t, J = 7.2, 1H), 7.39 (d, J = 7.9, 2H), 

6.97 (d, J = 7.4, 2H), 3.89 (d, J = 14.8, 2H), 3.75 (d, J = 14.9, 2H), 2.65 (m, 2H), 2.52 

(s, 6H), 2.28 (s, 6H), 1.97 (m, 2H), 1.76 (m, 2H), 1.27 (m, 2H), 1.15 (m, 2H). 13C[1H]-

NMR (CDCl3, 100.6 MHz, 300 K) δ, ppm: 161.1, 157.2, 136.6, 121.1, 119.7, 64.9, 60.5, 

36.8, 26.0, 25.9, 24.6. [α]D = +8.5° (measured at 25 ºC). 

 

Synthesis of (1S,2S)-N1,N2-dimethyl-N1,N2-bis(quinolin-2-

ylmethyl)cyclohexane-1,2-diamine (quinMCP): 2-(chloromethyl)quinoline 

hydrochloride (151 mg, 703 μmol), (2S,2'S)- (1S,2S)-N1,N2-dimethycyclohexane-1,2-
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diamine (50.0 mg, 351 μmol) and anhydrous acetonitrile (10 mL) were mixed in a 25 

mL flask with Na2CO3 (205 mg) and tetrabutylammonium bromide (3 mg). The 

resulting mixture was heated at reflux under N2 for 18 h. After cooling to room 

temperature, the mixture was extracted in dichloromethane/water and dried over 

MgSO4. The crude was condensed and purified through neutral alumina with 

hexane/ethyl acetate (5:1) for the elution, obtaining 110 mg of a yellowish oil (74%). 

1H-NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 8.03 (d, J = 8.4, 2H), 7.93 (d, J = 8.5, 2H), 

7.72 (ddd, J = 15.0, 8.3, 4H), 7.75-7.69 (m, 2H), 7.47–7.38 (m, 2H), 4.07 (d, J = 14.2, 

1H), 3.88 (d, J = 14.2, 2H), 2.72–2.65 (m, 2H), 2.29 (s, 6H), 2.01 (d, J=11.7, 2H), 1.76-

1.70 (m, 2H), 1.32-1.20 (m, 2H), 1.19-1.07 (m, 2H). 13C[1H]-NMR (CDCl3, 100.6 MHz, 

300 K) δ, ppm: 162.3, 147.6, 136.1, 129.2, 128.9, 127.6, 127.5, 125.9, 121.5, 64.8, 60.7, 

37.0, 25.9, 25.3. [α]D = +17.4° (measured at 25 ºC). 

 

 

Synthesis of (2S,2'S)-1,1'-bis((5-(methoxydiphenylmethyl)pyridin-2-

yl)methyl)-2,2'-bipyrrolidine (qOMePDP): 2-(chloromethyl)-5-

(methoxydiphenylmethyl)pyridine (100 mg, 309 μmol), (2S,2'S)-2,2'-bipyrrolidine 

(19.7 mg,  140 μmol) and anhydrous acetonitrile (10 mL) were mixed in a 25 mL flask 

with Na2CO3 (164 mg) and tetrabutylammonium bromide (2 mg). The resulting mixture 

was heated at reflux under N2 for 18 h. After cooling to room temperature, the mixture 

was extracted in dichloromethane/water and dried over MgSO4. The crude was 

condensed and purified through neutral alumina with hexane/ethyl acetate (5:1) for the 

elution, obtaining 180 mg of a colorless oil (90%). 1H-NMR (CDCl3, 400 MHz, 300 K) 

δ, ppm: 8.58 (dd, J = 2.4, 0.4, 2H), 7.67 (dd, J = 8.2, 2.4, 2H), 7.44–7.37 (m, 8H), 7.31 

(ddd, J = 10.6, 6.1, 2.3, 10H), 7.25 (s, 2H), 4.11 (d, J = 14.3, 2H), 3.45 (d, J = 14.2, 2H), 
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3.05 (s, 6H), 3.03-2.97 (m, 2H), 2.77-2.71 (t, J = 6.0, 2H), 2.23-2.15 (q, J = 8.6, 2H), 

1.80–1.71 (m, 4H), 1.70-1.64 (m, 2H), 0.88 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 

149.2, 143.1, 136.7, 128.8, 128.1, 127.4, 122.1, 85.9, 65.6, 60.8, 55.5, 52.1, 23.6. 

[α]D = -12.2° (measured at 25 ºC). 

 

Synthesis of (2S,2'S)-1,1'-bis((5-(2,6-bis(trifluoromethyl)phenyl)pyridin-2-

yl)methyl)-2,2'-bipyrrolidine (Ar-iPrPDP): 5-(2,6-bis(trifluoromethyl)phenyl)-2-

(chloromethyl)pyridine (121 mg, 357 μmol), (2S,2'S)-2,2'-bipyrrolidine (25 mg,  178 

μmol) and anhydrous acetonitrile (10 mL) were mixed in a 25 mL flask with Na2CO3 

(104 mg) and tetrabutylammonium bromide (1 mg). The resulting mixture was heated 

at reflux under N2 for 18 h. After cooling to room temperature, the mixture was extracted 

in dichloromethane/water and dried over MgSO4. The crude was condensed and purified 

through neutral alumina with hexane/ethyl acetate (5:1) for the elution, obtaining 

110 mg of a colourless oil (83%). 1H NMR (CDCl3, 400 MHz), δ(ppm): 8.40 (s, 2H), 

7.98 (d, J = 8.0, 4H), 7.66 (t, J = 8.0, 2H), 7.54 (d, J = 8.0, 2H), 7.48 (d, J = 8.0, 2H),  

4.19 (d, J=14.3, 2H), 3.64 (d, J=14.3, 2H), 3.05 (dt, J=8.8, 4.3, 2H), 2.75 (t, J=6.1, 2H), 

2.30 (q, J=8.5, 2H), 1.85-1.78 (m, 4H), 1.77-1.69 (m, 4H). 13C NMR (101 MHz, CDCl3) 

δ(ppm) 149.0, 137.8, 129.5, 129.4, 128.7, 121.3, 65.7, 61.3, 55.8, 26.1, 23.8. [α]D = -

15.6° (measured at 25 ºC). 

 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Chapter 4 

- 162 - 

 

 

Synthesis of (2S,2'S)-1,1'-bis((5-(2,4,6-triisopropylphenyl)pyridin-2-yl)methyl)-

2,2'-bipyrrolidine (Ar-iPrPDP): To a previously dried Schlenk flask equipped with a 

magnetic stirring bar, (2S,2'S)-2,2'-bipyrrolidine (12.3 mg; 0.018 mmol; 1 eq.) was 

added, along with 2-(chloromethyl)-5-(2,4,6-triisopropylphenyl)pyridine (58.1 mg; 

0.17 mmol; 2 eq.), Na2CO3 (51.3 mg; 0.43 mmol; 5.5 eq.) and tetrabutylammonium 

bromide (2.8 mg; 0.008 mmol; 0.1 eq.). All reaction constituents were dissolved in 8 

mL of anhydrous acetonitrile, heated to 90 °C and left to reflux overnight under a 

nitrogen atmosphere. After 18 hours, the reaction was cooled to room temperature and 

25 mL of water were added. The mixture was extracted 4 x 15 mL of DCM. All organic 

layers were combined, washed with brine and dried over MgSO4. The solvent was 

removed in vacuo, and the crude was obtained as a yellow-brown oil. Purification was 

performed by column chromatography on neutral alumina with EtOAc as the mobile 

phase. 1H NMR (CDCl3, 500 MHz), δ(ppm): 1.08-1.15 (m, 33H), 1.74-1.92 (m, 10H), 

2.59 (hept, 6H, J = 6.86 Hz), 2.83-2.91 (m, 2H), 2.97 (hept, 2H, J = 6.89 Hz), 3.12-3.19 

(m, 2H), 3.61 (d, 2H, J = 13.96 Hz), 4.22 (d, 2H, J = 14.00 Hz), 7.10 (s, 4H) 7.51 (bs, 

4H), 8.41 (bs, 2H). 13C NMR (CDCl3, 125 MHz), δ(ppm): 23.9, 24.1, 24.2, 24.3, 52.7, 

58.7, 65.0, 120.6, 121.1, 122.9, 131.9, 136.6, 139.6, 147.3, 149.2, 150.4. [α]D = -10.7° 

(measured at 25 ºC). 
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Synthesis of (2S,2'S)-1,1'-bis((5-(2-(3,5-di-tert-butylphenyl)propan-2-yl)pyridin-2-

yl)methyl)-2,2'-bipyrrolidine (Ar-tBuPDP): To a previously dried Schlenk flask 

equipped with a magnetic stirring bar, (2S,2'S)-2,2'-bipyrrolidine (35.1 mg; 0.25 mmol; 

1 eq.) was added, along with 2-(chloromethyl)-5-(2-(3,5-di-tert-butylphenyl)propan-2-

yl)pyridine (187.0 mg; 0.5 mmol; 2 eq.), Na2CO3 (145.7 mg; 1.4 mmol; 5.5 eq.) and 

tetrabutylammonium bromide (8.1 mg; 0.025 mmol; 0.1 eq.). All reaction constituents 

were dissolved in 10 mL of anhydrous acetonitrile, heated to 90 °C and left to reflux 

overnight under a nitrogen atmosphere. After 18 hours, the reaction mixture changed 

color from white to light pink. It was cooled to room temperature and 35 mL of water 

were added. The mixture was extracted 4 x 15 mL of DCM. All organic layers were 

combined, washed with brine and dried over MgSO4. The solvent was removed in 

vacuo, and the crude was obtained as a yellow-brown oil. Purification was performed 

by column chromatography on neutral alumina with EtOAc as the mobile phase. 1H 

NMR (CDCl3, 500 MHz), δ(ppm): 1.30 (s, 30H), 1.65-1.78 (m, 8H), 2.14-2.17 (m, 2H), 

2.75-2.76 (m, 2H), 2.91-2.93 (m, 2H), 3.84 (d, 2H, J = 14.07 Hz), 4.09 (d, 2H, J = 14.19 

Hz), 6.80 (dd, 2H, J = 7.88 Hz, 1.73 Hz), 7.07 (d, 2H, J = 1.60 Hz), 7.12 (d, 2H, J = 

7.90 Hz), 7.95 (d, 2H, J = 1.95 Hz). 13C NMR (CDCl3, 125 MHz), δ(ppm): 23.4, 31.5, 

34.9, 55.2, 60.4, 60.6, 65.1, 119.7, 120.4, 121.3, 132.2, 137.9, 146.7, 150.0, 150.2, 

157.7, 171.1. [α]D = -11.0° (measured at 25 ºC). 

4.4.7. Synthesis and characterization of chiral complexes 
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Synthesis of o-MePDPCoCl: In a glovebox, a solution of CoCl2 (7.3 mg, 57 μmol) 

in anhydrous THF (1 mL) was added dropwise to a vigorously stirred solution of the 

ligand (20 mg, 57 μmol) in THF (1 mL). After few minutes, the solution become cloudy 

and a purple precipitate appeared. After stirring overnight, the solution was filtered off 

and the resulting solid dried under vacuum (14 mg, 29.0 μmol, 51%). Anal. Calcd (%) 

for C22H30Cl2CoN4·H2O: C, 53.02; H, 6.25; N, 11.27; found: C 53.34, H 4.70, N: 8.74. 

 

 

Synthesis of quinPDPCoCl: In a glovebox, a solution of CoCl2 (10.7 mg, 82.8 μmol) 

in anhydrous THF (1 mL) was added dropwise to a vigorously stirred solution of the 

ligand (35.0 mg, 82.8 μmol) in THF (1 mL). After few minutes, the solution become 

cloudy and a dark green precipitate appeared. After stirring overnight the solution was 

filtered off and the resulting solid dried under vacuum (37.9 mg, 68.7 μmol, 83%). Anal. 

Pendant. 
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 Synthesis of quinPDPCoOTf: In a glovebox, a solution of Co(OTf)2(CH3CN)2 (79 

mg, 180 μmol) in anhydrous THF (1 mL) was added dropwise to a vigorously stirred 

solution of the ligand (84 mg, 200 μmol) in THF (1 mL). After few minutes, the solution 

become cloudy and a brown precipitate appeared. After stirring overnight the solution 

was filtered off through a short celite path and the resulting solid was dried under 

vacuum. This solid was dissolved in dichloromethane and the slow diffusion of diethyl 

ether into this solution produced 123.5 mg of brownish powder (158.4 μmol, 88%). 

Anal. Calcd (%) for C30H30CoF6N4O6S2· 3 H2O: C 43.22, H 4.35, N: 6.72; found: C 

43.11, H 4.28, N: 6.59. 

 

 

Synthesis of o-PhPDPCoCl: In a glovebox, a solution of CoCl2 (17 mg, 110 μmol) 

in anhydrous THF (1 mL) was added dropwise to a vigorously stirred solution of the 

ligand (56.0 mg, 120 μmol) in THF (1 mL). After few minutes, the solution become 

cloudy and a dark blue precipitate appeared. After stirring overnight, the solution was 

filtered off and the resulting blue solid dried under vacuum (54.4 mg, 90 μmol, 75%). 

Anal. Calcd (%) for C32H34Cl2CoN4 ·7/4 H2O·5/2 CH2Cl2: C 48.85, H 5.05, N 6.60; 

found: C 48.50, H 4.88, N 6.91. 
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Synthesis of oxazBPCoOTf: In a glovebox, a solution of Co(CH3CN)2(OTf)2 (7.3 

mg, 17 μmol) in anhydrous THF (1 mL) was added dropwise to a vigorously stirred 

solution of the ligand  (9.5 mg, 18 μmol) in THF (1 mL). After few minutes, the solution 

become cloudy and a dark brown precipitate appeared. After stirring overnight, the 

solution was filtered off and the resulting solid dried under vacuum. The residual solid 

was dissolved in dry DCM and placed within a container containing dry Et2O and left 

to crystalize (9.6 mg, 11 μmol, 62%). Anal. Pendant. 

 

 

Synthesis of o-MeMCPCoOTf: In a glovebox, a solution of Co(CH3CN)2(OTf)2 (83 

mg, 190 μmol) in anhydrous THF (1 mL) was added dropwise to a vigorously stirred 

solution of the ligand (70 mg, 200 μmol) in THF (1 mL). After few minutes, the solution 

become cloudy and a brown precipitate appeared. After stirring overnight, the solution 

was filtered off and the resulting solid dried under vacuum (120 mg, 170 μmol, 85%). 

Anal. Calcd (%) for C24H32CoF6N4O6S2· 2 H2O: C 38.66, H 4.87, N 7.51; found: C 

38.45, H 4.69, N 7.36. 
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Synthesis of o-MeMCPCoOTf: In a glovebox, a solution of Co(CH3CN)2(OTf)2 (79 

mg, 180 μmol) in anhydrous THF (1 mL) was added dropwise to a vigorously stirred 

solution of the ligand (80 mg, 190 μmol) in THF (1 mL). After few minutes, the solution 

become cloudy and a brown precipitate appeared. After stirring overnight, the solution 

was filtered off and the resulting solid dried under vacuum (132 mg, 29.0 μmol, 90%). 

Anal. Calcd (%) for C30H32CoF6N4O6S2· 3/2 H2O : C 44.56, H 4.36, N 6.93; found: C 

44.62, H 4.53, N 6.8. 

 

 

Synthesis of qOMePDPCoOTf: In a glovebox, a solution of Co(CH3CN)2(OTf)2 (104 

mg, 239 μmol) in anhydrous THF (1 mL) was added dropwise to a vigorously stirred 

solution of the ligand (175 mg, 245 μmol) in THF (1 mL). After few minutes, the 

solution become cloudy and a pale pink precipitate appeared. After stirring overnight, 

the solution was filtered off and the resulting solid dried under vacuum (155 mg, 190 

μmol, 77%). Anal. Calcd (%) for C50H50CoF6N4O8S2· 5/2 H2O: C 53.76, H 4.96, N 5.02; 

found: C 53.71, H 4.66, N: 5.08. 
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Synthesis of Ar-CF3PDPCoOTf: Into a vial equipped with a magnetic stirring bar 

Co(CH3CN)2(TfO)2 (55.4 mg; 0.127 mmol; 0.95 eq.) was added and dissolved in 1 mL 

of dry THF. Into a second vial, the ligand (100 mg; 0.134 mmol; 1 eq.) was added and 

dissolved in 0.5 mL of dry THF. The ligand solution was added dropwise to the stirred 

solution of the cobalt salt. An immediate color change was observed (to pink-brown). 

The reaction was left stirring at room temperature under an inert atmosphere. 

Afterwards, the solvent was removed in vacuo and the residue was washed once with 1 

mL of dry Et2O, and it was removed in vacuo after 10 minutes of stirring at room 

temperature. The residual solid was dissolved in dry DCM and placed within a container 

containing dry Et2O and left to crystalize. Crystals were obtained but were not 

diffractable (119.2 mg, 108 μmol, 81%). Anal. Pendant. 

 

Synthesis of Ar-iPrPDPCoOTf: Into a vial equipped with a magnetic stirring bar 

Co(CH3CN)2(OTf)2 (16.3 mg; 0.042 mmol; 0.98 eq.) was added and dissolved in 1 mL 

of dry THF. Into a second vial, the ligand (31.1 mg; 0.043 mmol; 1 eq.) was added and 

dissolved in 0.5 mL of dry THF. The ligand solution was added dropwise to the stirred 

solution of the cobalt salt. An immediate color change was observed (from pink to 

yellow-brown). The reaction was left stirring at room temperature under an inert 

atmosphere. Afterwards, the solvent was removed in vacuo and the residue was washed 
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once with 1 mL of dry Et2O, and it was removed in vacuo after 10 minutes of stirring at 

room temperature. The residual solid was dissolved in dry DCM and placed within a 

container containing dry Et2O and left to crystalize. Pale yellow crystals were obtained 

(38.2 mg, 35.2 μmol, 82%). Anal. Pendant. 

 

Synthesis of Ar-tBuPDPCoOTf: Into a vial equipped with a magnetic stirring bar 

Co(OTf)2(CH3CN)2 (18.7 mg; 0.049 mmol; 0.98 eq.) was added and dissolved in 1 mL 

of dry THF. Into a second vial, L2 (40.2 mg; 0.049 mmol; 1 eq.) was added and 

dissolved in 0.5 mL of dry THF. The ligand solution was added dropwise to the stirred 

solution of the cobalt salt. An immediate color change was observed (from pink to 

amber). The reaction was left stirring at room temperature under an inert atmosphere. 

Afterwards, the solvent was removed in vacuo and the residue was washed once with 1 

mL of dry Et2O, and it was removed in vacuo after 10 minutes of stirring at room 

temperature. The residual solid was dissolved in dry DCM and placed within a container 

containing dry Et2O and left to crystalize. Pale brown crystals were obtained (48.1 mg, 

41.1 μmol, 84%). Anal. Pendant. 
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4.4.8. X-Ray structures 

 

Figure 4. 5. Solid state structures by single-crystal X-Ray diffraction of complex o-MePDPNiCl. 

The hydrogen atoms are omitted for clarity. 

 
Figure 4. 6. Solid state structures by single-crystal X-Ray diffraction of complex oxazBPCoOTf. 

The hydrogen atoms are omitted for clarity. 
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Figure 4. 7. Solid state structures by single-crystal X-Ray diffraction of complex 
qOMePDPCoOTf. The hydrogen atoms and solvent molecules are omitted for clarity. 

 

 
Figure 4. 8. Solid state structures by single-crystal X-Ray diffraction of complex Ar-

iPrPDPCoOTf. The hydrogen atoms and solvent molecules are omitted for clarity. 
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Figure 4. 9. Solid state structures by single-crystal X-Ray diffraction of complex Ar-

tBuPDPCoOTf. The hydrogen atoms and solvent molecules are omitted for clarity. 

 

 

4.4.9. Spectra collection 

  

Figure 4. 10. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product py-2. 
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Figure 4. 11. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product py-2. 

 

Figure 4. 12. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product py-3. 
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Figure 4. 13. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product qOMepy-Cl. 

Figure 4. 14. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product 
qOMepy-Cl. 
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Figure 4. 15. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product o-MePDP. 

 
Figure 4. 16. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product 
o-MePDP. 
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Figure 4. 17. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product quinPDP. 

 

Figure 4. 18. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product 
quinPDP. 
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Figure 4. 19. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product o-PhPDP. 

 
Figure 4. 20. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product o-

PhPDP. 
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Figure 4. 21. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product oxazPDP. 

 

Figure 4. 22. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product 
oxazBP. 
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Figure 4. 23. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product o-MeMCP. 

 

Figure 4. 24. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product o-

MeMCP. 
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Figure 4. 25. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product quinMCP. 

 

Figure 4. 26. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product 
quinMCP. 
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Figure 4. 27. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product qOMePDP. 

 

Figure 4. 28. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product 
qOMePDP. 
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Figure 4. 29. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product Ar-CF3PDP. 

 

Figure 4. 30. 13C[1H]-DEPTQ-135-NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product Ar-

CF3PDP. 
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Figure 4. 31. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product Ar-iPrPDP. 

 

Figure 4. 32. 13C NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product Ar-iPrPDP. 
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Figure 4. 33. 1H-NMR (CDCl3, 400 MHz, 300 K) spectrum of product Ar-tBuPDP. 

 

Figure 4. 34. 13C NMR spectrum (CDCl3, 100.6 MHz, 300 K) of product Ar-tBuPDP. 
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Figure 4. 35. 1H-NMR (CD3CN, 400 MHz, 300 K) spectrum of product o-MePDPCoCl. 

 

Figure 4. 36. Paramagnetic 1H-NMR (CD3CN, 400 MHz, 300 K) spectrum of product 
o-MePDPCoCl. 
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Figure 4. 37. 1H-NMR (CD3CN, 400 MHz, 300 K) spectrum of product quinPDPCoCl. 

 

Figure 4. 38. Paramagnetic 1H-NMR (CD3CN, 400 MHz, 300 K) spectrum of product 
quinPDPCoCl. 
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Figure 4. 39. Paramagnetic 1H-NMR (CD3CN, 400 MHz, 300 K) spectrum of product o-

PhPDPCoCl. 

 

Figure 4. 40. Paramagnetic 1H-NMR (CD3CN, 400 MHz, 300 K) spectrum of product o-

PhPDPCoCl. 
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Figure 4. 41. Paramagnetic 1H-NMR (CD3CN, 400 MHz, 300 K) spectrum of product 
quinPDPCoOTf. 

 

Figure 4. 42. Paramagnetic 1H-NMR (CD3CN, 400 MHz, 300 K) spectrum of product 
quinPDPCoOTf. 
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5.1. State of the art 

Cyclometalated iridium(III) polypyridine complexes are well-established 

photosensitizers that have been extensively used for both energy transfer (EnT, see 

Chapter 1) and electron transfer (ET) reactions.1-3. Still, recent reports in which iridium 

photoredox catalysts (PC) exhibited a strong reductive power are challenging to explain 

by classic mechanisms (see Chapter 1 and Scheme 5.1). 4-8  

 

Scheme 5.1. Classic photoredox cycles. PC = Photoredox Catalyst; ED = Electron Donor; S = 

Substrate. 

An example of hypothesizing potential new mechanisms is found in the recent 

publication by Theunissen and co-workers.4 In this case, the use of [Ir(ppy)2(tBubpy)]PF6 

(tBuPCIr) or fac-Ir(ppy)3, in combination with sacrificial electron donors (ED) under 

light irradiation, affords carbon-centred radicals from challenging to reduce ammonium 

salts (Ered from -1.7 V to -2.5 V vs SCE, Scheme 5.2). Nonetheless, the authors recognize 

that the expected mechanisms of reductive and oxidative quenching for tBuPCIr
+ and 

fac-Ir(ppy)3, respectively, are restricted by their redox potentials and cannot directly 

explain the observed reactivity. 

 

Scheme 5.2. Hydrodeamination of ammonium salts by Theunissen and co-workers. 
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A leading alternative mechanistic proposal corresponds to Connell and co-workers' 

work, who introduced in 2019 that tBuPCIr can be partially hydrogenated by the in situ 

generated radical species derived from amine oxidation. Then, the partial hydrogenation 

of tBuPCIr produces a more reductive PC, which operates in a tandem fashion (Scheme 

5.3) to reduce aryl halides with a redox potential up to -2.7 V.5 However, the calculated 

redox potential for the tandem PC system (H-tBuPCIr, Eox* = -1.7 V) does not match for 

the proposed electron transfer, and the authors recognize that alternative multiphoton 

mechanisms are likely involved.6 

 

Scheme 5.3. Dehalogenation of aryl halides by Connell and co-workers. PC = Photoredox 

Catalyst; ED = Electron Donor; S = Substrate. Charges in the mechanistic cycle are drawn for a 

neutral PC for easier comparison with Scheme 5.1. 

In the same year, König demonstrated that tBuPCIr
+ could also participate in 

assembly-promoted single electron transfer (APSET) to non-activated alkyl chlorides 

(Ered up to -2.8 V vs SCE in DMF) prompted by the use of microstructured aqueous 

solutions.7 In their work, micelles provide pre-aggregation between substrates and the 

in situ reduced tBuPCIr
0. This renders the desired carbon-centered radicals rather than 

deleterious back electron transfer to the electron donor. The proposed mechanistic 

hypothesis relies on the second photon absorption by the intermediate tBuPCIr
0 to either 

undergo outer sphere ET with the substrate or release a solvated electron. Nonetheless, 

no experimental evidence was included to support a multiphoton pathway. 
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Scheme 5.4. Dehalogenation of alkyl halides by König group. The proposed mechanism implied 

multiphoton absorption. PC = Photoredox Catalyst; ED = Electron Donor; S = Substrate. Charges 

in the mechanistic cycle are drawn for a neutral PC for easier comparison with Scheme 5.1. 

Wenger and co. reported in 2019 an anionic iridium catalyst that generates hydrated 

electrons (e-
aq, Ered = -3.1 vs SCE in water) via two consecutive photon absorption steps 

(Scheme 5.5).8 These events were strongly supported by transient absorption 

spectroscopy studies, and the system was applied for selected reductions in water such 

as the dehalogenation of chloroacetate. On the other hand, the solvated electron has been 

also reported in other solvents such us ammonia,9, 10 methanol,11, 12 tetrahydrofuran13 or 

acetonitrile.14 However, to the best of our knowledge there is no photocatalytic protocol 

with solid evidence of using solvated electrons in non-aqueous media, what complicates 

the generalization of this type of mechanism in purely organic solutions. 

 

Scheme 5.5. Chloroacetate dehalogenation by Wenger and co., and the two-photon absorption 

mechanism proposed yielding hydrated electrons. Charges in the mechanistic cycle are drawn 

for a neutral PC for easier comparison with Scheme 5.1. 
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As it has been introduced in the previous chapters of this thesis, our group has used 

iridium photoredox catalysis for the development of different reductive methodologies, 

including hydrogen evolution,15 the selective reduction of aromatic olefins in front of 

aromatic ketones (and vice versa),16 and the coupling of styrene derivatives with alkyl 

chlorides (Scheme 5.6).17 In all these cases, the observed reactivity could be explained 

based on the well-known reductive quenching mechanism (Scheme 5.1, left cycle). 

However, we thought studying the reduced catalytic intermediate further would help us 

better understand the reactivity and develop better photoredox catalytic cycles.4-7 

 

Scheme 5.6. Methodologies based on iridium photoredox catalysis developed in our group. 

With this aim, we selected the non-substituted PCIr
+ [Ir(ppy)2(bpy)]PF6, ppy = 

phenylpyridine, bpy = bipyridine) as the model complex to study and to directly study 

its reduced form PCIr
0. Previous observations in the group suggested that isolated PCIr

0 

was viable, although not viable if considering the literature and its extreme reactivity. 

Having isolated PCIr
0 could open the door for comprehensive spectroscopic 

characterization but, more importantly, direct characterization of their reactivity without 

any other molecule besides the solvent and the added substrate wanted to study. 

Furthermore, we will have the opportunity to study the PCIr
0 excited state reactivity 

directly will also be studied. We expect that this study can clarify the mechanisms that 

PCIr
+ can engage. 
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Scheme 5.7. Comparison between the commonly used fac-Ir(ppy)3 (left), the reduced species 

(center) and a generic heteroleptic cyclometalated iridium complex (right). Note that PCIr
+ is the 

chosen notation for PCIr without the PF6 counteranion. 

5.2. Results and discussion 

5.2.1. Evidence of accumulation of the reduced PCIr
0 intermediate by 

UV-vis 

A technique that allowed us to cleanly follow the one-electron reduction of PCIr
+ 

to PCIr
0 by UV-vis spectroelectrochemistry (see Section 5.4.2 for information about the 

setup). The typical experiment is carried out by monitoring a solution of PCIr
+ (1 mM, 

0.1 M TBAPF6 in anhydrous CH3CN) after applying an electric potential incremented 

slowly from the initial potential (0 V) to negative values (-1.7 V vs SCE). At potentials 

close to -1.4 V vs SCE, four main features appeared at 385, 450, 525 and 850 nm (Figure 

5.1, top), which are characteristic of the previously reported absorption spectrum of 

PCIr
0.18 Then, the PCIr

0 was reversibly oxidized to PCIr
+, recovering the original 

spectrum of the complex PCIr
+ (Experimental Section, Figure 5. 41). The absorption 

spectrum differs from the bipyridinium anion (bpy●‒),19 discarding a potential bpy 

decordination under the studied conditions. 
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Figure 5.1. Top): evolution of the absorption spectrum during the electrochemical reduction of 

PCIr
+ to PCIr

0 in CH3CN. Bottom): Comparison of the spectrum of PCIr
0 and the anion bpy●‒. 

 
Since the PCIr

0 was significantly stable under the spectroelectrochemical 

conditions, we considered to synthesized via a chemical reduction.20 We selected Na/Hg 

amalgam (1% of Na) as a chemical reductant.21 Stirring a solution of PCIr
+ (1 mM in 

CH3CN) with Na/Hg (with 10 equiv of Na) resulted in the formation of an abundant 

precipitate in about 90 s. UV-Vis monitoring of the reaction showed the formation of 

the PCIr
0 with significant scattering, consistent with the formation of the precipitate 

(Experimental section, Figure 5. 42). This observation led us to consider that the 

obtained powder could be the reduced species. The insolubility of PCIr
0 could be 

understood since it is neutrally charged, as the highly insoluble and structurally similar 

neutral fac-Ir(ppy)3 complexes.22 Lowering the experiment's concentration to 100 µM 

resulted enough soluble to monitor the reactions without the appearance of precipitates. 

The naked eye can even monitor the reaction: the colour of the solution changes from 

yellow to orange/red after the one-electron reduction of PCIr
+. Nevertheless, to better 

control the reduction of PCIr
+ to PCIr

0, after the one-electron reduction had finished, 
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the magnetic stirring was stopped to avoid over-reduction. We these considerations, 

PCIr
0 can be cleanly obtained and studied (Figure 5.2). Replacing Na/Hg with similar 

chemical reductants such as KC8 and CoCp*2 (Cp*= 1,2,3,4,5-

Pentamethylcyclopentadienyl) also afforded the desired product (in Experimental 

section, Figure 5. 44).23 

 

Figure 5.2. Left) evolution of the absorption spectrum during the chemical reduction of PCIr
+ 

(100 μM) to PCIr
0 with Na/Hg (10 equiv.) in CH3CN. Right) picture of two cuvettes with PCIr

+ 

(yellow) and PCIr
0 (red) at 330 μM concentration to illustrate the intense colour change. 

We employed reductive quenchers and light (LEDs,  447 nm) as a third way to 

obtain PCIr
0 in the solution.24 It is worth noticing that obtaining PCIr

0 photochemically 

is challenging because organic electron donors can promote other processes apart from 

SET, such as hydrogen atom transfer (HAT)5 or halogen atom transfer (XAT).25-28 In 

particular, tertiary amines are known to generate radicals under photochemical 

conditions that react with the ancillary ligands of iridium photosensitizers (Scheme 5.3 

and Scheme 5.8a).6 
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Scheme 5.8. Selected reported reactivity of a) triethylamine and b) oxalate under conventional 

photochemical conditions. 

With this in mind, we selected tetrabutylammonium oxalate24 (TBA2ox, Scheme 

5.8b) to promote the photoreduction of PCIr
+. We hypothesize TBA2ox is a good 

quencher since its decomposition products are CO2 and CO2
●‒.29, 30 Although CO2

●‒ (Ered 

= -2.2 V vs SCE) can also act as a strong SET agent forms CO2.31 Under these 

conditions, the intermediate PCIr
0 is quickly accumulated (30 s of irradiation, Figure 
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5.3) and the intensity of the UV-Vis band is stable in the range of minute timescale. 

Then, a slow decay of the 525 nm band is observed. 

 

Figure 5.3. Top) absorption spectrum evolution during the PCIr
+ (50 μM) photochemical 

reduction to PCIr
0 with TBA2ox (1.5 equiv.) in CH3CN. Bottom) kinetic traces of selected 

absorption wavelengths. 

For comparative reasons, we studied the effect of Et3N as a source of electrons. In agreement 

with the behavior exposed by Bernhard and co-workers,6 and consistent with previous studies in 
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the group32, 33 the PCIr
0 intermediate cannot be accumulated, although there is a short period in 

which it can be detected. 

 

Figure 5.4. Top) Absorption spectrum evolution during the photochemical reduction of PCIr
+ 

(50 μM) to PCIr
0 with Et3N (25 mM) in CH3CN. Bottom) kinetic trace of selected absorption 

wavelengths under irradiation (started at 10 s of measurement). 

ON/OFF experiments using Et3N showed the stability of the reduced intermediate 

in the absence of irradiation. PCIr
0 quickly disappeared when switching off the LED, 

and the concentration of PCIr
0 was lower with each ON/OFF cycle. This behaviour 

matches with the quick back electron transfer (BET) to the oxidized amine in solution, 

together with the proposed HAT from radical species that gradually consumes the 

original PCIr
+/PCIr

0 redox pair.6 Equivalent ON/OFF irradiation cycles with TBA2ox 

instead of Et3N shows that PCIr
0 decays very slowly, and the recovery of the signal is 

larger. In this case, we hypothesize that the BET is less likely because the homolytic 
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oxalate cleavage is irreversible. This situation matches with a clean ET process between 

TBA2ox and PCIr
+. 

 

 

Figure 5.5. Kinetic trace of selected absorption wavelengths during ON-OFF irradiation cycles 

of PCIr
+ (50 μM) in the presence of Et3N (25 mM) in CH3CN. The LED was turned on for the 

first time after 120 s without irradiation to follow up on any system changes in the absence of 

LED irradiation. 

 

Figure 5.6. Kinetic trace of selected absorption wavelengths during ON-OFF irradiation cycles 

of PCIr
+ (50 μM) in the presence of TBA2ox (25 mM) in CH3CN. The LED was turned on for 

the first time after 120 s without irradiation to follow up on any system changes in the absence 

of LED irradiation. 
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5.2.2. Isolation and characterization of the reduced intermediate 

To isolate PCIr
0 we upscaled the chemical using Na/Hg alloy (>10 mM). After 

filtering the dispersion and washing the precipitate with small fractions of CH3CN, we 

could isolate a brown powder in 75% yield. The isolated compound was 1H-NMR silent 

suggesting a strong paramagnetic character.34, 35 However, the characteristic 1H-NMR 

resonances of PCIr
+ were detected after exposing the solution to air (in Experimental 

section, Figure 5. 30-37). 

 

Figure 5.7. Top) reaction scheme for the chemical PCIr
+ reduction with Na/Hg (1.5 equiv). 

Bottom) pictures were taken during the powder isolation. Solid dark leftovers over the cannula 

become yellowish when exposed to air. 

The in situ generated PCIr
0 in CH3CN solution showed tolerance to a variety of 

solvent mixtures (in Experimental section, Table 5. 9). However, the isolated powder 

was not stable in certain pure solvents (PhCN, CH2Cl2, CHCl3, DMF), or presented bad 

solubility (with CH3CN, DMSO, PhCl, dichlorobenzene, THF or even insoluble in 

C6H6, PhCH3, difluorobenzene, C6F6, Et2O and hexane). Systematic solvent testing 

revealed pyridine to solubilize PCIr
0 with no evidence of decomposition matching with 

its redox-inertness (Ered = -2.7 V vs SCE in THF).13 Indeed, PCIr
0 powder was easily 

dissolved in degassed pyridine, obtaining a very dark red solution (solubility higher than 

500 µM), matching the absorption spectrum with the obtained for PCIr
0 in other 

solvents. 
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Figure 5.8. Absorption spectrum of PCIr
0 in degassed Top) CH3CN and Bottom) pyridine, in 1 

mm and 1 cm optical path cuvettes, respectively. 

 

The solubility and stability of the isolated intermediate in pyridine helped to obtain 

brown-to-red single crystals good enough for X-ray diffraction studies (Figure 5.9, see 

Experimental section for crystallization procedure). The unit cell obtained from the X-

ray diffraction data of the crystals presents two molecules of the complex without 

anions. However, due to the high structural symmetry of PCIr
0, the C and N atoms were 

not distinguishable. Then, identifying the bipyridine (bpy) or phenylpyridine (ppy) 

ligands was not feasible. This ambiguity did not allow us to compare bond distances 

from PCIr
0 with the structure of PCIr

+. Such an analysis would be interesting since, 

according to our DFT calculations, the localization of the additional electron over the 

bpy●‒ ligand shortens the bond distance of the C‒C bond between both pyridine rings 

(from 1.48 Å in calculated PCIr
+ to 1.43 Å in calculated PCIr

0). 

300 400 500 600 700 800 900 1000

0.0

0.2

0.4

A
b
s
 (

a
.u

.)

Wavelength (nm)

400 600 800 1000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
b
s

Wavelength (nm)

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Chapter 5 

 

- 212 - 

 

                              

Figure 5.9. (Left) Solid-state structure of PCIr
0. Thermal ellipsoids are shown at 50% 

probability. No counteranion or solvent molecules were found. (Right) DFT calculated spin 

density for PCIr
0 at the uB3LYP/def2SVP level of theory. Irrelevant hydrogen atoms are omitted 

for clarity and an isosurface value of 0.0025 is chosen for representation. The additional unpaired 

electron is delocalized over the bpy●‒ ligand. 

 

To break the symmetry, luckily, we were able to prepare the iridium complexes with 

a methyl substituent at the  position of the metalated carbon of the phenylpyridine 

ligand (MePCIr
+/ MePCIr

0, Figure 5. 10). This structural change break the high symmetry 

without altering the electronic properties of the bpy. As expected, a comparison of the 
MePCIr

+ and MePCIr
0 X-ray structures evidenced a decrease of the C‒C distance between 

bpy rings from 1.48 to 1.35 and 1.39 Å (averaged values for each structure in the crystal 

cells considering the error). This bpy bonding structure distortion is proof of the bpy 

ligand's delocalisation electron.36  

 

Figure 5. 10. Reaction scheme for reducing MePCIr
+ with Na/Hg to form MePCIr

0, including the 

corresponding solid-state structures. Thermal ellipsoids are shown at 50% probability. No 

counteranion or solvent molecules were found. Comparing both XR structures confirms the 

expected C‒C bond shortening.  
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We considered that PCIr
0 could be isolated via photochemical reduction using 

TBA2ox as an electron donor. After 30 seconds of blue light irradiation of stirred 

dispersion PCIr
+ (>10 mM) forms an abundant brown precipitate (see Experimental 

Section for detailed procedure). The solid was collected, filtered, and the remaining 

traces of tetrabutylammonium salts were quickly removed by sequential washing given 

their high solubility in CH3CN (see Experimental section, Figure 5. 38), and the brown 

powder was isolated with 84% yield. Following our crystallization procedure, we 

reaffirmed the obtention of PCIr
0, which corresponds to the first crystalline structure of 

a reduced PC obtained via reductive quenching. 

  

Figure 5.11. Synthesis of PCIr
0 via reductive quenching with TBA2ox. Samples of PCIr

+ (1 mM) 

with Et3N or TBA2ox show a different colour and precipitate quantity after 30 s irradiation. 

5.2.3. EPR study of PCIr
0 

After unambiguously determining the identity of the isolated solid as PCIr
0, we 

measured the electron paramagnetic resonance (EPR) of a filtered oversaturated 

solution of PCIr
0 powder in CH3CN, obtaining a symmetric signal with a g value of 

1.9878. Beller and co-workers reported g = 1.9840 of PCIr
0 in a THF/H2O/Et3N mixture 

generated by electrochemical reduction.18, 37 Analogously, a solid sample prepared by 

mixing the PCIr
0 powder with boron nitride resulted in a broader symmetric signal 

which was also slightly shifted (g = 1.9794). We attributed the small differences to the 

preparation methods. 
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Figure 5.12. The EPR spectra registered at 77 K of a saturated solution of PCIr
0 in CH3CN (Top) 

and a solid state of PCIr
0 powder in boron nitride (bottom). Solid samples were prepared via 

photoreduction with TBA2ox. 

 

The EPR spectrum was also obtained by in situ generation of the intermediate in 

CH3CN. We found that Na/Hg and CoCp*
2 can afford a signal that matches the g-factor 

(g = 1.98). For comparative purposes, we also prepared the photochemically reduced 

sample in the presence of Et3N. However, we had to irradiate at a lower temperature to 

observe the desired signal. This agrees with a fast reaction of the paramagnetic 
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intermediate with amine sub-products after quenching.5 All these EPR signals quickly 

disappeared when the sample was exposed to air. 

 

Figure 5.13. EPR spectra registered at 77 K in CH3CN of (a) PCIr
+ (0.5 mM) reduced ex situ 

with Na/Hg (red line), (b) PCIr
+ (1 mM) reduced in situ with [CoCp*2] (0.9 mM) (blue line), (c) 

PCIr
+ (1 mM) in the presence of Et3N (25 mM), measured after irradiating the mixture in CH3CN 

for 7 s (-30 oC) and immediately later freezing it in the EPR cavity (black line), (d) PCIr
+ (1 mM) 

with no additive (orange line), (e) [CoCp*2] (0.9 mM) in CH3CN (green line). 

 

Nonetheless, although the solid samples prepared by photochemical reduction of 

PCIr
+ with TBA2ox yielded an EPR symmetric signal, the in situ use of TBA2ox led to 

a more intense signal with axial symmetry with g values of 1.997 and 1.949. This pattern 

matches with the reported EPR spectrum of CO2
●‒ species,38, 39 but we cannot rule out 

the existence of ion pair formation,40 coordination,41-43 over reduction,44 and C‒C 

coupling products.45 To check if the observed EPR spectrum belongs to species that 

evolved just after the reaction began, we measured a sample after exposure to ambient 

light for only 30 s. These mild conditions could promote only meagre photoreduction. 

However, the same EPR signal was obtained, while no signal was obtained under 

darkness. These experiments suggest that the EPR signals obtained with TBA2ox in 

solution presumably correspond to CO2
●‒ together with PCIr

0. 
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Figure 5.14. The EPR spectra registered at 77 K in CH3CN of PCIr
+ (1 mM). Left: in the presence 

of TBA2ox (25 mM, irradiated at room temperature) or Et3N (25 mM, irradiated at -30 ºC) after 

30 seconds of irradiation. Bottom: in the presence of TBA2ox (25 mM) or Et3N (25 mM) after 

ambient light exposure at room temperature. 

5.2.4. EXAFS study of PCIr0 

EXAFs measurements performed by Dr. Vlad Martin-Diaconescu indicated that Ir 

L3-edge XAS data show intense white-lines at 11220.0 and 11220.2 eV for PCIr
+ and 

the fac-Ir(ppy)3 reference respectively (Figure 5.15), consistent with a  Ir+3 metal center. 

Cauchy wavelet transforms of the EXAFS signal show 3 shells of scattering at 1.65 Å, 

2.6  Å and 3.6  Å consistent with a C/N first shell coordination and longer range 

scattering from bpy and ppy ligands (Experimental Section, Section 5.4.8). Upon photo- 

((hv)PCIr
0) or chemical ((chem.)PCIr

0) reduction the EXAFs structure is maintained and no 

shift in the rising edge or white-line maximum is observed indicating that the reduction 

is ligand centered  (Figure 5.15), similar to previous reports.18 A drop in intensity 

however is clearly visible, which is also consistent with previous reports.18 
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Figure 5.15. XANES and Fourier Transformed spectra (k2 weighted 3-16 Å-1 k-range having a 

Hannings window dk=1) of PCIr
+ and chemically (chem)PCIr

0 and photo- (hv)PCIr
0 reduced species 

and overlaid with Ir(ppy)3 as reference. 

 

5.2.5. Reactivity of PCIr
0 with metal complexes. 

With a clean procedure for in situ formation of the reduced PCIr
0 (Figure 5.2, and 

also in Experimental Section, procedure V), we tested its reactivity in SET reaction with 

selected metal complexes. First, we studied the stoichiometric reactivity of the PCIr
0 

ground state (E1/2 = -1.4 V vs SCE) with cobaltocenium complexes CoCp2(PF6) (Top) 

or CoCp*2(PF6) as one-electron oxidants. In agreement with their reported redox 

values,23 only CoCp2(PF6) could be reduced (E1/2 = -1.0 V vs SCE). On the other hand, 

no reaction was observed in the case of CoCp*2(PF6) (Ered = -1.5 V vs SCE). 
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Figure 5.16. Evolution of the absorption spectrum of PCIr
0 in CH3CN after the addition of 

CoCp2(PF6) (Top) or CoCp*2(PF6) (bottom). Turning on the LED did not show further changes 

for CoCp*2(PF6). 

 

We also tested two selected complexes [M(OTf)(Py2
Tstacn)](OTf) (M = Co (1Co), 

Ni (1Ni)), (Py2
Tstacn = 1,4-di(picolyl)-7-(p-toluenesulfonyl)-1,4,7-triazacyclononane, 

OTf = trifluoromethanesulfonate anion) that were previously reported by our group in 

photocatalytic reductive transformations. 15-17 The almost mixing time reaction of 1Co with 

PCIr
0 suggests SET. The reaction of 1Ni with PCIr

0 produces the Ni(I) intermediate 

formation, characterized by an absorption band at max of 520 nm. However, the process 

lasted for more than 300 s, which needs further examination to be properly understood 
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since it is inconsistent with a classical SET.17, 32 Nevertheless, elaborated versions of 

these experiments could serve as probes for electron transfer mechanistic evidence.  

 

Figure 5.17. Evolution of the absorption spectrum of PCIr
0 (100 µM) in CH3CN after the 

addition of 1 equivalent of 1Co (top) or 1Ni (bottom). Structure of 1Co/1Ni. 

 

5.2.6. Reactivity with organic halides 

Aromatic halides have been established as standard probes to measure the redox 

power of ET processes.2, 5, 26, 46-51 We examined the reactivity of PCIr
0 with selected 

organic halides comprehending a wide redox window, from -1.4 to -3.5 V vs SCE. We 

used 10 equiv. of halide to enhance the reaction over possible PCIr
0 degradation 

pathways. Under darkness, the outcome follows the expected behavior, considering the 

redox values of the substrates (Table 5.1, yields in black). For instance, iodobiphenyl 

(1a, Ered = -1.4 V) was reduced via SET, and the consequent carbon-centred radicals can 

abstract a hydrogen atom from the solvent (65 % yield to PCIr
0, the limiting reagent). 

However, the same conditions did not afford any dehalogenation from substrates with 

more challenging redox potential, such as bromoanisole (1b, Ered = -2.7 V) 5 or 

chloroanisole (1c, Ered = -2.9 V). Then, we studied if PCIr
0 could undergo further 

reactivity after excitation. To our delight, 1b and 1c were activated under irradiation, 

resulting in yields higher than 70% at 30 minutes (Table 1, yields in blue). Still, we 

observed dehalogenation traces for 1d, which helped us to estimate the redox potential 

of PCIr
0* in CH3CN between -2.9 V and -3.5 V vs SCE.  
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Table 5.1. Stoichiometric experiment with different aryl halides. 

 
aPCIr

0 (0.3 mM), 1 (3 mM) in CH3CN (0.44 mL), at 25 °C under N2. bUnder darkness, 24 h. 
cIrradiated for 30 min (447 nm). dIrradiated for 24 h (447 nm). eYields (average of duplicates) 

were determined by GC analysis relative to a calibrated internal standard. 

These results have significant mechanistic implications, strongly supporting that 

PCIr
0 excited state can be used to trigger photoreduction reactivity and possesses a redox 

power of at least -2.9 V vs SCE, which is in the range of alkali metals.52, 53  

5.2.7. Mechanistic studies 

After discovering the unprecedented PCIr
0 photochemistry, we performed 

additional studies to gain more information about the system. First, increasing the 

chloroanisole equivalents enhanced the reaction rate, in concordance with a bimolecular 

reactivity (Table 5. 10, entries 1-15). 

Then, blank experiments in the absence of light or when the sample was exposed to 

ambient light did not produce dehalogenation (entries 16-18). The chloroanisole was 

also recovered after irradiation if PCIr
0 was replaced by PCIr

+ (entry 19). The same 

result was obtained if triethylamine was added to the solution containing the 

chloroanisole and PCIr
+ (entry 21). However, interestingly the reactivity of PCIr

0 was 

not inhibited by triethylamine itself (entry 22), what supports that the radical species 

derived from tertiary amines should be the responsible to inhibit the PCIr
0 exited state 

reactivity against chloroanisole. 
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Table 5. 2. Stoichiometric reactions of PCIr
0 with chloroanisole and blank 

reactions. 

 

Entry Equivalents of 

1c 

Reaction time 

(min) 

Conversion 1c 

% 

Yield 2 

(%) 

1 10a 60 0 0 

2 10a 1440 0 0 

3 10b 60 0 0 

4 10b 60 1 0 

5 -d 60 0 0 

6 10c,e 720 5 4 

7 10f 60 7 71 

Standard conditions: PCIr
0 (0.3 mM), 1c in CH3CN (0.44 mL) at 25 °C under N2 under blue 

light irradiation (447 nm). Yields were determined by GC analysis relative to a calibrated 

internal standard. aNo light. bSample was exposed to ambient visible light. cPCIr
+ instead 

of PCIr
0. d[1c] = 3 mM but without PCIr

0. eIn the presence of 100 equivalents of 

triethylamine. fIn the presence of 10 equivalents of triethylamine. 

At this point, we proceeded to the spectroscopic interrogation of the excited state 

of PCIr
0 to explain its reactivity with electron-rich aryl halides. Luminescence studies 

revealed that PCIr
0* is not emissive, neither at room temperature nor at 77 K. The only 

observed emission was related to PCIr
+ species regenerated after exposing the solution 

to air and freeze pumped again (Figure 5.18). Consequently, we moved then to time-

resolved spectroscopic techniques to further progress on the mechanistic investigations. 
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Figure 5.18. Top) emission spectra evolution of PCIr
+ (300 μM) in CH3CN when stirring at 25 

ºC in the presence of Na/Hg (10 equiv.). Bottom) emission spectra of frozen PCIr
+ (300 μM, 

dotted grey line) and PCIr
0 (300 μM, solid red line). 

Then, we studied the changes of the PCIr
0 absorption spectrum at the nanosecond 

timescale in transient absorption spectroscopy (TAS) at ICIQ, and no clear signal was 

detected. Therefore, we assumed that the PCIr
0* excited state has a lifetime in the sub-

nanosecond timescale, undergoing fast non-radiative decay back to PCIr
0. In 

collaboration with Dr. Soranyel González from Prof. James Durrant’s group, we also 

performed TAS measurements at the picosecond timescale. The negative bleaching of 

the PCIr
0 signal detected is consistent with its disappearance after excitation. In 

addition, there is an overlapped positive signal. Since both transient signals disappear 

simultaneously in the 100 ps regime, recovering the PCIr
0, we attribute the positive 

signal to the excited state absorption of PCIr
0*. These experiments indicate that the 

lifetime of PCIr
0*, in the other of 0.1 ns, what makes a diffusion SET event highly 
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improvable between the cloroanisole and PCIr
0*.54 Therefore, less conventional 

mechanisms need to be invoked.55-59 

 

Figure 5.19. (A) Transient spectra (black trace) of PCIr
0 after 10 (solid line) and 100 ps (dotted 

trace) of photoexcitation, overlapped with its negative steady-state absorption (grey) (B) Kinetics 

at 525 and 545 nm of PCIr
0 in CH3CN. Measurement conditions: PCIr

0 was generated from PCIr
+ 

(100 μM) in CH3CN in the presence of TBA2ox (1 mM) after 10 s of irradiation (5-200 ps). 

One of the possible mechanisms that could match the sub-nanosecond lifetime of 

PCIr
0* is the formation of an electron donor-acceptor complex (EDA)57, 60-63 between 

PCIr
0 and chloroanisole. A ground state EDA complex can photo-trigger a SET that is 

not limited to the longer timescale of diffusion events. However, a chloroanisole excess 

(100 equiv.) does not induce any substantial change in the absorption or emission 
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spectra of PCIr
0. Therefore, there are no signs of EDA complex formation with PCIr

0 or 

PCIr
+. 

 

 

Figure 5.20. Evidence PCIr
+ recovery after the reaction of PCIr

0 with an excess of 

chloroanisole (1c, 100 equiv.) in CH3CN, according to the absorption (top) and emission 

spectra (bottom) evolution.  

Another possible mechanism that might be compatible with the sub-nanosecond 

lifetime of PCIr
0* is the photoinduced ejection of a solvated electron.8, 64-66 Despite 

further studies on transient spectroscopy would be required to directly detect the 

solvated electron in acetonitrile,14, 67, 68 we envisioned that the hypothetical electron 

should exhibit some reactivity. Indeed, solvated electrons have been studied in 

acetonitrile at 77 K, and they are known to enable the reductive cleavage of the C‒CN 

bond of acetonitrile. The generation of either CN‒ and CH3
●, or CNCH2

‒ and H●, 

unleashes HAT events.69 In this way, H/D scrambling between CH3CN and CD3CN and 

the generation of CH4 or H2 could be symptomatic of a solvated electron. Indeed, 5 h 
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irradiation of a CD3CN/CH3CN (9:1) solution containing PCIr
0 (300 μM) provoked 

scrambling, but no CH4 or H2 was observed by NMR spectra.  

 

Figure 5.21. 1H-NMR spectra (400 MHz, 8 scans) of PCIr
0 (0.3 mM) after 0 h (top) and 5 h 

(bottom) of 447 nm irradiation in CD3CN/CH3CN (9:1) mixture.  

We also identified the electronic transition that could unlock the unexplored 

reactivity of PCIr
0. TD-DFT calculations performed by Dr. Sergio Fernández for PCIr

0 

in CH3CN revealed valuable information. In the first place, electronic transitions 

involving the bpy●‒ unpaired electron involve high energy orbitals inaccessible by the 

promotion of other electrons (137A, 140A in Figure 5.22). On the other hand, electronic 

transitions of lower energy electrons led to orbitals of similar energy to those accessible 

from PCIr
+ under blue light irradiation. Second, the main electronic transitions for this 

unpaired electron are two: a low energy transition (686 nm in Figure 5.22, associated 

with the experimental band at 850 nm in Figure 5.1) and a higher energy transition 

calculated as 417 nm (associated with the experimental 450-525 nm bands, see Figure 

5.1). 

t = 0 h

t = 5 h
t q

q
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Figure 5.22. TD-DFT calculated by Dr. Sergio Fernández. Level of theory: cam-B3LYP (N = 

22) using LANL2DZ for Ir and 6-31G* for C, N, H. 

 

A priori, both transitions could be responsible for the reactivity since blue LEDs 

(447 nm) could populate both orbitals via direct excitation of the electron to 140A, or 

more likely by the subsequent relaxation event from 140A to 137A. As mentioned in 

Chapter 1, conventional photoexcitation processes are followed by relaxation to the 

lowest energy orbital from which reactivity occurs (Kasha rule). To test the behaviour 
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of our system, we repeated the dehalogenation of chloroanisole irradiating at different 

wavelengths (Table 5. 6). We found that 447 nm and 530 nm irradiation was able to 

photoinduced the reactivity of PCIr
0. In contrast, we did not observe reactivity when 

irradiating at 590, 660 and 850 nm. 

Table 5.3. Reactivity of PCIr
0 irradiating at different wavelengths. 

 

Entry λ (nm) Substrate Conversion 1 

(%) 

Yield 2b 

(%) 

1 530 1b 6 56 

2 530 1c 8 49 

3 590 1b 1 0 

4 590 1c 0 0 

5 660 1b 0 0 

6 660 1c 0 0 

7 850 1b 4 0 

8 850 1c 0 0 

Standard conditions: PCIr
+ (0.3 mM), 1 (3 mM) in CH3CN (0.44 mL) at 25 °C under N2, 

irradiating at different wavelengths for 30 minutes. Yields were determined by GC analysis 

relative to a calibrated internal standard. 

 

Therefore, the excitation on the broad bands at 700-1100 nm is not productive for 

dechlorination. This means that the excited state responsible for the reactivity is not the 

lowest in energy (anti-Kasha process70, 71), and according to our TD-DFT we should 

invoke an unusual highly energetic π(bpy)-π*(bpy) transition,66 corresponding with the 

absorption bands at the region of 450-550 nm. 
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Figure 5.23. Experimental absorption spectrum of PCIr
0 in CH3CN with a summary of the 

measured and TD-DFT calculated absorption maxima. Coloured torches indicate the yields for 

chloroanisole dehalogenation when irradiating with different LEDs wavelengths (447, 530, 590, 

660 and 850 nm). 

 

5.2.8. The bpy role in PCIr
0. 

The previously discussed UV-vis spectrum obtained from TD-DFT calculations 

suggests that the reactivity of PCIr
0* comes from a transition between orbitals located in 

the bpy●‒ ligand. Moreover, a similar transition has been described for bpy●‒ by Noble 

and Peacock.19 Therefore, we hypothesized that the bpy●‒ could have the same reactivity 

without iridium,65, 66 and we studied the dehalogenation of chloroanisole again, with 

bpy●‒ (Table 5. 4, entry 1). To our delight, 22% of dehalogenation was observed at 

[bpy●‒] (15 mM) under blue light irradiation, which slightly increased to 30% using 

[bpy●‒] (90 mM), while no anisole was observed under darkness. The higher reactivity 

of bpy●‒ exited state at higher concentrations was attributed to the high instability of 

bpy●‒, which even reacts with CH3CN (see below). The bpy●‒ can access this productive 
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transition also by irradiating at 530, 590 and 660 nm, but not at 850 nm. In the reactions, 

a colour change from wine to yellow was already observable at 30 min (Figure 5.24). 

 

Table 5. 4. Reactivity of bpy●‒ irradiating at different wavelengths.

 

Entry [bpy●‒] (mM) Reaction time (min) Wavelength (nm) Yield 2c (%) 

1 0.3 2160 447 0 

2 3 2160 447 5 

3 15 30 447 21 

4 15 720 447 22 

5 90 30 447 30 

6 90 30 530 28 

7 90 30 590 26 

8 90 30 660 22 

9 90 30 850 0 

10 15 2160 darkness 0 

Standard conditions: bpy●‒ (variable concentration), 1c (10 equiv.) in CH3CN (0.1 mL) at 25 °C 

under N2 under light irradiation. Yields were determined by GC analysis relative to a calibrated 

internal standard. 
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These results also match the previous observations in which an unproductive 

transition is associated with the high energy band (700-100 nm) while irradiation at the 

higher energy bands (450-700 nm) unlocks the desired anti-Kasha reactivity. 

 

Figure 5.24. Left) bpy●‒ normalized absorption spectrum in CH3CN. Coloured torches indicate 

the irradiating wavelengths (447, 530, 590, 660 and 850 nm), and the values are the chloroanisole 

dehalogenation yields. Right) pictures of GC-vials with bpy●‒ in CH3CN before (wine colour) 

and after (yellow) 30 min of irradiation to illustrate the colour change. 

It was surprising that the yield did not progress over time. Careful analysis of the 

GC-MS chromatograms revealed a signal corresponding with a mass of 82 g/mol. This 

value matches with 3-aminocrotonitrile (3a). The reaction repeated in the absence of 

substrate yield and 1H-NMR of the crude consistent with compound 3a, as a mixture of 

E/Z diastereomers. 3a was also found under darkness after long reaction time 

(Experimental Section, Figure 5. 59 -Figure 5. 61). The 3a estimated yield by 1H-NMR 

reaches up to 158%, meaning that the role of bpy●‒ is catalytic due to its highly basic 

character and not because of the photochemical reactivity. Hence, bpy●‒ cannot be very 
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productive for dehalogenation in CH3CN and the best option is to change to another 

solvent. 

Table 5.5. Reactivity of bpy●‒ with acetonitrile. 

 

Entry Irradiation Reaction time (h) Yield 3a (%) 

1 - 0 0 

2 yes 1 66 

3 yes 36 158 

4 no 1 28 

5 no 36 110 

Standard conditions: bpy●‒ (15 mM), in CH3CN (1.5 mL) at 25 °C under N2 under light 

irradiation or darkness (covered with aluminium foil). Yields were estimated by 1H-NMR, taking 

bipyridine as the internal standard. 

 THF as solvent is a good candidate since it solubilizes the bipyridine salt and 

should be stable to the basicity of the bpyLi salt.19 To our delight, the chloroanisole was 

smoothly dehalogenated (up to 77% yield after 36 h) when bpy●‒ (0.3 mM) was 

irradiated, and no product was observed under dark.  

 

Scheme 5.9. Reactivity of bpy●‒ with chloroanisole in THF. 

5.2.9. From stoichiometric to catalytic: the role of sacrificial ED 

Encouraged by the highly reductive power of the system, we anticipated that PCIr
0 

should be recyclable from PCIr
+ in the presence of a suitable source of electrons. (Scheme 5.11, 

left cycle). The first photon produces the PCIr
+ excitation with further reductive 

quenching with the sacrificial ED to form PCIr
0, while a second photon should promote 

the electron transfer from PCIr
0 to the substrate. On the other hand, if using a more 
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potent reductant, the transformation of PCIr
+ to PCIr

0 can occur without the need of the 

first photon (right cycle). 

 

Scheme 5.10. Proposed photochemical mechanisms in which PCIr
0 can be catalytically 

profitable. 

The utilization of a sacrificial ED involves two main challenges. On the one hand, 

the oxidized ED●+ can undergo back electron transfer processes (BET) to recover the 

ED and PCIr
+. This unproductive process, already possible from PCIr

0, could be much 

more favoured from the extreme reductant PCIr
0*. Therefore, catalysis will be frustrated 

if PCIr
0* reacts faster with ED●+ than with the substrate. On the other hand, common 

electron donors evolve into radical species that participate in other processes, such as 

XAT or HAT (vide supra). Side reactivity can be profitable from some methodologies, 

but it complicates the mechanistic study. In particular, alkyl amines are among the most 

common sacrificial agent for reductive photochemistry, but we proved that 

triethylamine is inappropriate (Table 5. 10, entry 21). This is probably due to the 

formation of radicals derived from tertiary amines that favour the partial hydrogenation 

of the bpy ligand.5 If the bpy ligand is hydrogenated5 or substituted by other ligand,2 the 

herein described bpy-bpy transition is eliminated and the PC cannot reduce substrates 

as inactivated as 1c. Moreover, in the presence of Et3N, the ancillary bpy ligand of 

different PC can also be released to form Ir(ppy)2(CH3CN)2
+ at relatively short times (in 

Experimental Section, Figure 5. 65 and Figure 5. 70).72 This species is not photoactive 

(in Experimental Section, Figure 5. 71), but its participation in chemical transformations 

cannot be discarded. 

Alternatively, TBA2ox is a practical ED for synthesising PCIr
0. The catalytic system 

operates up to TON value of 4.3. However, since it has been reported that CO2
●‒ can 
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also cleave inactivated carbon-halide bonds,25, 44 we cannot prove that the observed 

reactivity is based on the PCIr
0. 

Table 5.6. Photocatalytic activity of PCIr
+ with different electron donors (ED). 

 

Entry ED ED (mM) Conv (%) Yield (%) 

1 none 0 0 0 

2 NEt3 100 5 4 

3 TAEA 100 7 7 

4 TBA2ox 10 57 43 

5 CoCp*2 10 99 68 

Standard conditions: PCIr
+ (0.3 mM), 1e (3 mM) and ED (100 or 10 mM) in CH3CN (0.44 mL) 

at 25 °C under N2. Irradiated for 12 h (447 nm). Yields were determined by GC analysis relative 

to a calibrated internal standard. 

On the other hand, we have tried to use a strong enough reductant to accumulate 

PCIr
0 (right catalytic cycle in Scheme 5.11, for ED with Eox < -1.4 V). The reactivity 

should also be accessible, and the unproductive BET should not be favoured. To avoid 

the generation of organic radicals, we selected decamethylcobaltocene (CoCp*2). In 

collaboration with Marina D’Ottavio, initial experiments indicated that CoCp*2 could 

exhibit a suitable role as a sacrificial electron donor for the model reaction (Table 5.7, 

entry 2). However, blank experiments revealed that CoCp*2 is not an innocent source 

of electrons, since the dehalogenation product was also observed when irradiating 

CoCp*2 in the absence of PCIr
+ (entry 3). This unexpected result can motivate to 

explore cobaltocene derivatives,73-75 for photochemical transformations.76 
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Table 5.7. Preliminary studies of the photochemical activity of CoCp*2. 

 

Entry Changes Wavelength (nm) Conv (%) Yield (%) 

1 PCIr
+ (0.1 equiv) 447 58 47 

2 PCIr
+ (0.1 equiv), 12 h 447 99 68 

3 - 447 100 46 

3 - No light 0 0 

5 60 °C 447 100 50 

6 60 °C No light 0 0 

aStandard reaction conditions: CoCp*2 (3.3 equiv), Subs. (3 mM) in anhydrous CH3CN 

(1 mL) irradiated (447 nm) for 1 hour at 25 °C under N2. Yields after workup (average of 

duplicates) determined by GC analysis relative to the calibrated internal standard. 

We notice that CoCp*2 is playing a different role than PCIr
0. We also confirmed 

that its reactivity is not thermal but photochemical (Table 5.7, entries 5-6 and in 

Experimental Section, Figure 5. 94), and that the reactivity does not come from the 

[Cp*]‒ ligand or from the cobalt itself (in Experimental Section, Table 5. 13). Moreover, 

the reagent was proven to be highly reactive under irradiation not only for reductive 

chemistry but also for a novel redox-neutral reaction as the double addition of CH3CN 

to 4-phenylbutan-2-one in a deoxygenative fashion (Scheme 5.11). These results 

illustrate that the excitation of CoCp*2 can unlock very interesting reactivity.
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Scheme 5.11. Deoxygenative double addition of CH3CN to 4-phenylbutan-2-one (5d). 

5.2.10. Removing the sacrificial ED: Electrophotocatalysis 

Given that sacrificial electron donors introduce uncertainty to the mechanistic 

picture, we envisioned that electrophotochemistry should provide adequate conditions 

for catalysis. Furthermore, this approach can unlock challenging redox transformations 

without sacrificial agents. Indeed, electrophotochemistry has been reported by organic 

catalysts to be very efficient.47, 48, 55, 77 Our hypothesis is also supported by the reversible 

accumulation of PCIr
0 in the spectroelectrochemical cell (in Experimental Section, 

Figure 5. 41). 

 

Scheme 5.12. Proposed catalytic electrophotochemical mechanism with PCIr
0. 

 

With this aim, in collaboration with Dr. Sergio Fernández and Dr. Geyla Dubed, we 

initially verified that there is no organic transformation when performing a controlled 

potential electrolysis at an applied potential of -1.5 V vs SCE to accumulate a 

stoichiometric amount of PCIr
0 in the presence of 10 equivalents of 1e ( 

Figure 5. 25, the initial white region in the graph). Next, in this same experiment, 

electrodes are disconnected; no potential is applied, and then the solution was irradiated, 

resulting in 78% of 2e dehalogenated (TON = 0.78, blue region in the graph). To 

confirm the recyclability, the same solution was exposed again to sequential 
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electrochemical reduction followed by irradiation, giving rise to an additional 84% yield 

(TON(total) = 1.62) which successfully goes beyond the stoichiometric threshold. 

 

Figure 5. 25. Consecutive two-sequential stoichiometric experiments (first step: reduction under 

darkness; second step: irradiation with disconnected electrodes) demonstrating the recyclability 

of PCIr
0. Blue background areas indicate irradiation cycles, and white background areas indicate 

non-irradiation periods. 

 

This last experiment strongly indicates that PCIr
+ is a good candidate for 

electrophotocatalytic reductions. Next, we moved to the target reaction, where the 

electric bias and the LED source are turned on simultaneously. Under those conditions, 

the system exhibits catalysis without further optimization (TON (2e) = 5.5, and TON 

(2c) up to 6.3). Moreover, the observed reactivity follows a redox limit that agrees with 

our stoichiometric experiments since substrate 1d afforded only 5% of transformation. 

Finally, as a blank, no dehalogenation of chloroanisole was observed in the absence of 

iridium by applying the same potential range (corrected vs Fc+/Fc couple) and 

irradiation. 

 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Metal to Ligand Concern Transfer: [Ir(bpy)(ppy)2]+ 

 

- 237 - 

 

Table 5.8. Electrophotocatalytic experiments in the presence of different aryl chlorides. 

 

Standard conditions: PCIr
+ (0.3 mM), 1e (3 mM) in CH3CN (4 mL) with TBAPF6 (0.1 M) at 25 

°C under Ar. Irradiated with 16 LEDs (447 nm). Yields were determined by GC analysis relative 

to a calibrated internal standard. 

An unexpected observation was related to the colour changes during the catalytic 

reactions. In the stoichiometric experiment, electrochemical reduction with the substrate 

(no irradiation) transforms the yellow solution into orange (characteristic change from 

PCIr
+ to PCIr

0, see Figure 5.2 and Figure 5.26), and after the consecutive irradiation, 

the yellow colour is recovered (from PCIr0 to PCIr
+). However, the simultaneous 

application of a fixed potential and irradiation results in intense dark colour. Moreover, 

after exposition to air for 5-10 minutes, the dark solution becomes yellow again. 
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Figure 5.26. Pictures of the electrochemical setup illustrating the colour of the reaction mixture 

(a) before applying any potential (yellow solution), (b) after applying a potential until reaching 

a plateau of transmitted electric current (orange solution), (c) after electrophotocatalytic 

experiment (dark solution). 

 

We also tried the electrophotocatalytic dehalogenation using bipyridine (Ered = -2.2 

V). Applying a -2.3 V fixed potential and light irradiation did not produce 

dehalogenation. It could be possible that the low concentration bpy●‒ is quickly 

consumed by the solvent (CH3CN), producing 3-aminocrotononitrile. Still, in a 

stoichiometric experiment at a higher concentration ([bpy] = 15 mM), 8% of 

dehalogenation was observed. As mentioned before, studies in THF could help control 

the reactivity of bpy●‒, and will be performed in the future. Further optimization is 

required to unlock the productive use of bpy as a catalyst for highly reductive 

transformations, as we have found for PCIr
+. However, we envision that similar systems 

containing bpy units can also be used at milder applied potentials,65, 77 and the present 

work opens the door to the reactivity of reduced intermediates. 
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Figure 5.27. Electrophotocatalytic dechlorination using bpy as a catalyst in acetonitrile. Pictures 

of a non-irradiated experiment, a purple gradient precedent from the reduction in the electrode 

foam, but it quickly vanishes in bulk, which gets more and more yellow with time, consistent 

with the accumulation of 3-aminocrotononitrile. 

 

5.3. Conclusions 

Although iridium complexes are well-established photoredox catalysts, the reduced 

intermediate after reductive quenching has never been isolated, and indirect studies have 

led to mechanistic controversy during the last years. Herein, we have unambiguously 

determined the structure of the reduced [Ir(bpy)(ppy)2]0 (PCIr
0) and the homologous 

[Ir(bpy)(Meppy)2]0 (MePCIr
0). This has allowed us to confirm that the unpaired electron 

is mainly located at the bipyridine ligand, in agreement with the shortening in the C‒C 

bonds between the pyridine rings. Moreover, PCIr
0 was obtained photochemically by 

reductive quenching by PCIr
0 with tetrabutylammonium oxalate, and isolated, 

crystalized, and the X-ray structure resolved. 

Direct measurements have allowed us to confirm previously reported spectroscopic 

information such as absorption or EPR spectrum. The absence of emission or the ps-

lifetime of PCIr
0* in acetonitrile suggested a mechanism that should not be controlled 

by diffusion.  

The stoichiometric reactivity of the ground and exited states is a precedent for other 

photocatalytic systems. For instance, to evaluate the effect of additives in solution or to 

Before applying potential Short time Long time

bpy●-
bpy bpy●-
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corroborate the existence of EnT vs ET processes. Indeed, ur studies cannot conclude 

yet which is the particular mechanism operative under this reactivity, and our current 

understanding points towards the formation of solvated electrons more than an electron 

donor-acceptor complex.  

TD-DFT calculations allowed us to note that the transition responsible for this 

reactivity is a bpy-bpy transition associated with the absorption bands at 450-550 nm, 

and not with lower energy transitions as the Kasha rule generally dictates. This is 

strongly supported by the unprecedented reactivity of bpy●‒, which could also reduce 

chloroanisole by irradiating the broad active band in the region from 450 to 660 nm.  

Finally, we developed electrophotocatalytic reaction with PCIr
+ as a suitable 

catalyst, as illustrated in the dehalogenation of unactivated aryl chlorides (Ered up 

to -2.9 V vs SCE). We envision that the reactivity of PCIr
0 could extend to other 

complexes, including simple bpy derivates, and shed light on the previous mechanistic 

ambiguity. 

5.4. Experimental section 

5.4.1. General Experimental details 

All procedures were carried out under N2 using standard vacuum Schlenk line, and 

inert atmosphere glovebox techniques. Reagents and solvents were purchased from 

commercial sources as used as received unless otherwise stated. [Ir(bpy)(ppy)2]PF6 

(PCIr
+), [Ir(bpy)(Meppy)2]PF6 (MePCIr

+), and [Ir(tbbpy)(ppy)2]PF6 (tBuPCIr
+) were 

synthesized according to literature procedures.78, 79 Tetrabutylammonium oxalate 

(TBA2ox) was synthesized following a reported procedure.80 Triethylamine anhydrous 

(≥99%, NEt3) was purchased from Sigma Aldrich and deoxygenated before preparing 

the samples. Anhydrous CH3CN was purchased from Sigma Aldrich and further 

deoxygenated by freeze-pump-thaw cycle. All the solvents were strictly degassed and 

stored in anaerobic conditions. The synthesis of air sensitive compounds as well as the 

preparation of visible light photocatalytic reactions were conducted inside a nitrogen-

filled glove box (mBraun Unilab) with concentrations of O2 and H2O lower than 0.5 

ppm and using Schlenk techniques under argon atmosphere. 

 

5.4.2. Instruments 

Spectroscopic methods 
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The solution of [Ir(ppy)2(bpy)](PF6) (PCIr
+) was prepared in neat CH3CN solvent. 

The reference cuvette was used with the same solvent. UV-Vis measurements were 

carried out on a Shimadzu UV-2401PC spectrophotometer equipped with a 

photomultiplier detector, double beam optics and D2 and W light sources. The 

absorption kinetics were studied on an Agilent 8453 diode array spectrophotometer 

(190–1100 nm range) in 1 cm quartz cells. A cryostat from Unisoku Scientific 

Instruments was used for the temperature control under inert atmosphere. 

UV-Vis measurements with on-line irradiation 

The UV-Vis measurements with on-line irradiation were performed on a self-made 

apparatus using 1 cm quartz fluorescence cuvette in a fluorescence cuvette holder. LED 

(Royal blue, 447 nm) was placed perpendicular to the optical pathway of Agilent 8453 

diode array spectrophotometer (190-1100 nm range). A cryostat from Unisoku 

Scientific Instruments was used for the temperature control. 

Luminescence measurements  

Fluorescence measurements were carried out on a Fluorolog Horiba Jobin Yvon 

spectrofluorimeter equipped with photomultiplier detector (or InGaAs if using the 

nitrogen cooled detector), double monochromator and Xenon light source. Sample 

preparation was same as that of absorption experiments in 1 cm quartz cells. 

Electrochemistry 

All the electrochemical experiments were carried out with a VSP potentiostat from 

Bio-Logic, equipped with the EC-Lab software. A double-wall jacketed single-

compartment cell was used. It was filled with Ar TBAPF6/CH3CN (0.1 M) electrolyte 

solutions of the complex under study. 

For Cyclic Voltammetry (CV) measurements, 1 mm diameter glassy carbon (GC) 

disks were used as working electrodes, a Pt wire as a counter electrode and an Ag/AgCl 

wire as pseudo-reference, immerged in a bridge tube containing the same electrolyte 

solution (0.1 M, TBAPF6/CH3CN) and separated from the working solution by a porous 

tip. Ferrocene (Fc) was used as an internal standard and all the potentials were 

referenced vs. the Fc+/0 redox couple, then converted to reference vs SCE.  

For Controlled-Potential electrolysis (CPE), the cathodic compartment of an H-

type electrochemical cell was filled with 4 ml of TBAPF6/CH3CN (0.1 M) solution of 

the catalyst, is maintained under constant stirring in the course of the experiment. 

Reticulated Vitreous Carbon (RVC, ERG Materials and Aerospace, 80 ppi) was used as 

a working electrode, and an Ag/AgCl wire as a pseudo-reference, immerged in a bridge 

tube filled with the same electrolyte solution (0.1 M, TBAPF6/CH3CN) and separated 
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from the working solution by a porous tip. The redox potential of the Fc+/0 couple was 

checked in a separate cell prior to and after electrolysis. 

Spectroelectrochemistry (SEC) 

SEC experiments were performed by using a SP-50 potentiostat from Bio-Logic. 

Under an inert (N2) atmosphere, a 1 mM solution of complex in TBAPF6/CH3CN (0.1 

M) filled an optically transparent thin-layer electrode (OTTLE) cell, equipped with a Pt 

minigrid working and auxiliary electrodes, an Ag microwire pseudo-reference electrode 

and a CaF2 window. Blank TBAPF6/CH3CN (0.1 M) solutions were used for solvent 

subtractions. 

Gas chromatography analysis 

The analysis and quantification of the starting materials and products were carried 

out on an Agilent 7820A gas chromatograph (HP5 column, 30m or Cyclosil-B column, 

30m) and a flame ionization detector. GC-MS spectral analyses were performed on an 

Agilent 7890A gas chromatograph interfaced with an Agilent 5975c MS mass 

spectrometer. 

Transient Absorption Spectroscopy (ns) 

Laser flash photolysis experiments in ns time scale were carried out by using the 

third harmonics (355 nm) of a pulsed Nd-YAG laser from Quantel as a pump source. 

The single pulses were ca. 10 ns duration and the energy of the laser beam was 2 

mJ/pulse. A pulsed xenon lamp was employed as the monitoring light source. The signal 

from the monochromator/photomultiplier detection system was captured by a 

Yokohama DLM2052 oscilloscope. The output signal from the oscilloscope was 

transferred to a personal computer for study. Samples were prepared in 1x1 cm cells 

quartz and were deaerated with dry nitrogen prior to use.  

The studies of transient absorptions at micro-milisecond timescale were carried out 

by the same pump source used in the nanosecond system, but employing a different 

optical workbench.  A highly stable 150 W tungsten lamp (400-950 nm) combined with 

two monochromators Minuteman MM151, were used as probe light. The two 

monochromator setup with single wavelength detection was chosen to minimize the 

sample’s exposure to probe light and to remove most of the phosphorescence emitted 

by the photosensitizer. The detection part consists in a silicon photodiode (Hamamatsu 

S3883) and a homebuilt current amplifier. A homebuilt FPGA datalogger allows to 

register data frames of 200 ms at 200MS/s with 16 bit of resolution. Thereafter, there is 

a decimation process that consists on downsampling at different time intervals (1 ms, 

10 ms and 100 ms). In this manner, all time resolution was kept up to 1 ms and 
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progressively reduced at the cue part. The sample was stored in a sealed 10 mm quartz 

cuvette. For each single wavelength, kinetic traces were recorded after an average of 

100 laser shots.  

Transient Absorption Spectroscopy (ps) 

The investigated samples were prepared under N2 atmosphere in a glovebox, and 

contained 100 µM of the corresponding iridium complex in CH3CN and 1 mM TBA2ox. 

The samples were irradiated for 10 s with a homemade LED photoreactor (Royal Blue, 

447 nm). For the samples containing 15 mM NEt3, it was added using Schlenk 

techniques out of the glovebox, and those samples were not irradiated with LED. 

The picosecond to nanosecond transient absorption measurements were done with 

a Helios setup from Ultrafast Systems, with excitation pulses (92 fs, 355 nm, ~2 µJ/cm2) 

hitting the sample at a repetition rate of 1 kHz. Both the pump and the probe beams 

originated from an 800-nm seed beam produced by a regeneratively amplified 

Ti:sapphire laser (Solstice, Spectra-Physics), which was split into the probe and the 

pump beams by a semi-transparent mirror. The wavelength of the pump beam was tuned 

with an optical parametric amplifier (TOPAS Prime, Light Conversion) and a frequency 

mixer (NirUVis, Light Conversion). The power of the laser pulses was measured with 

an Ophir Photonics PE9 energy meter. 

Electronic paramagnetic resonance (EPR) 

An EMX Micro X-band EPR spectrometer from Bruker was used to collect the 

data using a finger dewar for measurements at 77 K. Data was acquired in perpendicular 

mode with a modulation frequency of 100 KHz, a modulation amplitude of 10 G, a 5.1 

ms time constant and 21.4 ms conversion time and a microwave power of 0.18 mW. 

Spectra was simulated using the EasySpin software package. 

Nuclear magnetic resonance (NMR) 

NMR spectra were recorded on Bruker Fourier300, AV400, AV500 and AVIII500 

spectrometers using standard conditions (300 K). All 1H chemical shifts are reported in 

ppm and have been internally calibrated to the residual protons of the deuterated solvent. 

The 13C chemical shifts have been internally calibrated to the carbon atoms of the 

deuterated solvent. The coupling constants were measured in Hz. 

Mass Spectrometry 

High resolution Mass Spectrometry (HRMS) data was collected on a HPLC-

QqTOF (Maxis Impact, Bruker Daltonics) or HPLC-TOF (MicroTOF Focus, Bruker 

Daltonics) mass spectrometer using 1 mM solution of the analyzed compound.  
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5.4.3. In-house developed parallel photoreactor 

The reactions were performed using LUXEON Rebel ES LED, mounted on a 20 

mm Square Saber - 1030 mW @ 700mA (Datasheet: 

https://www.luxeonstar.com/assets/downloads/ds68.pdf) as a light source. Reaction 

temperature was controlled by a high precision thermoregulation Hubber K6 cryostat. 

Likewise, aiming for a stable irradiation the temperature of the LEDs was controlled 

and set at 22 ºC. 

 

Figure 5. 28. Normalized power vs wavelength range for LUXEON Rebel LEDs at 25 

ºC. 
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Figure 5. 29. In-house developed parallel photoreactors with 25 positions for 

vials of 10 or 21 ml. 

 

5.4.4. Procedures for the synthesis of the reduced intermediate 

 

Procedure I. Isolation of reduced PC by chemical electron transfer: An overnight 

oven-dried reaction vial is introduced to the glovebox to weigh on it PCIr
+ (1 equiv, 

12.5 μmol, 10.0 mg) or MePCIr
+ (1 equiv, 12.5 μmol, 10.4 mg) and Na/Hg alloy (1.15 

equiv, 14.37 μmol, 33.0 mg), to finally add 1 ml of anhydrous CH3CN and stir for 1 

minute. The dispersion containing the precipitate is removed from the metallic sphere 

and transferred to a second dry vial. To clean leftover iridium from the Na/Hg alloy, stir 

0.2 ml of additional CH3CN and then transfer the fresh dispersion to the second vial. To 

remove CH3CN from the dispersed PCIr
0, filter using a teflon cannula. Wash the powder 

three times with minimal amount of CH3CN (around 0.2 ml), and inject some volume 

of nitrogen to dry the collected powder, which can also be dried in the prechamber for 

about 3 minutes and weighed (6.2 mg, 75 % for PCIr
0, and 5.5 mg, 64 % for MePCIr

0). 
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Procedure II. Isolation of reduced PC by photochemical electron transfer: An 

overnight oven-dried reaction vial is introduced to the glovebox to weigh on it PCIr
+ (1 

equiv, 12.5 μmol, 10.0 mg) and 1.5 equiv of TBA2ox (18.75 μmol, 10.7 mg), to finally 

add 1 ml of anhydrous CH3CN and stir for 30 seconds irradiating with a kessyl lamp 

while stirred. To remove CH3CN and tetrabutylammonium salts from the dispersed 

PCIr
0, filter using a cannula. Wash the powder three times with minimal amount of 

CH3CN (around 0.2 ml), and inject some volume of nitrogen to dry the collected 

powder, which can also be dried in the prechamber for about 3 minutes and weighed 

(6.9 mg, 84 %). At this step, NMR in degassed anhydrous CD3CN can confirm that there 

are no more tetrabutylammonium signals. 

Procedure III. Crystallization of reduced PC: In a glovebox, PCIr
0 or MePCIr

0 

powder is dissolved in the minimum amount of degassed pyridine to be transferred to 

an NMR tube. Carefully add a top layer of diethyl ether and leave closed for some days 

until red-brown crystals are obtained. 

Procedure IV. Crystallization of MePCIr
+: we found that MePCIr

+ crystal structure 

was not reported and we screened multiple solvents for its recrystallization in a GC-vial 

with a needle for slow evaporation. Despite the crystals obtained with some of the 

solvents decomposed when diffracting at low temperature (crystals in methanol), 

evaporation of dichloroethane resulted in successful orange crystals stable both at room 

and low temperature. 

5.4.5. NMR spectra collection from the isolation of PCIr
0 
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Figure 5. 30. 1H-NMR spectra at different temperatures (from top to bottom: 298, 288, 278, 273, 

263, 253, 243, 233 K) of PCIr
0 collected from chemical reduction with Na/Hg in CD3CN. 

 

Figure 5. 31. Paramagnetic 1H-NMR spectra at different temperatures (from top to bottom: 298, 

288, 278, 273, 263, 253, 243, 233 K) of PCIr
0 collected from chemical reduction with Na/Hg in 

CD3CN. 
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Figure 5. 32. Inset of the 4.8-8.8 ppm region of the paramagnetic 1H-NMR spectra at different 

temperatures (from top to bottom: 298, 288, 278, 273, 263, 253, 243, 233 K) of PCIr
0 collected 

from chemical reduction with Na/Hg in CD3CN. 

 

 

Figure 5. 33. 1H-NMR spectra of (top) a PCIr
0 sample collected from chemical reduction with 

Na/Hg in CD3CN, after opening to air, and (bottom) a reference sample containing PCIr
+ in 

CD3CN. 
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Figure 5. 34. 1H-NMR spectra of PCIr
+ 5 mM in the presence of 5 equiv. of TBA2ox. Top: 

exposed to ambient light. Bottom: irradiated 30 s with kessyl lamp. 

 

Figure 5. 35. Paramagnetic 1H-NMR spectra of PCIr
+ 5 mM in the presence of 5 equiv. of 

TBA2ox. Top: exposed to ambient light. Bottom: irradiated 30 s with kessyl lamp. 
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Figure 5. 36. 1H-NMR spectra of PCIr
0 isolated powder dispersed in CD3CN after the 

photoreduction with TBA2ox. 

  

Figure 5. 37. 1H-NMR spectra of PCIr
0 isolated powder dispersed in CD3CN after the 

photoreduction with TBA2ox, after opening the Young NMR tube to air. 
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Figure 5. 38. 1H-NMR spectra in CD3CN of the filtered solution removed during the 

photoreduction with TBA2ox containing the remainder of tetrabutylammonium salts. 

 

 

Figure 5. 39. 1H-NMR spectra of PCIr
0 isolated powder in CDCl3, measured under nitrogen 

atmosphere in a Young-NMR tube, corresponding with the formation of the chloride salt of PCIr
+ 

as reported elsewhere.81, 82 
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5.4.6. Solvent tolerance list of the in situ reduced species 

Table 5. 9. Colour changes after adding an organic solvent to the isolated PCIr
0. 

Entry Solvent Color change 

1 CH3CN - 

2 PhCN Yellow-white 

3 DMF - 

4 DMA - 

5 DMSO - 

6 DMPU - 

7 NMP - 

8 HMPI Yellow 

9 C6H6 - 

10 PhCH3 - 

11 PhCF3 Yellow 

12 PhCl - 

13 pyridine - 

14 Et2O - 

15 THF - 

16 CH2Cl2 Yellow 

17 CHCl3 Yellow 

18 H2O Yellow 

19 CH3OH Yellow 

20 tBuOH - 

Standard conditions: PCIr
0 (300 μM solution) in CH3CN (0.2 mL) at 25 °C under N2. In the 

glovebox, additional 20 μL of other solvent are introduced to each vial. After 10 minutes without 

significant changes, all the red samples were opened to air and become yellow. 
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Figure 5. 40. Pictures of vials containing different solvent mixtures before and after opening to 

air. 

5.4.7. Spectroscopic studies of PCIr
0 in solution 

Electrochemical reduction was studied in a spectroelectrochemical cell containing 

a 1 mM PCIr
+ solution (0.1 M, TBAPF6/CH3CN) under inert atmosphere. The observed 

features corresponding with PCIr
0 which appear during the reductive wave, also 

disappear in a reversible manner during the oxidative wave. 

 

Figure 5. 41. Evolution of the absorption spectrum during the spectroelectrochemical reduction 

of PCIr
+ to PCIr

0 in CH3CN (top: reductive wave) and its reoxidation (bottom: oxidative wave). 

Chemical reduction was studied in a cuvette (1 cm path) containing a 0.3 mM PCIr
+ 

inert solution in CH3CN in the presence of 10 equivalents of Na/Hg (1% mass) under 

vigorous magnetic stirring. 
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Figure 5. 42.  Evolution of the absorption spectrum during the chemical reduction of PCIr
+ (1 

mM) to PCIr
0 with Na/Hg (10 equiv.) in CH3CN. The baseline is highly distorted do to the 

apparition of an abundant precipitate. 
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Figure 5. 43. Detailed evolution of the absorption spectrum during the chemical reduction of 

PCIr
+ to PCIr

0 with Na/Hg in CH3CN. 

 

Figure 5. 44. (top) Absorption spectra of PCIr
+ in the presence of KC8 (10 equiv.) in CH3CN 

after stirring at room temperature until the absorption is maximum. (bottom) Absorption spectra 

of PCIr
+ (1 mM) at room temperature in the absence and presence of [CoCp*2] (0.9 equiv) in 
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CH3CN under N2 atmosphere, reduced sample was taken from EPR experiment and measured in 

1 mm cuvette. 

 

Figure 5. 45.  Top: evolution of the absorption spectrum during the photochemical reduction of 

PCIr
+ (25 μM) to PCIr

0 with TBA2ox (125 μM) in CH3CN under CO2 atmosphere (saturated by 

5 min bubbling). Bottom: kinetic trace of selected absorption wavelengths under irradiation 

(started at 30 s of measurement). 
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Figure 5. 46. Top: evolution of the absorption spectrum during the photochemical reduction of 

PCIr
+ (50 μM) to PCIr

0 with DABCO (100 mM) in CH3CN. Bottom: kinetic trace of selected 

absorption wavelengths under irradiation (started at 10 s of measurement). 

 

Figure 5. 47. Evolution of the luminiscence of a sample containing PCIr
+ (25μM) and Et3N (50 

mM) in degassed CH3CN under 447 nm LED irradiation. Every irradiation lapse was preceeded 

of 2 minutes under darkness to favour the system equilibrium. 
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Figure 5. 48. Comparison of the luminiscence of samples containing PCIr
+ (25μM) and different 

electron donors (50 mM) in degassed CH3CN after 30 seconds of 447 nm LED irradiation. 

 

 

Figure 5. 49. Comparison of the EPR spectrum of PCIr
+ irradiated in the presence of TBA2ox 

and the filtered solution obtained when isolating PCIr
0 following the procedure II. 
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Figure 5. 50. Transient absorption spectra of PCIr
+ (50 μM) irradiated in the presence of Et3N 

(25 mM). 
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Figure 5. 51. Transient absorption spectra of PCIr
+ (50 μM) irradiated in the presence of TBA2ox 

(25 mM). 

 

 

Figure 5. 52. (left) Transient absorption of PCIr
+ with Et3N. (right) Difference between transient 

absorption with and without Et3N (black) overlapped with the negative steady-state absorption 

of the anion (grey, spectrum corresponding to 70s after under constant irradiation in a flow cell). 
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Measurement conditions: PCIr
+ 50 μM in ACN with Et3N 7.5 mM. Experiment measured by Dr. 

Carlota Bozal-Ginesta. 

 

 Figure 5. 

53. (A) Kinetics at 530 nm of PCIr
+ without Et3N in ACN (red trace) and PCIr

0 (black trace, 

calculated by subtracting the kinetics of PCIr
+ with and without Et3N in ACN). (B) Transient 

spectra of PCIr
+ after 5.6 ns of photoexcitation in ACN with and without Et3N. Experiment 

measured by Dr. Carlota Bozal-Ginesta. 

5.4.8. Suplementary EXAFs information 

Data was collected at the ALBA synchrotron CLAESS beamline at cryogenic 

temperatures (20K) using a Si311 double crystal monochromator. Samples were 

prepared as powders diluted in cellulose with spectra collected in transmission mode. 

The Athena software package was used for data averaging, normalization and energy 

scale calibration.83 The energy was calibrated to the first inflection point of the L3-edge 

of Pt foil taken as 11564 eV. XANES features were fit using a Gaussian-Lorentzian sum 

function with 60% Gaussian character together with a cumulative Gaussian-Lorentzian 

sum for the edge jump.  Lastly, the experimental spectra were correlated with 

theoretically calculated spectra following previously published procedures.84, 85  XAS 

spectra were calculated with the ORCA software package,86 using a TD-DFT method 

employing the Tamm-Dancoff approximation87, 88 and a BP86 functional with a def2-

TZVP basis set together with a def2-TZVP/J auxiliary basis set on all atoms,89, 90 as well 

as the ZORA relativistic approximation.91, 92 
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Figure 5. 54: (a) XANES and Fourier Transformed spectra (k2 weighted 3-16 Å-1 k-range having 

a Hannings window dk=1) of PCIr
+ and chemically and photo- reduced species (chem)PCIr

0 and 

PCIr
0 overlaid with Ir(ppy)3 as reference. (b) XANES and Fourier Transformed spectra (k2 

weighted 3-12 Å-1 k-range having a Hannings window dk=1) of MePCIr
+ and chemically and 

photo- reduced species (chem)MePCIr
0 and MePCIr

0 overlaid with Ir(ppy)3 as reference. (c) Cauchy 

wavelet-transform of the samples showing structural integrity and comparable long range 

interaction dominated by C/N/O scattering paths. Experiment measured by Dr. Vlad Martin-

Diaconescu. 

 
Figure 5. 55: XANES peak-fits for Ir(ppy)3, PCIr

+ and PCIr
0 as described in the experimental 

section. Experiment measured by Dr. Vlad Martin-Diaconescu. 
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Figure 5. 56: Correlation of theoretical spectra to experiment for Ir(ppy)3, PCIr

+ and PCIr
0 as 

described in the experimental section. (a) Normalized Experimental XANES region. (b) Fitted 

experimental white-lines and calculated white-lines ( shifted -536.6eV with the intensity 

multiplied by a factor of 1494.5. (c) Correlation of experimental and calculated whitelines. 

Experiment measured by Dr. Vlad Martin-Diaconescu. 
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Figure 5. 57: Calculated transitions and corresponding acceptor orbitals (isovalue 0.03) showing 

ground state orbital energies and % Ird for, PCIr
+ and PCIr

0. Calculated by Dr. Vlad Martin-

Diaconescu. 

 

5.4.9. Procedures for reactivity studies 

Procedure V (for stoichiometric studies followed by UV-vis): A 2.8 ml solution with 

100 μM PCIr
+ was stirred in the presence of Na/Hg (10 equiv., an excess is used to 

enhance reaction rate), followed the kinetic of the reduction by UVvis absorption 

spectroscopy in a long-neck 10 mm cuvette closed with a septum. Once the absorbance 

signal is maximum (plateau), stirring is stopped and the cuvette is transferred to the 

glovebox, where 2.5 ml of the solution are removed from the supernatant using a long 

needle and then dispensed into a clean dry cuvette with a stir bar. The SET agent was 

injected during the absorption kinetic measurement with a 25 μL Hamilton syringe 

under inert conditions. The cooling system maintained the temperature at 25 ºC and a 

magnetic stirring plate is used to stir the reactions. Depending on the experiment 

(irradiation or darkness), the external LED source is turned on or kept turned off. 

Procedure VI (for stoichiometric studies followed by GC): A 2.8 ml solution with 330 

μM PCIr
+ was stirred in the presence of Na/Hg (10 equiv., an excess is used to enhance 

reaction rate), followed the kinetic of the reduction by UVvis absorption spectroscopy 

in a long-neck 10 mm cuvette closed with a septum. Once the absorbance signal is 

maximum (plateau), stirring is stopped and the cuvette is transferred to the glovebox, 

where 0.4 ml of the solution are removed from the supernatant using a long needle, and 
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then dispensed into 6 GC-vials, followed by addition of 10 equivalents of the substrate 

in 40 μL from a 33 μM substrate stock (total volume is 0.44 ml). Each GC-vial is closed 

and put into a flask fitting with our homemade photoreactor shape, which is closed with 

a white rubber septum to keep it under nitrogen. The cooling system maintained the 

temperature at 25 ºC and orbital shaking is used to stir the reactions. Depending on the 

experiment (irradiation or darkness), the LED source is turned on or kept turned off. 

After that an internal standard is added to measure samples in GC-FID. 

Procedure VII (for stoichiometric reactivity of the powder): The powder of PCIr
0 

was prepared in a glovebox according to Procedure I (vide supra). From the resultant 

mass, 4.3 mg (6.6 μmol) were dispersed in 2 ml of anhydrous CH3CN (3.3 mM). 

Quickly, 0.4 ml of the dispersion were transferred to vials containing 1 equivalent of 

the corresponding substrate in 40 μl (total volume, 440 μl). The vials were left overnight 

stirring at 25 ºC either under light irradiation or under darkness. After that an internal 

standard is added to measure samples in GC-FID. 

Procedure VIII (for photocatalytic experiments): The reactions were prepared in 

glass vials in the glovebox, where PCIr
+ and 1e were dispensed from stock solutions. 

TBA2ox was also dispensed inside of the glovebox, while degassed anhydrous Et3N was 

injected out of the glovebox using the Schlenk line. The reactions were kept in our in-

house developed parallel photoreactors overnight. Once opened, an internal standard 

was added to the reaction mixture, followed by biphasic extraction of the organic phase 

(water/AcOEt) and filtration through a short MgSO4 path before GC analysis. 

Procedure IX (for photocatalytic experiments): The reactions were prepared in 

glass vials in the glovebox, where PCIr
+ and 1e were dispensed from stock solutions. 

TBA2ox was also dispensed inside of the glovebox, while degassed anhydrous Et3N was 

injected out of the glovebox using the Schlenk line. The reactions were kept in our in-

house developed parallel photoreactors overnight. Once opened, an internal standard 

was added to the reaction mixture, followed by biphasic extraction of the organic phase 

(water/AcOEt) and filtration through a short MgSO4 path before GC analysis. 

 

5.4.10. Additional reactivity studies with PCIr
0 

Table 5. 10. Stoichiometric reactions of PCIr
0 with chloroanisole and blank reactions. 
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Entry Equivalents of 

1c 

Reaction time 

(min) 

Conversion 1c 

% 

Yield 2 

(%) 

1 1 0 0 0 

2 1 5 18 15 

3 1 15 42 40 

4 1 60 57 57 

5 1 1440  91 79 

6 10 0 0 0 

7 10 5 4 33 

8 10 15 6 58 

9 10 60 8 79 

10 10 1440  9 95 

11 100 0 0 0 

12 100 5 1 77 

13 100 15 1 88 

14 100 60 1 97 

15 100 1440  1 99 

Standard conditions: PCIr
0 (0.3 mM), 1c in CH3CN (0.44 mL) at 25 °C under N2 under blue 

light irradiation (447 nm). Yields were determined by GC analysis relative to a calibrated 

internal standard. 

 

Table 5. 11. Reactivity of the isolated powder. 
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Entry Aryl 

halide 

Light 

exposure 

Conv 

(%) 

Yield 

(%) 

1 1c 447 nm LED 23 20 

2 1c dark 0 0 

3 1a 447 nm LED 25 24 

4 1a dark 30 28 

Standard conditions: PCIr
0 (3 mM dispersion), 1 (3 mM) in CH3CN (0.44 mL) at 25 °C under 

N2. Irradiated for 12 h (447 nm). Yields were determined by GC analysis relative to a calibrated 

internal standard. 

 

 

Figure 5. 58. Dehalogenation of chloroanisole (1c) when performing ON/OFF cycles with a 447 

nm LED. Blue areas indicate irradiation cycles and white areas indicate non-irradiation periods. 
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5.4.11. NMR spectra from reactivity 

 

Figure 5. 59. 1H-NMR spectra in CDCl3 of the reaction crude of bpy●‒ (15 mM) in acetonitrile 

at time zero. 
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Figure 5. 60. 1H-NMR spectra in CDCl3 of the reaction crude of bpy●‒ (15 mM) in acetonitrile 

after 1 h (top) and 36 h (bottom) of irradiation (447 nm). Highlighted signals correspond with 

the ones attributed to the predominant diastereomer of 3-aminocrotononitrile according to the 

reported spectra.93 
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Figure 5. 61. 1H-NMR spectra in CDCl3 of the reaction crude of bpy●‒ (15 mM) in acetonitrile 

after 1 h (top) and 36 h (bottom) under darkness. 

 

 

5.4.12. Studies on the release of the bpy in the presence of triethylamine 

 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Metal to Ligand Concern Transfer: [Ir(bpy)(ppy)2]+ 

 

- 271 - 

 

 

Figure 5. 62. 1H-NMR spectra of PCIr
+ 5 mM in the presence of 10 equiv. of Et3N after different 

irradiation times (up to down corresponding with 0, 1, 2, 5 and 10 min of irradiation), signal 

broadening is related with the generation of paramagnetic species. 
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Figure 5. 63. 1H-NMR spectra of PCIr
+ 5 mM in the presence of 10 equiv. of Et3N at -40 ºC 

after different irradiation times (from top to bottom, 10 s, 1 min, 5 min, 10 min and 30 min). 

 

 

Figure 5. 64. 1H-NMR spectra of PCIr
+ 5 mM in the presence of 10 equiv. of Et3N at -10 ºC 

after different irradiation times (from top to bottom, 10 s, 1 min, 5 min, 10 min and 30 min). 
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Figure 5. 65. 1H-NMR spectra of PCIr
+ 5 mM in the presence of 10 equiv. of Et3N at 25 ºC after 

different irradiation times (from top to bottom, 10 s, 1 min, 5 min, 10 min and 30 min). 

 

 

Figure 5. 66. 1H-NMR spectra of PCIr
+ 5 mM in the presence of 10 equiv. of Et3N at 60 ºC after 

different irradiation times (from top to bottom, 10 s, 1 min, 5 min, 10 min and 30 min). 
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Figure 5. 67. 1H-NMR spectra of CNPCIr
+ 5 mM in the presence of 10 equiv. of Et3N at 25 ºC 

after different irradiation times (from top to bottom, 1 min, 5 min, 10 min and 30 min). 

 

 

Figure 5. 68. 1H-NMR spectra of NMe2PCIr
+ 5 mM in the presence of 10 equiv. of Et3N at 25 ºC 

after different irradiation times (from top to bottom, 1 min, 5 min, 10 min and 30 min). 
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Figure 5. 69. 1H-NMR spectra of tBuPCIr
+ 5 mM in the presence of 10 equiv. of Et3N at 25 ºC 

after different irradiation times (from top to bottom, 1 min, 5 min, 10 min and 30 min). 

 

 

Figure 5. 70. Comparison of the 1H-NMR spectra of (up) [Ir(ppy)2(CH3CN)2]PF6, (medium) 
tBuPCIr

+ 5 mM in the presence of 10 equiv. of Et3N at 25 ºC after 30 min of irradiation, and 

(bottom) tBuPCIr
+ 5 mM in the presence of 10 equiv. of Et3N at 25 ºC before irradiation. 
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Figure 5. 71. Absorption and emission spectra of [Ir(ppy)2(CH3CN)2]PF6 in CH3CN (λex= 355 

nm). Measured by Dr. Noufal Kandoth. 

 

Figure 5. 72. (top) Emission spectra of PCIr
+ (25 uM) in the presence of [Ir(ppy)2(CH3CN)2]PF6 

(25 uM) in CH3CN (λex= 385 nm). (bottom) Emission spectra of PCIr
+ (25 uM) confirming that 

PCIr
+* undergoes some interaction with [Ir(ppy)2(CH3CN)2]PF6. 
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Figure 5. 73. (Left) Absorption spectra of HCPIr (25 uM) modifying the concentration of 

MeCNIr in CH3CN. (Right) Emission spectra of HPCIr (25 uM) modifying the concentration of 

MeCNIr in CH3CN. In a next step, we wondered if there could be an observable interaction 

between the PC and the MeCNIr in substoichiometric amount, what was confirmed and 

supported by Stern-Volmer studies (R2=0.98). 

 

Figure 5. 74. (Top) Absorption spectra of a mixture of HCPIr (25 uM), TBA2ox (31.25 uM) and 

MeCNIr (250 uM) in CH3CN under irradiation. (Bottom) Absorption spectra of MeCNIr (25 

uM) in the presence of TBA2ox (62.5 uM) before and after 30 s of 447 nm LED irradiation. 
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5.4.13. Collection of spectroscopic studies with other iridium complexes 

 

Figure 5. 75. Normalized absorbance of selected complexes in their charged form. 

 

Figure 5. 76. SEC-UVvis spectra of NMe2PCIr (1 mM) at room temperature in the presence of 

TBAPF6 (0.2 M) in CH3CN under N2 atmosphere. The potential is tuned upon negative values 

(top) and then back to its original point (bottom). 
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Figure 5. 77. Evolution of the absorption spectrum during the chemical reduction of CNPCIr
+ (1 

mM) to CNPCIr
0 and presumably CNPCIr

-  with Na/Hg (20 equiv) in CH3CN in a 5 mm cuvette. 

Picture of the cuvette illustrates the color of the solution at the end of the experiment. 

 

 

Figure 5. 78. Evolution of the absorption spectrum during the chemical reduction of tBuPCIr
+ (1 

mM) to tBuPCIr
0 with Na/Hg (20 equiv) in CH3CN in a 5 mm cuvette. Picture of the cuvette 

illustrates the color of the solution at the end of the experiment. 
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Figure 5. 79. Absorption spectra of NMe2PCIr (25μM) before (black trace) and after (blue trace) 

30 s of irradiation with a 447 nm LED in the presence of TBA2ox (125μM) in degassed CH3CN. 

 

Figure 5. 80. Absorption spectra of tBuPCIr (25μM) before (black trace) and after (blue trace) 

30 s of irradiation with a 447 nm LED in the presence of TBA2ox (125μM) in degassed CH3CN. 
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Figure 5. 81. Absorption spectra of CO2EtPCIr (25μM) before (black trace) and after (blue 

trace) 30 s of irradiation with a 447 nm LED in the presence of TBA2ox (125μM) in degassed 

CH3CN. 

 

Figure 5. 82. Absorption spectra of CNPCIr (25μM) before (black trace) and after (blue trace) 

30 s of irradiation with a 447 nm LED in the presence of TBA2ox (125μM) in degassed CH3CN. 
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Figure 5. 83. Absorption spectra of bzqPCIr (25μM) before (black trace) and after (blue trace) 

30 s of irradiation with a 447 nm LED in the presence of TBA2ox (125μM) in degassed CH3CN. 

 

Figure 5. 84. Absorption spectra of phenPCIr (25μM) before (black trace) and after (blue trace) 

30 s of irradiation with a 447 nm LED in the presence of TBA2ox (125μM) in degassed CH3CN. 
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Figure 5. 85. Normalized emission spectra of selected complexes in CH3CN. 

 

 

Figure 5. 86. Normalized emission of the new signals obtained from different complexes (25μM) 

after enough irradiation time (up to 300 s) in the presence of Et3N (50 mM) in degassed CH3CN. 
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Figure 5. 87. (A) Transient spectra (black trace) of tBuPCIr
0 after 10 (solid line) and 100 ps 

(dotted trace) of photoexcitation, overlapped with the negative steady-state absorption of 
tBuPCIr

0 for comparison (grey) (B) Kinetics at 530 and 550 nm of tBuPCIr
0 in CH3CN. 

Measurement conditions: tBuPCIr
0 was generated from tBuPCIr

+ 100 μM in CH3CN in the 

presence of TBA2ox 1 mM after 10 s of irradiation (5-100 ps). 

 

 

Figure 5. 88.  (A) Transient spectra (black trace) of [CNPCIr]0 after 10 (solid line) and 100 ps 

(dotted trace) of photoexcitation, overlapped with the negative steady-state absorption of 

[CNPCIr]0 for comparison (grey). (B) Kinetics at 535 and 550nm of [CNPCIr]0 in ACN. 

Measurement conditions: [CNPCIr]0 was generated from CNPCIr 100 μM in ACN in the presence 

of TBA2ox 1 mM after 10 s of irradiation (2-200 ps). 

 

500 550 600 650 700

-0.1

0.0

0.1

0.2
m

Δ
A

wavelength (nm)

 10 ps, tBuPCIr
0 TAS signal

 100 ps, tBuPCIr
0 TAS signal

A

0.8

0.4

0.0

 tBuPCIr
0 steady-state abs

A

10 100

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

m
Δ

A

time (ps)

550 nm, tBuPCIr
0*

530 nm, tBuPCIr
0

B

500 550 600 650 700

-0,2

-0,1

0,0

0,1

m
Δ

A

wavelength (nm)

 10 ps, [CNPCIr]
0 TAS signal

 100 ps, [CNPCIr]
0 TAS signal

0,8

0,6

0,4

0,2

0,0

 [CNPCIr]
0 steady-state absorption

A

A

10 100

-0,25

-0,20

-0,15

-0,10

-0,05

0,00

0,05

0,10

0,15

0,20

m
Δ

A

time (ps)

 550 nm, [CNPCIr]
0

 535 nm, [CNPCIr]
0

B

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Metal to Ligand Concern Transfer: [Ir(bpy)(ppy)2]+ 

 

- 285 - 

 

 

Figure 5. 89.  (A) Transient spectra (black trace) of [bzqPCIr]0 after 10 ps of photoexcitation, 

overlapped with the negative steady-state absorption of [bzqPCIr]0 for comparison (grey). (B) 

Kinetics at 525 and 550 nm of [bzqPCIr]0 in ACN. Measurement conditions: [bzqPCIr]0 was 

generated from bzqPCIr 100 μM in ACN in the presence of TBA2ox 1 mM after 10 s of irradiation 

(2-200 ps). 

 

 

Figure 5. 90.  (A) Transient spectra of [NMe2PCIr]0 after 10 ps (black trace) and 200 ps (blue 

trace) of photoexcitation, overlapped with its negative steady-state absorption (grey) and the 

excited state transient absorption measured in the absence of quencher (red, emission 

substracted) (B) Kinetics at 630 nm of [NMe2PCIr]0 in ACN. Measurement conditions: [NMe2PCIr]0 

was generated from NMe2PCIr 100 μM in ACN in the presence of TBA2ox 1 mM after 10 s of 

irradiation (2-200 ps). 
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Figure 5. 91. (A) Transient spectra of [phnPCIr]0 after 10 ps (black trace) and 200 ps (blue trace) 

of photoexcitation, overlapped with its steady-state absorption (grey) and the excited state 

transient absorption measured in the absence of quencher (red, emission substracted) (B) 

Kinetics at 530 nm of [phnPCIr]0 in ACN. Measurement conditions: [phnPCIr]0 was generated 

from phnPCIr 100 μM in ACN in the presence of TBA2ox 1 mM after 10 s of irradiation (2-200 

ps). 

 

Figure 5. 92. Transient spectra of HPCIr (black), tBuPCIr (blue), and CNPCIr (red) in pure CH3CN 

after 10 ps of photoexcitation. 
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Figure 5. 93. (A) Transient spectra of HPCIr after 10 ps of photoexcitation, in the presence (red 

trace) and absence (black) of triethylamine, and the difference between transient absorption with 

and without NEt3 (grey) (B) Transient spectra of tBuPCIr after 10 ps of photoexcitation, in the 

presence (red trace) and absence (black) of triethylamine, and the difference between transient 

absorption with and without NEt3 (grey) Measurement conditions: PCIr 100 μM in ACN in the 

presence or absence of NEt3 15 mM. 

 

 

 

 

5.4.14. Further reactivity studies about CoCp*2 

Table 5. 12. Effect of the concentration, light and wavelength on the photoactivity of CoCp*2. 

 

Entry Changes Conv 

(%) 

Yield (%) 

1 3 mM CoCp*2 38 12 

2 6 mM CoCp*2 84 34 
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96 44 
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4 0.1 LED 38 19 

10 16 LED 100 40 

6 530 10 8 

7 590 0 0 

8 660 0 0 

9 850 0 0 

aStandard reaction conditions: CoCp*2 (different concentrations), Subs. (3 

mM) in anhydrous CH3CN (1 mL) irradiated (447 nm) for 24 hour at 25 °C 

under N2. Yields after workup (average of duplicates) determined by GC 

analysis relative to calibrated internal standard. 

Table 5. 13. Photoreactions using species structurally comparable with CoCp*2. 

 

Entry Changes Conv (%) Yield (%) 

1 CoCp*2
+ 4 0 

2 Cc0 6 5 

3 Fc0 0 0 

4 LiCp* (6.6 equiv) 0 0 

5 LiCp* (6.6 equiv) + 

Co(OTf)2(CH3CN)2 (3.3 

equiv) 

0 0 

aStandard reaction conditions: metallocene (3.3 equiv), Subs. (3 mM) in 

anhydrous CH3CN (1 mL) irradiated (447 nm) for 1 hour at 25 °C under N2. 

Yields after workup (average of duplicates) determined by GC analysis relative 

to calibrated internal standard. 
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Scheme 5. 13. Stepwise reaction. 

 

 

Figure 5. 94. ON-OFF cycles for the reaction of chloroanisole with CoCp*2 under standard 

conditions. Blue areas indicate irradiation cycles and white areas indicate non-irradiation 

periods. 
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Figure 5. 95. Absorption and luminescence measurements of CoCp*2. The peak in the emission 

spectra corresponds with a Raman band from the solvent. 
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Figure 5. 96. Absorption and luminescence measurements of CoCp*2. The peak in the emission 

spectra corresponds with a Raman band from the solvent. 

 

 

Table 5. 14. Photoreactions with CoCp*2 under non inert atmosphere. 

 

Entry Changes Conv 
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Yield (%) 
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2 Under O2  4 0 

aStandard reaction conditions: CcMe (3.3 equiv), Subs. (3 mM) in anhydrous 

CH3CN (1 mL) irradiated (447 nm) for 1 hour at 25 °C under N2. Yields after 

workup (average of duplicates) determined by GC analysis relative to 

calibrated internal standard. 

Table 5. 15. Exploration of the reactivity with CoCp*2 in front of different substrates. 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Metal to Ligand Concern Transfer: [Ir(bpy)(ppy)2]+ 

 

- 293 - 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
PHOTOREDOX CATALYSIS MEDIATED BY TRANSITION METAL COMPLEXES. 
TOWARDS CHALLENGING ORGANIC REDUCTIONS 
David Pascual Gascón



Chapter 5 

 

- 294 - 

 

 

Figure 5. 97. 1H-NMR spectra in CDCl3 of the cleanest fraction isolated from the reaction 

between CoCp*2 and 4-phenylbutan-2-one. 

 

5.4.15. DFT calculations details 

DFT calculations have been performed with the Gaussian09 software package[ref: 

Gaussian 09, Revision E.01, Frisch et. al. Gaussian, Inc., Wallingford CT, 2009]. 

Geometry optimizations and frequency calculations at the ground state structure have 

been performed at the uB3LYP/def2SVP level of theory. Solvent effects and London 

interactions are considered through the SMD94 model for CH3CN and Grimme-D3 

correction95, respectively. 

 

 Figure 5. 98. Calculated spin density for (left) MePCIr
0 (middle), tBuPCIr

0 and (right) CNPCIr
0 

calculated at the uB3LYP/def2SVP level of theory. Unrelevant hydrogen atoms are omitted for 

clarity and an isosurface value of 0.0025 is chosen for representation. The additional unpaired 
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electron is clearly delocalized over the bipyridine ligand as expected according to 

similar reported complexes.18 
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In Chapter 3, we established that 1Co/PCCu is an excellent dual combination of 

catalysts for olefin reduction, exhibiting excellent selectivity. The selected system 

expanded the methodology to prepare deuterated alkanes. Thus, the deuteration was 

consistent with an irreversible HAT step. Based on our mechanistic understanding, 

evaluation of other photosensitizers and conditions reached a dual Co/Ir system capable 

of selectively reducing acetophenone versus styrene and vice versa. This unique 

behaviour is rationalized by the different reduction mechanisms that each substrate 

undergoes. 

In Chapter 4, we found that cobalt tetradentate complexes based on the chiral 

fragments S,S-bispyrrolidine and S,S-cyclohexanediamine can catalyze the ATH of 

aromatic ketones efficiently in the presence of NMe2PCIr as the photocatalyst. However, 

when substituting the ortho-position of the pyridine of the chiral ligand, the reactivity 

of these complexes drops drastically. We associated this lack of reactivity with 

excessive steric hindrance. Our current data suggest bulky meta-position substitution 

positively affects chirality induction. Nonetheless, further studies are required. Lastly, 

both reactivity and enantioselectivity are highly dependent on the substrate.  

In Chapter V, we have isolated and unambiguously determined the structure of 

[Ir(bpy)(ppy)2]0 (PCIr
0), which corresponds with the first crystalline structure of a 

catalytic intermediate obtained via reductive quenching (to the best of our knowledge). 

In our spectroscopic characterization of this species, we observed the excitation of the 

reduced intermediate of an iridium PC for the first time, which had previously been only 

proposed as a mechanistic hypothesis. However, the isolated intermediate under 

irradiation could reduce aryl chlorides (up to -2.9 V vs SCE), which becomes catalytic 

under electrophotochemical conditions. Furthermore, TD-DFT calculations and 

experimental results demonstrated that the reductive reactivity came from the bpy●‒ 

ligand.  

As a general conclusion, these results show that the selectivity of metal hydrides 

in basic media can be controlled and directed to reduce organic functionalities. For this 

reason, we envision that other readily available H2O reduction catalysts could also 

perform selective organic reductions using visible light as the driving force and H2O as 
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a clean source of hydrides. We also expect that the herein disclosed reductive reactivity 

of PCIr
0 and bpy●‒ will be extended to other bipyridine-based molecules for further 

transformations. These studies can help to shed light on the mechanistic ambiguity 

around multiphoton mechanisms. 
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