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Preface and Scientific goal 
Due to the climate change, pollutions, energy shortage and other 

interrelated global crises, there is always an increasing demand for the 

development of environmentally friendly processes in the chemical 

industries. In the last two decades, the field of photochemistry has 

emerged as a potent methodology across diverse domains, enabling the 

synthesis of numerous intricate compounds through environmentally 

sustainable means.  

This thesis aims to demonstrate the advantages of photochemistry as a 

potent methodology for synthesizing valuable products across diverse 

domains. Chapter 1 introduced the fundamental principles and concepts 

underlying photochemistry, elucidating them through existing 

methodologies or systems. To show the efficiency, safety and circularity 

of photochemistry, four distinct methodologies (Chapter 2-5) were 

developed and employed, utilizing photoredox and photochemical 

reactions to produce valuable products across various domains, 

demonstrating the practical application of photochemistry in synthesis. 

All these methodologies rely on the photochemistry, aiming to engineer 

or create environmentally sustainable and milder reaction systems to 

attain specific desired products. 

The thesis is divided into five chapters: 

• Chapter 1: An overview and introductory exposition of the 

fundamental principles and concepts pertaining to photochemistry 

are provided. 

• Chapter 2: We have enhanced the generation of hydrogen peroxide by 

introducing an aryl amino group in polymeric carbon nitrides via 

visible light-mediated photocatalysis. In addition to increasing the 

efficiency of photocatalytic system, the description of the whole 
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reactive scenario for the polymeric carbon nitrides has been depicted 

by combining diverse characteristic methods and theoretical 

calculations. Futhermore, the possible active catalytic sites are 

identified with the aid of 15N and 19F solid state NMR without using 

any expensive labeling reagent. 

• Chapter 3: We have developed a unique methodology for the 

generation of α-amino radicals under the irradiation of visible light 

under a metal-free condition. This strategy is induced by π–π 

stacking and ion-pairing interactions and facilitated the synthesis of 

functionalized amines through three-component coupling reactions. 

• Chapter 4: We have designed an efficient method for the red light-

mediated sulfonyltrifluoromethylation of olefins which provide 

remarkable regioselectivity. This reaction system has been 

thoughtfully designed, and excellent substrate compatibility and 

functional group tolerance exhibits the industrial potential, thus 

validating the significance of this strategy. 

• Chapter 5: We have developed a metal-free photocatalytic system for 

the transformation of biomass into formic acid. Compared to 

previous strategies, our method can work efficiently at room 

temperature and atmospheric pressure. Notably, real biomass and 

even daily-life-based-materials such as waste papers and oak cork 

stoppers of wine bottles are also smoothly converted to formic acid. 
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Schematic main content of Thesis: 
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Chapter 1 

Overview and basic concepts of photochemistry 

ABSTRACT: In this chapter, an overview and basic concept of 

homogeneous and heterogeneous photoredox/photochemical 

reactions are succinctly introduced. Within each section of different 

concepts, selective applications related to the corresponding synthesis 

or methodologies are described and explained.  
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1.1 Introduction 
In ancient civilizations, a collective awareness existed to reduce the 

effects of solar irradiation when foods such as oils, coffee, spices, and 

wines were stored, although a comprehensive understanding of these 

processes was still distant by then.1 Encouraged by these early 

observations, scientists and scholars have investigated the phenomenon 

of light-triggered chemical reactions with notable milestones and 

discoveries.2 In 1777, Carl Wilhelm Scheele, a Swedish chemist, has 

discovered that silver chloride became dark upon the irradiation of light.3 

Later in the mid of 19th centuries,  Robert Bunsen and Henry Roscoe put 

efforts on the photochemical reactions of gaseous substances, which laid 

the foundation of understanding the importance of light intensity and 

wavelength in these reactions.4 In the 20th century, propelled by the 

contemporary theoretical frameworks and the deployment of analytical 

techniques, the comprehension of photochemical processes were 

progressively attained.5 For instance, Giacomo Luigi Ciamician, an 

Italian chemist, envisioned the potential of harnessing photochemical 

apparatuses capable of converting solar energy into fuels for the 

sustenance of human civilization.6,7 Nowadays, photochemistry has 

emerged as a potent methodology across diverse domains including both 

academia and industries.8  

Among different strategies in photochemistry, visible light-mediated 

photoreactions experienced a pronounced renaissance due to their 

environmental friendliness and low energy requirement in comparison 

to the energy-intensive ultraviolet (UV) light.9 Additionally, compared to 

the UV light-mediated reactions and thermal reactions, less heat is 

generated in visible light-mediated photoreactions, resulting in less 

undesired products which can be induced by thermal effect.10 

Furthermore, in contrast to the UV light, compounds containing fragile 

chemical bonds could be less sensitive toward visible light due to their 

lower energy and in this way, prevent the photodecomposition.11 Due to 
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all these advantages, visible light-mediated photochemistry has rapidly 

grown and diverse methodologies have been established in synthetic 

organic chemistry.12 Thus, in this chapter, basic principles of visible light-

mediated photochemistry and its selective applications in synthetic 

organic chemistry will be introduced. 

1.2 Homogeneous photocatalysis 

1.2.1 Catalytic pathways of homogeneous photocatalysis 

Homogeneous catalysis is defined when the substrate and the catalyst 

coexist in one phase in a catalytic system. Nowadays, readily available 

transition metal complexes such as ruthenium (Ru)- and iridium (Ir)-

based photocatalysts along with metal-free organic dyes have been 

extensively utilized in various areas (Figure 1.1).13, 14 

 

Figure 1.1. Representative common homogeneous photocatalysts. 
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These photocatalysts are able to absorb the light within the visible 

segment of the electromagnetic spectrum, resulting in the formation of 

stable and long-lived photoexcited states.15, 16 On a molecular level, an 

electron migrates from the HOMO level to the LUMO level of the 

photocatalyst after the absorption of light, resulting in the formation of 

singlet excited state of the photocatalyst. Subsequently, the photocatalyst 

undergoes intersystem crossing to its triplet excited state, which has 

longer lifetime.17 Compared to the photocatalyst at the ground state, the 

triplet excited  state of the photocatalyst serves as either a stronger 

oxidant or a stronger reductant in photoredox process since an electron 

is at the higher energy level (lowest unoccupied molecular orbital 

(LUMO) level of its ground state) and a vacant orbital at lower energy 

level (highest occupied molecular orbital (HOMO) level of its ground 

state) is also available to accept an electron. As elucidated in Figure 1.2, 

the triplet excited state of photocatalyst can be quenched through a) 

oxidative pathway or b) reductive pathway. Besides the photoredox 

process, photocatalysts could also activate the substrates via energy 

transfer (EnT) process.18 After excitation of the photocatalyst by the light, 

the photocatalyst as an excited donor transfers the excited-state energy 

to a ground-state acceptor (the substrate) which cannot be directly 

activated by the light (Figure 1.2c).19 Another type of EnT, namely Dexter 

EnT, holds predominant significance and will be explained in detail.20 

Similar process to reach the triplet state of the photocatalyst, the EnT can 

be described as a contemporaneous mechanism involving the exchange 

of two electrons: the donor facilitates the electron transfer to the LUMO 

of the acceptor, concomitantly acquiring an electron from the HOMO of 

the acceptor. Consequently, the excited-state energy is transferred, 

resulting in forming the excited triplet state of the acceptor and 

simultaneously regenerating the ground state of the donor (Figure 

1.2d).21  
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Figure 1.2. Schematic overview of the catalytic pathways of photocatalysis. Left: 

Photoredox process includes a) oxidative and b) reductive pathways. PC: 

photocatalyst, 1PC*: singlet excited state of photocatalyst, 3PC*: triplet excited 

state of photocatalyst, OQ: oxidative quencher, RQ: reductive quencher, D: 

electron donor, A: electron acceptor, hv: light irradiation. Right: Energy transfer 

process includes c) indirect excitation and d) dexter energy transfer. Sub: 

substrate, Sub*: light-excited/activated substrate. 

To provide a more comprehensive understanding about the 

homogeneous photocatalysis, selective examples in synthetic organic 

chemistry will be introduced in the following sections.  
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1.2.2 Selective examples via oxidative pathway 

 

Figure 1.3. Reaction conditions: i) 0.1 or 0.2 mmol olefin, 2-3 equiv. FABI, 1mol % 

fac-Ir(ppy)3 in 1,4-dioxane (0.025 M) at room temperature for 12 h under the 

irradiation of 6W blue LEDs.; ii) 0.1 mmol olefin, 3 equiv. FABI, 10 equiv. EtOH, 

1mol % fac-Ir(ppy)3, 1 equiv. NaOAc in 1,4-dioxane (0.1 M) at room temperature 

for 12 h under the irradiation of 6W blue LEDs.22 

In 2022, Liao group reported a novel class of solid-state and redox-

active fluorosulfonyl radical reagents which denoted as 1-fluorosulfonyl 
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2-aryl benzoimidazolium triflate (FABI) salts. Indeed, a facile radical 

fluorosulfonylation of olefin was achieved under photoredox conditions 

with these reagents (Figure 1.3).22 In their proposed mechanism, FABI (1) 

was used as an oxidative quencher to accept an electron from the excited 

iridium photocatalyst (IrIII*) via single electron transfer (SET), followed 

by a homolytic cleavage of the N−S bond to deliver fluorosulfonyl radical 

(FSO2•). Subsequently, FSO2• was added to styrene to form the carbon-

centered radical intermediate (3) and followed by this, 3 was further 

oxidized by IrIV to afford the cationic species (4) and regenerated the 

iridium catalyst. At the end, 4 was either deprotonated or trapped by 

alcohols (ROH) to form the final product (5) or (6), respectively. It is 

worth noting that the oxidative pathway was verified by the fluorescence 

quenching experiments. It demonstrated that as the concentration of 

FABI salt was increased, there was a notable reduction in fluorescence 

intensity. 
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1.2.3 Selective examples via reductive pathway 

 

Figure 1.4. Reaction conditions: 0.1 mmol of aryl iodide, 0.2 mmol of alkene (), 

0.2 mmol of sulfinate, 10 mol% of L*NiBr2, 1 mol% of 4-CzIPN, 0.9 mmol of 15-

crown-5 in DME (0.025 M) under the irradiation of Kessil LED (390 nm 45 W) 

at 0 °C for 48 h. 

Recently, Nevado et al. has developed a dual nickel/photoredox 

catalytic reaction system for the synthesis of asymmetric 

carbosulfonylated products from alkenes (Figure 1.4).23 In this three-

component enantioselective carbonsulfonylation reaction, a sulfinate (7) 

was employed as an electron donor which was oxidized by the excited 

state of 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN*) to 

provide a sulfonyl radical (8). The radical (8) was added to an olefin to 

generate an alkyl radical (9) which was captured by the Ni0 species (14) 
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to deliver a NiI species (10). Subsequently, NiIII species (11) was formed 

by reacting with aryl iodide via oxidative addition reaction. At last, facile 

reductive elimination underwent to provide the enantioselective product 

(12) and the NiI−I species (13). The sodium sulfinates salts were also 

verified as reductive quenchers by the Stern-Volmer fluorescence 

quenching experiments. 

1.2.4 Selective examples via energy transfer pathway 
 

 

Figure 1.5. Ni-catalyzed esterifications by energy transfer. 

Thermally activated delayed fluorescence (TADF) constitutes a 

mechanism that the electrons from the triplet states are efficiently 

harvested and harnessed to facilitate the induction of fluorescence. 

Photosensitizers characterized by the manifestation of TADF are 

emerged as a powerful tool in EnT photocatalysis. In 2023, group of 

Hudson has synthesized a series of imidazophenothiazine-based 

compounds as EnT photocatalysts which had the triplet energies up to 
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63.9 kcal mol−1.24 The designed catalysts demonstrated high efficacy to 

facilitate [2+2] cycloaddition reactions, disulfide-ene reactions, and Ni-

catalyzed cross-coupling reactions between aryl halides and acids to 

achieve the corresponding esters. In the aforementioned esterification 

reaction, the base-mediated oxidative addition of an aryl halide with the 

(dtbbpy)Ni0 species (15) proceeded to form the aryl−NiII species (16). 

Subsequent activation of 16 to its triplet state (17) occurred through an 

energy transfer mechanism which was facilitated by the triplet state of 

the imidazophenothiazine-based photocatalyst (SACR-IPTZ*). Facile 

reductive elimination of 17 allowed to provide the product (18) and 

(dtbbpy)Ni0 species. It should be noted that the triplet energy (ET) of 

aryl−NiII species (16, ET = 20−24 kcal mol−1) was lower than the ET of 

SACR-IPTZ (ET = 58−64 kcal mol−1), which was pivotal to enable the 

activation process. 

1.3 Heterogeneous photocatalysis 
In contrast to the homogeneous catalysis, the catalyst exists within a 

distinct phase relative to the reactants in heterogeneous photocatalytic 

systems.25, 26 At present, heterogeneous photocatalysis as a sustainable 

tool has garnered significant interest in organic synthesis since it is of 

great interest from the industrial point of view owing to its inherent 

advantages of facile catalyst separation from the reaction mixture and 

further reuse in the reaction.27 

In the realm of the heterogeneous photocatalysts, metal oxides such 

as titanium dioxide (TiO2) are popular and standard semiconductors 

which are used in photocatalysis for water splitting or other 

environmental applications.28-30 These metal oxides possess a large band 

gap and make diverse reactions that are thermodynamically possible. 

However, it is a dilemma that strong light irradiation like UV light is 

required for the activation of these photocatalysts due to their large band 

gap. The adverse impact of UV light in photocatalysis has been described 
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in the previous introduction. Simultaneously, the expanded redox range 

of catalysts attributed to their wide band gap could give rise to the 

selectivity issue as the potential for unforeseen reactions is concurrently 

heightened.31 Therefore, it becomes appealing to employ heterogeneous 

photocatalysts which can be activated by the visible light. 

To overcome this obstacle, loading noble metal particles e.g. gold and 

silver on metal oxides is an efficient way to enhance the photocatalytic 

reactivity under the irradiation of visible light.32 The metal oxides loaded 

with the noble metal nanoparticles which are regulated with 

comparatively small size and narrow size distribution, are capable of 

enhancing the absorption of visible light via surface plasmon resonance 

(SPR), which is a phenomenon observed when incident light at a specific 

angle excite electrons within a thin metal surface, subsequently causing 

their propagation in parallel along the surface.33 Thus the number of 

photoexcited electron-hole pairs generated in the photocatalysts is 

increased. Simultaneously, the photogenerated electrons can be trapped 

by metal nanoparticles, resulting in an efficient separation of 

photogenerated charge carriers (Figure 1.6).34 Both can lead to improved 

photocatalytic reactivity and efficiency compared to the original metal 

oxide semiconductors. 
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Figure 1.6. Efficient separation of photogenerated charge carriers in TiO2, 

facilitated by the loading of gold particles. 

Besides aforementioned photocatalysts, metal-free semiconductors 

such as covalent organic framework (COF) and polymeric carbon 

nitrides (PCN) have also received significant attention and are applied in 

areas such as water splitting, organic synthesis and for the degradation 

of pollutants (Figure 1.7).35-41 In the context of organic synthesis and 

heterogeneous photocatalysis, PCN has already been developed and 

become one of the most popular candidates since the groups of 

Antonietti and Wang discovered its photocatalytic reactivity for the 

evolution of hydrogen and oxygen.42  

 

Figure 1.7. Examples of selected metal-free semiconductors. 
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1.3.1 General mechanism of heterogeneous photocatalysis with PCN 
 

 

Figure 1.8. Schematic representation of the general mechanism of the 

photocatalysis with PCN. 

The pristine PCN possess a band gap of ca. 2.7 eV (CB = -1.3 V vs. NHE 

at pH 7, VB = 1.4 V vs. NHE at pH 7). Therefore, PCN can be activated by 

the absorption of visible light, resulting in the excitation of the electrons 

in the valence band. The excited electrons are migrated to the conduction 

band, leading to the formation of positive holes in the valence band. The 

photogenerated electron-hole pairs are separated and further are 

migrated to the surface of the catalyst which react with the chemical 

donors (D) and acceptors (A) (Figure 1.8).43  To enhance the 

photocatalytic reactivity, the redox potentials of donors and acceptors 

should be within the potential range of CB and VB. Moreover, the redox 

processes must exhibit pronounced efficiency to forestall the 

recombination of photoinduced electrons and holes.44 Based on these 

requisite conditions, suitable sacrificial agents or modification of PCN 

are required. 
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Compared to the modification of PCN, using suitable sacrificial agents 

is a straightforward strategy to manage the reactions. Amines or alcohols 

are frequently used as sacrificial electron donors as they are 

comparatively easier to be oxidized.45 Similarly, molecular oxygen is 

preferably used as an electron acceptor since its single-electron reduction 

potential is around -0.16 V vs. NHE at pH 7. In addition, superoxide 

radical anion (O2•−) generated as the crucial intermediate can be further 

transformed into hydrogen peroxide (H2O2) which is a valuable green 

oxidant and a pulp bleaching reagent.46, 47 

Nonetheless, within the realm of organic synthesis, the manipulation 

of PCN stands as a promising avenue for expediting reaction kinetics and 

expanding the scope of applicable substrates: i) the potentials of CB or 

VB can be adjusted by the formation of PCN by using different 

precursors. ii) It is also conceivable that these precursors possess the 

capability to bind with diverse functional groups or reactive scaffolds, 

leading to the corresponding derivatives of PCN. iii) Similar to metal 

oxides, PCN exhibit the capability to undergo metal loading, thereby 

enhancing both catalytic reactivity and stability. iv) Furthermore, the 

introduction of defects or atomic vacancies has been validated as a 

prospective approach for the optimization of electronic structure, 

concurrently serving as catalytically active site for reactive molecular 

species.48 In the following sections, selective examples of visible light-

mediated photocatalysis by using modified PCN is introduced. 

1.3.2 Modification of PCN based on various precursors 

The PCNs are synthesized by a thermal polymerization by using 

various precursors. The frequent used precursors include urea, thiourea, 

dicyandiamide (DCDA) and melamine (Figure 1.9).  
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Figure 1.9. Synthetic route of PCN starting from different precursors. 

In 2012, Groups of Antonietti and Wang have reported a facile 

modification of PCN with simple co-monomers to optimize the visible 

light-mediated hydrogen evolution reaction (Figure 1.10).49 Various 

aromatic co-monomers such as organic compounds bearing amino cyano 

moieties were introduced in the copolymeric process, leading to the PCN 

with functional groups grafted on the surface. In principle, those 

functional groups were capable of tuning the electronic structures, 

electronic conductivities or morphologies of PCN which played the 

crucial roles for hydrogen evolution under the irradiation of visible light. 

This bottom-up fabrication of PCN was also able to be guided by the 

theoretical calculations, facilitating comprehension and the scalable 

manipulation of carbon nitride substructures. 
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Figure 1.10. Schematic synthetic route of PCN with co-monomers. 

1.3.3 Modifications of PCN with reactive scaffolds 

As mentioned in 1.3.1, the pristine PCN possesses a suitable band gap 

for the visible light-mediated generation of H2O2. In order to achieve high 

efficiency, alcohols rather than water were used as electron donors as the 

potential of VB of PCN is insufficient for the water oxidation due to 

limited thermodynamic driving force. To use green and earth-abundant 

water in place of alcohols, enhancing the catalytic efficacy of PCN to 

facilitate the process of water oxidation emerges as an imperative 

requisite. In 2014, Hirai group incorporated an aromatic diimides, 

pyromellitic diimide (PDI), into PCN by a thermal condensation reaction 

to promote the water oxidation (Figure 1.11).50 PDI as a n-type organic 

semiconductor with high electron affinity was introduced in PCN so that 

it could positively shift the potentials of CB and VB which should allow 

water oxidation reaction. By incorporating different amount of PDI units, 

the potential of VB reached up to 1.89 V vs. Ag/AgCl at pH 6.6, while the 
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potential of CB was still sufficient for the reduction of oxygen. As 

expected, the photocatalytic production of H2O2 with PCN/PDI51 

occurred smoothly under the irradiation of visible light with a 

comparative amount of H2O2 (ca. 50.6 µmol). It was observed that the 

system demonstrated efficacy even when it was exposed to the solar light. 

 

Figure 1.11. Top: Schematic synthetic route for the PCN incorporated with PDI. 

Bottom: Electronic band structures of the pristine PCN and PCN/PDIx. 

1.3.4 Modifications of PCN by different metal loading  

Similar to other semiconductors, many examples have shown that the 

loading of metals on PCN is considered as one of the effective strategies 

to improve the photocatalysis. Within the metal loading approach, 

dispersing metal atoms such as iron, nickel and platinum on PCN, is 

known as single-metal-atom catalysts (SACs) and currently, have been 

extensively investigated.51,52 Compared to metal clusters or nanoparticles, 

SACs could provide more active sites of the transition metal to enhance 

the reactivity and selectivity in catalysis. Recently, our group has 
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fabricated a series of SACs comprised of atomically dispersed 

manganese situated on aryl amino-grafted PCN (Mn-SACs) for the 

photocatalytic generation of H2O2 from seawater (Figure 1.12).47 The 

unsaturated Mn-Nx sites on aryl amino-grafted PCN facilitated the O2 

absorption and activation, preventing the recombination of 

photogenerated electron−hole pairs. Simultaneously, the aryl amino 

functional group shortened the band gap and enhanced the light 

absorption. The dispersed Mn-atoms and grafted aryl amino moieties 

synergistically promoted the catalytic reactivity for the production of 

H2O2 from seawater without the presence of any organic electron donor. 

 

Figure 1.12. Schematic synthetic route of Mn-SACs (Mn/AB-PCN was shown as 

an example).  

1.3.5 Modifications of PCN by introducing defect  

Formerly, defects within materials were regarded as sites that were 

conducive to charge recombination. However, in recent times, defects 

have been verified to facilitate the photocatalysis when meticulously 

regulated.53 Introducing defects in semiconductors could adjust the 

electronic band structures for the absorption of light as midgap states are 

formed between CB and VB. Simultaneously, the defects possess the 

potential to function as catalytically active sites for the organic molecules. 

Furthermore, defects can serve as trapping sites which can impede the 

recombination of the photogenerated electron-hole pairs.   
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Figure 1.13. Top: Schematic synthetic route for Cv/PCN. Bottom: Different H2O2 

production pathways by PCN and Cv/PCN. 

In 2016, Wang group reported that the PCN was modulated by carbon 

vacancies for the photocatalytic production of H2O2 under the irradiation 

of visible light (Figure 1.13).54 In fact, in contrast to the pristine PCN, the 

PCN containing carbon vacancies (Cv/PCN) exhibited a notable 

enhancement in photocatalytic reactivity, achieving a 14-fold increase in 

the absence of any organic scavenging agents. It should be noted that the 

mechanism of H2O2 generation in the context of the Cv/PCN system had 

transitioned from a sequential single-electron reduction process to a 

singular two-electron reduction process (Figure 1.13 Bottom). In pristine 

PCN, oxygen was reduced firstly to superoxide radical anion via SET, 

followed by additional single-electron-reduction. Compared to pristine 

PCN, the Cv/PCN could facilitate the reduction of oxygen directly via 

two-electron transfer and form the H2O2 with two protons. 

 



20 
 

1.4 Noncovalent interactions (NCls)-driven 

photochemistry   

The classification of forces that maintain atomic cohesion involves two 

primary categories: covalent interactions and noncovalent interactions 

(NCIs).55 Although NCIs including hydrogen bonding, π-interactions, 

van der Waals, and Coulombic interactions are weaker compared to the 

relatively strong covalent bonds, they continue to maintain a 

fundamental role as the driving force within numerous processes, 

particularly exerting their significance in a majority of biochemical 

processes (Figure 1.14).56, 57 For instance, precise conformational folding 

of proteins for functional efficacy significantly relies on NCIs. In addition, 

self-assembly has been considered as a consequence of NCIs. It is an 

inherent thermodynamic phenomenon characterized by the reduction of 

the system's free energy via intermolecular NCIs, resulting in the 

formation of precisely structured or organized nanoarchitectures.58, 59 In 

the realm of catalyst design, NCIs also play a crucial role in the 

diminution of free energy barriers through the stabilization of transition 

states, making the catalytic systems more efficient.60 

Among all the NCIs, π-interactions, encompassing π-π, lone pair-π, 

XH-π, and cation/anion-π interactions, have undergone comprehensive 

investigations within the realm of photochemical synthesis, particularly 

in association with aromatic functional moieties.61-63 Considering factors 

such as the orientation, distance, and electronic effects that control or 

influence the NCIs, have been taken into account for the rational design 

of catalysts not only to achieve high catalytic reactivity but also high 

regio- or site-selectivity. In the following sections, selective examples of 

various π-interactions-mediated photocatalytic systems are introduced. 
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Figure 1.14. Representative noncovalent interactions and corresponding 

examples. 

1.4.1 π-π interaction-induced photochemistry 

C−S bonds are ubiquitously present within a range of pharmaceutical 

compounds, bioactive natural products, organic materials and 

polymers.64 Consequently, there is a significant demand for facile and 

atom-economical methodologies to afford the formation of C−S bonds. In 

general, C−S cross-coupling reactions are conventionally catalyzed by 

transition metal catalysts, facilitating the coupling of thiols and aryl 

halides.65 To accomplish the coupling reactions, strong bases, ligands and 

high temperature are essential in most of the reported systems. Since 

photochemistry has been emerged as a robust strategy to facilitating the 

advancement of chemical transformations under benign reaction 

conditions, methods for the formation of C−S bond have concurrently 

been developed. In 2017, Miyake group developed a visible light-

mediated C−S cross-coupling reaction in the absence of both photoredox 
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catalysts and transition metals (Figure 1.15).66 Based on the analysis of 

UV-vis spectroscopy and theoretical calculations, it suggested that the 

electron-poor aryl halide (acceptor) and the electron-rich thiolate (donor) 

formed a π-π interaction-induced electron donor-acceptor (EDA) 

complex. The intermolecular electron transfer between the donor and the 

acceptor provided the corresponding thiyl radical and aryl radical 

followed by the cross-coupling of these two radicals to provide the 

desired product. 

 

Figure 1.15. Photocatalytic C−S bond formation. 

The transformation of carboxylic acids (CAs) is continuously 

attractive in both academia and industry since CAs are one of the 

extensively abundant and essential chemical feedstocks in nature.67 

Recently, photocatalytic decarboxylation of CAs has been well-

developed and it has become a powerful method to generate various 

carbon-centered radicals.68 In principle, photoinduced decarboxylation 

has both oxidative and reductive pathways. In oxidative pathway, the 

anion form of CAs (RCOO−) undergoes the single-electron oxidation to 

provide the RCOO• followed by the release of CO2 to the R•. In contrast, 
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CAs are able to bind with different redox auxiliaries such as N-

hydroxyphthalimide to alter the intrinsic electronic properties, leading 

to a reductive pathway (Figure 1.16).69 

 

Figure 1.16. Oxidative and reductive photoinduced decarboxylation of CAs. 

To realize the reactions based on two pathways, powerful 

photocatalysts or transition metals are required in the system since the 

redox potential of single-electron oxidation of RCOO− is around +1.6 V 

vs. SCE and the redox potential of single-electron reduction of RCOO-

RA such as N-hydroxyphthalimide ester derivative is around -1.6 V vs. 

SCE. Among the commercially available photocatalysts, only few options 

can fulfil the required redox potentials, therefore, facile photoinduced 

decarboxylation is still intriguing.70-72 In 2017, Aggarwal group has 

reported a photoinduced decarboxylative borylation of CAs in the 

absence of photocatalysts and transition metals (Figure 1.17).73 The broad 

scope of CAs were firstly activated by N-hydroxyphthalimide as a redox 

auxiliary to form the N-hydroxyphthalimide ester derivative. 

Subsequently, the N-hydroxyphthalimide ester derivative were reduced 

by solvent-activated bis(catecholato)diboron (B2cat2) via an 

intermolecular charge transfer which was facilitated by a π-π interaction-

induced EDA complex. After releasing the redox auxiliary and CO2, the 

corresponding R• was further coupled with B2cat2 to form the borylated 

product. 
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Figure 1.17. Photoinduced decarboyxlative borylation of CAs. 

1.4.2 Cation/anion-π interaction-induced photochemistry 

Inspired by the light-induced electron transfer process in organic 

synthesis, Fu et al. has reported a general photocatalytic strategy for 

promoting synthetically useful reactions by employing a combination of 

sodium iodide/triphenylphosphine (NaI/PPh3) (Figure 1.18).74 NaI as an 

easily available and inexpensive reagent and is recognized to reduce aryl 

bromides and triflates into their corresponding aryl radicals. This 

transformative process, however, requires the irradiation of high-energy 

UV light. To use the visible light instead of UV light, they estimated that 
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the energy of electron transfer between NaI and redox-active acceptors 

could be lowered in the presence of PPh3 because they can form a three-

component charge transfer complex (CTC) via coulombic and cation-π 

interaction.75 The light-induced SET from iodide to N-

hydroxyphthalimide ester derivative provided the Na+/Ph3P−I• species 

and the corresponding R•, followed by the interception by acid-activated 

heteroarenes to deliver the product. The PPh3 was significant in this 

system, because it not only facilitated the formation of CTC complex, but 

also stabilized the iodine radical as a Ph3P−I• species. 

 

Figure 1.18. NaI/PPh3-promoted photocatalytic Minisci-type decarboxylative 

alkylation. 

To examine the general applicability of NaI/PPh3 photoredox system, 

reactions for the generation of various radicals via photocatalytic SET 

reduction from different valuable precursors have been carried out. For 
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instance, the reduction of Katritzky’s N-alkylpyridinium salts via SET is 

a well-known method to provide radicals (Figure 1.19).76 The assembly 

of NaI and PPh3 with Katritzky’s N-alkylpyridinium salts to form a CTC 

via coulombic and anion-π interaction promoted the generation of R• 

under the irradiation of visible light, followed by trapping by electron-

rich olefins to provide the alkenylated product. 

 

Figure 1.19. Photocatalytic deaminative alkenylation with Katritzkys N-

alkylpyridinium salts. 

1.4.3 Lone pair-π interaction-induced photochemistry 

Amines as one of the most useful electron donors are frequently 

employed in the catalytic system. However, amines in catalytic cycles are 

typically used as a stoichiometric amount as a sacrificial reagent rather 
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than as a catalyst. Although electron-rich substrates with amine moieties 

have been reported to form an intramolecular EDA complex via iminium 

ion formation,77 the use of amine as both the donor and the external 

catalytic species is still underdeveloped.  

In 2019, Bosque and Bach employed 3‑acetoxyquinuclidine (q-OAc) as 

a catalytic donor and tetrachlorophthalimide ester derivative as an 

acceptor to form a EDA complex via lone pair-π interaction, leading to 

amino/hydro-decarboxylation and the generation of R• from 

tetrachlorophthalimide ester derivative (Figure 1.20).78 The formed R• 

was further oxidized by the catalyst radical cation (q-OAc+•) and was 

intercepted by the previously released NTClPhth− to form the final 

product. Simultaneously, the catalyst q-OAc was regenerated. This 

strategy has extended the conceptual framework by employing of an 

external catalytic electron donor/acceptor species for the initiation of 

visible-light-driven radical reactions.  

 

Figure 1.20. Photocatalytic amino/hydro-decarboxylation with q-OAc as a 

catalyst. 
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1.5 Synthetic photochemical reactions driven by 

red light   

Photoredox reactions have become a powerful tool in organic 

synthesis over the past decade, especially the photocatalytic/chemical 

reactions mediated by visible light have drawn much attention due to 

their environmental sustainability and versatility. In principle, these 

photoinduced reactions widely use Ru-/ Ir-based or organic 

photocatalysts which are mainly activated under the irradiation of blue 

light. As discussed in Figure 1.2, the ground state (S0) of the photocatalyst 

is activated by the irradiation of light to reach to its singlet excited state 

(S1), followed by intersystem crossing (ISC) to its triplet excited state (T1). 

Although the ISC of Ru-/Ir-photocatalysts is relatively rapid and efficient, 

ca. 25% of light energy is still wasted thermally due to the ISC process.79 

Furthermore, the scalability of the reaction under the irradiation of the 

visible light is another issue since the penetration of light plays a crucial 

role in the light-induced reaction.80, 81 The penetration of blue light into 

the reaction medium with a Ru(bpy)3(PF6)2 is ca. 0.17 cm. Therefore, 

multiple lamps or flow setups are required to increase the catalytic 

efficiency to upscale the reactions (Figure1.21 Left). 
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Figure 1.21. Schematic photoexcitation of [Ru(bpy)3]2+ and [Os(tpy)2]2+. 

In 2020, Rovis group reported a series of osmium (Os)-based 

photocatalysts for synthetic organic reactions.82 The Os-catalyst was 

directly excited by the red light or near-infrared (NIR) light from S0 to T1 

without the excited state S1. Compared to blue light, energy efficiency 

was increased by minimizing the energy loss as there was no ISC process. 

In addition, penetration of red light is also better, and the distance of red 

light irradiated in reaction medium with Os(tpy)2(PF6)2 is ca. 6.0 cm 

(Figure 1.21 Right). The deep penetration of light is crucial for upscaling 

of reaction, since the photon flux on large-scale reactions exhibits a 

significant reduction. For instance, in order to maintain a consistent 

photon flux on a 1 mmol scale reaction, approximately 200 lamps were 

required for a 10 mmol scale reaction under the irradiation of blue light. 

However, only 8 lamps were necessary to obtain the comparable yield 

under the irradiation of red light. 

To fulfil the catalytic requisite, Os-photocatalysts with different 

ligands were synthesized and their redox potentials were also measured 

for guiding the photocatalytic reactions. The representative Os-

photocatalysts with redox potentials are shown in the Figure 1.22.82 Since 

the energy of red light is low, the redox window of Os-catalysts are 
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comparably narrow, resulting in the better control of catalytic reactions 

to achieve high selectivity and the better tolerance of light-sensitive 

functional groups. 

 

Figure 1.22. Representative Os-based photocatalysts. 

To examine the catalytic efficiency of Os-photocatalysts, diverse 

photoredox reactions have been carried out (Figure 1.23). The successful 

and smooth execution of challenging transformations involving the 

photopolymerization of cyclohexene oxide, a cation radical [2+2] 

cycloaddition reaction, photocatalytic chlorotrifluoromethylation of 

olefins and the oxidation of aryl boronic acid  has been demonstrated 

through the utilization of red/NIR photoredox catalysis.82 
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Figure 1.23. Photocatalytic reactions with Os-catalysts under the irradiation of 

red/NIR light. 

To upscale the reaction, various quantity for Stephenson’s 

trifluoromethylation reactions have been performed with both 

Ru(bpy)3(PF6)2 and Os(tpy)2(PF6)2 (Os3) under the irradiation of blue and 

NIR light, respectively (Figure 1.24). It was clearly observed that the 

catalytic efficiency of blue light system decreased with the increasing the 

reaction scale, while catalytic efficiency of NIR system maintained or 

even increased on larger scale. This difference could be attributed to the 

deeper light penetration of NIR light into the medium. 
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Figure 1.24. Top: Upscaling of Stephenson’s trifluoromethylation with Os3 

under NIR. Bottom: Comparison of scalability of catalytic systems with blue 

and red light. 
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Chapter 2 

Atomic Level Understanding for the Enhanced 

Generation of Hydrogen Peroxide by the 

Introduction of an Aryl Amino Group in 

Polymeric Carbon Nitrides 

ABSTRACT: Heterogeneous catalysts are often ‘black boxes’ due to the 

insufficient understanding of the detailed mechanism at the catalytic 

sites. An atomic-level elucidation of the processes taking place in those 

regions is, thus, mandatory to produce robust and selective 

heterogeneous catalysts. We have improved the description of the 

whole reactive scenario for the polymeric carbon nitrides (PCN) by 

combining atomic-level characterizations with magic angle spinning 

(MAS) solid state nuclear magnetic resonance (NMR) spectroscopy, 

classical reactive molecular dynamics simulations (RMD), and quantum 

chemistry calculations (QC). We disclosed the structure-property 

relationships of an ad hoc modified PCN by inserting an arylamino 

group that turned out to be very efficient for the production of H2O2. 

The main advancement of this work was the development of a 

difluoromethylene-substituted aryl amino PCN to generate H2O2 at the 

rate of 2.0 mM h-1 under the irradiation of household blue LEDs and the 

identification of possible active catalytic sites with the aid of 15N and 19F 

MAS solid state NMR without using any expensive labeling reagent. 

RMD simulations and QC calculations confirmed and further extended 

the experimental descriptions by revealing the role and locations of the 

identified functionalities, namely NH linkers, –NH2 terminal groups, 

and difluoromethylene units, reactants, and products. 

 

This chapter is based on a published work: Zhang, T.; Schilling, W.; 

Khan, S. U.; Ching, H. Y. V.; Lu, C.; Chen, J.; Jaworski, A.; Barcaro, G.; 

Monti, S.; De Wael, K.; Slabon, A.; Das, S. ACS Catal. 2021, 11, 14087. 
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2.1 Introduction 
Heterogeneous catalysts are essential for industrial synthesis because 

of their easy separation and reusability.1 However, still, the traditional 

catalysts are poorly characterized and classified in terms of their active 

catalytic sites.2 A clear understanding of these fundamental regions is 

essential to obtain a robust heterogeneous catalyst and to improve the 

structure-activity relationships of the whole process. Among the 

heterogeneous catalysts, polymeric carbon nitrides (PCN) have attracted 

much attention as metal-free catalysts with an appropriate band structure 

for various applications, such as water splitting, oxygen reduction 

reactions, C-C bond cleavage reactions (Figure 2.1).3-4 Advantageously, 

fabrications and modifications of PCN are also feasible, and strategies 

such as morphology tuning such as mesoporous PCN (mpg-CN),5 defect 

control,6-7 elemental doping,8-9 and hybridization10 have been intensively 

investigated. Despite these improvements, characterization and structure 

determination of the active sites still remain inadequately explored. 

Although great efforts have been made to disclose the active site by the 

scanning transmission electron microscopy with energy-dispersive X-ray 

spectroscopy (STEM EDX) mapping, still the discrimination between the 

carbon and nitrogen is very difficult due to their close positions in the 

periodic table. 
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Figure 2.1. Selective examples of using PCN as a photocatalyst in organic 

synthesis. 

This problem can be potentially overcome by the combination of 

experimental techniques and computational calculations. In this respect, 

solid-state NMR spectroscopy (ssNMR) can be very efficient for its atomic 

selectivity and ability to depict the local chemical environments regardless 

of the chemical/structural disorder or low species concentration. Indeed, 

among the nuclei relevant for this study, nitrogen is the most challenging 

one. This is because NMR active isotope 14N exhibits severe spectral 

broadening due to quadrupolar interaction11 (with exceptions for highly 

symmetric environments), and the other active isotope (15N) suffers from 

low natural abundance and, therefore, sensitivity, which often requires 

isotope enrichment. However, it has been shown that 15N NMR is capable 

of delivering crucial information for the nitrogen containing materials.12 

The examined catalysts are appropriate for cross-polarization (CPMAS) 

NMR experiments, a method utilizing ssNMR employs heteronuclear 

dipolar interactions to facilitate the transfer of nuclear magnetization 
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across distinct types of nuclei, at the natural 15N isotope abundance due to 

the presence of protons (Figure 2.2). 

 

Figure 2.2. Atomic level characterizations of aryl amino PCN photocatalyst. 

On the other hand, reactive molecular dynamics simulations (ReaxFF 

flavor 13) of these types of materials based on efficient preparametrized 

potentials,14 are a powerful tool to explore the most probable interactions 

and locations of the different species present in the complex environment 

on which the catalyst is inserted in to reproduce the reaction mechanisms 

realistically and, in conjunction with the nudged elastic band (NEB) 

approach, at the QC level, to identify the key intermolecular interactions 

which drive the reactants to crucial intermediates and products.15 

Given these premises, we focused on the development of a novel metal-

free heterogeneous photocatalyst for the production of hydrogen peroxide 

(H2O2). This is because hydrogen peroxide is considered as one of the 100 

most essential chemicals.16 The current global market size for H2O2 is 

reached to 1.49 billion USD with a compound annual growth rate forecast 

(CAGR) of more than 4.7% from 2020 to 2027.17 Currently, more than 95% 

of the total industrial production of H2O2 relies on the anthraquinone 
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oxidation (AO) process which suffers from several drawbacks such as the 

use of an explosive gas mixture of H2 and O2, high energy consumption, 

and capital investments (Figure 2.3).18 

 

Figure 2.3. Schematic of the anthraquinone oxidation (AQ) process. 

Therefore, there is an urgent need to develop new methods for the 

production of H2O2 under mild reaction conditions. To date, various 

photoactive materials have been investigated for photocatalytic H2O2 

production.19-31 For example, Fukuzumi et al. reported a photocatalytic 

process for the production of H2O2 from water and oxygen by using a 

mixture of [RuII(Me2phen)3]2+ (Me2phen = 4,7-dimethyl-1,10-

phenanthroline) and Ir(OH)3 (or cobalt catalyst).19 In addition, Yerushalmi 

et al.20 and Piao et al.21 designed titanium oxide (TiO2) doped with silicon 

or gold and Pt/TiO2(anatase) for the production of H2O2 from water, 

respectively. Group of Shiraishi reported on resorcinol–formaldehyde 

resins22  for the production of H2O2 from water and O2 under the 

irradiation of solar energy. PCN-based-photocatalysts have also been 

used for the generation of H2O2. For example, the Shiraishi group 

described an excellent pyromellitic diimide (PDI) modified PCN 

photocatalyst to generate 50.6 mmol of H2O2 within 48 h.23 It should be 

noted that these excellent photocatalysts facilitated the production of H2O2 

directly from water, but one drawback of this H2O2 generation process 
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was to overcome the high kinetic barriers, that, as a consequence, limited 

the amount of H2O2 production.24-25 Alternatively, mixtures of water and 

alcohols such as ethanol have become highly attractive since ethanol can 

be obtained directly via the hydrolysis of biomass.26 Teranishi et al. 

demonstrated that an Au-doped TiO2 catalyst was appropriate,24c and, 

subsequently, Moon et al. revealed an excellent TiO2 catalyst with reduced 

graphene oxide (rGO).27 Parallelly, Yamashita, and van Der Voort groups 

reported a hydrophobic metal-organic framework and a covalent organic 

frameworks (COFs) respectively for the generation of H2O2 from a mixture 

of water and alcohols.28-29 

Table 2.1. Reported PCNs for the generation of H2O2 using the mixture of water 

and alcohols. 

Entry Materials Sacrificial Reagent  Light sourcea Production ratec Ref. 

1 g-C3N4 Ethanold 2 kW Xe lamp 0.53 mM·h-1 32 

2 Mesoporous g-C3N4 Ethanold 2 kW Xe lamp 0.83 mM·h-1 33 

3 (K, P, O)-g-C3N4 Ethanole 300 W Xe arc lamp 0.23 mM·h-1 34 

4 CoP/g-C3N4 Ethanole 300 W Xe lamp 0.07 mM·h-1 35 

5 Au/g-C3N4 2-Propanolf 300 W Xe lamp 0.47 mM·h-1 36 

6 3DOM g-C3N4-PW11 Organic electron donors 300 W Xe lampb 0.42 mM·h-1 37 

7 AQ-augmented g-C3N4 2-Propanole 150 W Xe arc lamp 0.18 mM·h-1 38 

8 KPF6/g-C3N4 Ethanole 300 W Xe arc lamp 0.35 mM·h-1 39 

9 Nv-g-C3N4 Ethanolg 250 W sodium lamp 1.30 mM·h-1 40 

10 g-C3N4 with N vacancies Ethanolg 250 W sodium lamp 2.00 mM·h-1 41 

11 g-C3N4-Carbon 2-Propanolf 300 W Xe lamp 0.38 mM·h-1 42 

12 Oxygen-enriched g-C3N4 2-Propanole 300 W Xe lamp 1.20 mM·h-1 43 

13 g-C3N4–SiW11 Methanolf 300 W Xe lamp 0.30 mM·h-1 44 

14 KH2PO4/g-C3N4 Ethanole 300 W Xe arc lamp 0.75 mM·h-1 45 

15 g-C3N4-CoWO Organic electron donors 300 W Xe arc lamp 0.09 mM·h-1 46 

16 Au/g-C3N4 Ethanole 300 W Xe arc lamp 0.10 mM·h-1 47 

17 ACNN 2-Propanole 300 W Xe lamp 5.10 mM·h-1 48 

18 Ti3C2/g-C3N4 2-Propanole 300 W Xe lamp 0.11 mM·h-1 49 

19 BNQDs/UPCN 2-Propanole 300 W Xe lamp 0.07 mM·h-1 50 

20 AKMT/C3N4 Ethanole 300 W Xe lamp 1.37 mM·h-1 51 

21 p-TFAB-C3N4 Ethanold 24 W household LED 2.00 mM·h-1 This work 

aThe reaction systems were exposed to lamps with main emission from 420 nm (λ ≥ 420 nm). bλ > 320 nm. 
cProduction rates were determined based on slopes of graphs in initial time interval. d90 vol%. e10 vol%. f5 

vol%. g0.789 g·L-1. 
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In addition to all the above-mentioned catalysts, PCNs were also used 

to produce H2O2 from mixtures of water and alcohols (Table 2.1). More 

specifically, PCNs in conjunction with transition metal catalysts, nitrogen-

vacancies, mesoporous morphologies, oxygen enrichment, or alkali metal 

dopants, have shown excellent reactivity. 32-51 Notwithstanding all these 

excellent photocatalysts, a high-power light source (at least >150 W) was 

essential to achieve high reactivity, and a higher production rate of the 

generated H2O2 was only possible with at least 250 W light power (very 

expensive lamps). From all these data, it is clear that a robust catalyst is 

essential to reduce costs and to increase production. Herein, we report on 

a difluoromethylene-substituted aryl amino PCN catalyst that reaches 2.0 

mM h-1 of H2O2 production with a 24 W household LEDs and is stable for 

more than 30 h. The apparent quantum yield (AQY) is 36.7% at 456 nm 

(See supporting information). Compared to all the existing protocols 

using PCNs, this robust heterogeneous catalyst based on LEDs produces 

a higher concentration of H2O2 at a similar rate. Furthermore, to gain a 

comprehensive knowledge of its reactivity, we have characterized it with 
1H, 13C, 15N, and 19F MAS solid state NMR spectroscopy, Fourier Transform 

Infrared Spectroscopy (FTIR), Diffuse-reflectance UV/Vis spectroscopy, 

Mott–Schottky plots, Brunauer–Emmett–Teller (BET) analysis and High-

Resolution Transmission Electron Microscopy (HRTEM) and 

multiscale/level computational chemistry. 

 

 

 

 

 



48 
 

2.2 Results and Discussion 
Different aryl amino PCNs were synthesized by heating the 

dicyandiamide (DCDA, 42 g) and the corresponding amino aryl nitriles 

(0.7 g, 1.6 wt%) in H2O (160 mL) at 95 °C, until the mixture was completely 

dried (Figure 2.4). The resulting mixture was removed, grinded in an 

algae mortar, and loaded into a stainless steel chamber. Later, the chamber 

was heated to 585 °C in a GERO carbolite oven (type F70-200, power: 1.5 

kW) for 244 minutes under air. The temperature was maintained for 4 h 

followed by cooling the chamber to room temperature in 6 h. The aryl 

amino-functionalized melem was generated from 2-aminobenzonitriles 

via condensation reaction, followed by thermal polycondensation of 

common and functionalized melem molecules to form the desired aryl 

amino-functionalized PCN. 

 

Figure 2.4. Synthesis of aryl amino PCNs. 

After the synthesis of the aryl amino PCNs, Fourier Transform Infrared 

spectra (FTIR) were collected by using the Varian 610-IR FTIR 

spectrometer (USA). The sample was analyzed in the range of 400–4000 
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cm–1 with 16 scans at a 4 cm−1 resolution. As shown in Figure 2.5, all the 

stretching modes of the aromatic CN heterocycles around 1250 to 1600 

cm−1 and the breathing mode of the triazine units at 800 cm−1 were 

observed. These signals clearly showed that the modification did not 

change the core of the polymeric structure of PCN and are similar to the 

pristine C3N4.3a Additionally, the Brunauer–Emmett–Teller (BET) specific 

surface area (SBET) was determined from the low-temperature nitrogen 

adsorption/desorption isotherms and was approximately 12 m2·g-1 for the 

p-TFAB-C3N4, which was higher than the bulk g-C3N4 (Figure 2.20). 23 

 

Figure 2.5. FTIR spectrum of p-TFAB-C3N4. 

The bandgaps of all the arylamino PCNs were determined from the 

Tauc plots (ca. 2.8 eV), which were similar to the pristine C3N4 (Figure 

2.22). Mott-Schottky experiments were also performed for the 

determination of flat band potentials (Efb). The positive slope of the Mott-

Schottky curve indicated the n-type nature of the arylamino PCNs. Based 

on the intersection between Mott–Schottky plot and the baseline, Efb of 
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arylamino PCNs was approximately -0.69 V vs. RHE. It is generally 

considered that the bottom potential of the conduction band (CB) for an 

n-type semiconductor is approximately 0.2 V more negative than the Efb. 

Therefore, CB of arylamino PCNs were ca. -0.89 V vs. RHE and valence 

band (VB) was 1.97 V vs. RHE (Figure 2.23 and 2.24). 

To further obtain the structural information of arylamino PCNs, solid-

state MAS NMR was performed (Figure 2.6). To the best of our knowledge, 

high-resolution 1H MAS NMR spectra of this type of material has not been 

reported before. The 1H MAS NMR spectrum of the p-TFAB-C3N4 revealed 

two main signals: i) one from >NH linkers at 8.9 ppm and ii) another from 

–NH2 terminal groups at 4.2 ppm. The high signal intensity from the >NH 

linkers in comparison to the low signal integral of the –NH2 terminal 

groups (fitted ratio of ~0.8:0.2) reflected the high degree of polymerization 

among the melem monomers in the network. The two observed 13C 

resonances originated from the “edge” (Ce; 165 ppm shift) and the 

“internal” (Ci; 157 ppm) carbon sites, as depicted in Figure 2.6b. The signal 

of Ce was expected to have a higher intensity than Ci as a consequence of 

closer distances to protons of the >NH and –NH2 groups which enabled 

more efficient cross-polarization in the CPMAS experiment. This was in 

agreement with previously reported 1H-13C CPMAS spectra of g-C3N4.3d,52 

Noteworthy, the 13C spectrum of p-TFAB-C3N4 sample revealed an 

additional partially resolved signal at 163 ppm, which had not been 

observed before. As this resonance originated from the carbon atoms 

adjacent to the >NH linkers, this indicated distinct network arrangements 

in the sample compared to the previous reports.  
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Figure 2.6. 1H MAS NMR, 1H- 13C, 19F and 1H- 15N CPMAS spectra of p-TFAB-

C3N4 sample. 

No other carbon signals from either the aromatic or non-aromatic 

species were observed in the 1H-13C CPMAS spectrum. However, the 1H-
15N CPMAS spectrum revealed all the expected nitrogen resonances for 

the g-C3N4 structure being composed of melem monomeric units. The 

signals at -188 and -225 ppm correspond to the nitrogen atoms embedded 

at the edge (Ne) and inside (Ni) of the monomer units, respectively. The 

Ne/Ni signal intensity ratio was higher than the expected 6:1, because Ni 

was situated at a farther distance from the closest protons, which made 

cross-polarization less efficient for this nitrogen site. The intensities of 

both these signals increased when the contact time in the CPMAS 

experiment was increased from 2 to 4 ms, which corroborated signal 
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assignments. The resonances at -244 and approx. -264 ppm originated 

from linkers (>NH) and terminal –NH2 groups, respectively. It is worth 

noting that the signal of the –NH2 groups is over-represented in the 1H-
15N CPMAS spectrum since there are two available protons to cross-

polarize if compared to the >NH moiety. These signal assignments were 

in pair with the previous NMR study on 13C/15N-isotope-enriched g-C3N4 

and with theoretical predictions of 13C/15N NMR shifts in g-C3N4 by 

density-functional-theory (DFT).52-53 The 19F MAS NMR spectrum revealed 

a single resonance and consequently confirmed the successful 

incorporation of the fluorine atoms at a sole chemical site. The 19F chemical 

shift of -105 ppm suggested the presence of the =CF2 moiety 54-55, and it was 

corroborated further by the quantum chemical calculations. The 19F 

chemical shift calculations at the robust DSD-PBEP86/aug-pcS-2 level of 

theory56 for the model of the difluoromethylene functionality shown in 

Figure 2.6d (see SI for details), resulted in chemical shift prediction of -90 

ppm, which was close to the experimental results given the wide chemical 

shift range of 19F nucleus. Hence, we concluded that our combined 

NMR/DFT characterization confirmed the proposed chemical model of 

the catalyst.  

After achieving all the characterizations of the arylamino PCNs, we 

became interested in observing their catalytic potential for the generation 

of H2O2 from a mixture of water and ethanol (Table 2.2). To our delight, 

initial evaluation of the photocatalytic performance from the (1/1, v/v) 

mixture of water and ethanol generated up to 1.2 mM of H2O2 within 1 h 

with the p-TFAB-C3N4. In general, the higher concentration of ethanol in 

the mixture, the higher contact possibility of ethanol and active sites 

which leads to better yield of H2O2. However, water can also increase the 

selectivity of H2O2 due to the hydration between H2O2 and water 

molecules.[32] Later, careful optimizations led to the best ethanol: water 

ratio as 9:1. Furthermore, the presence of an acid was essential because it 

prevented the decomposition of formed H2O2 under long reaction time. 
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Therefore, we have also screened the concentration of sulfuric acid in the 

system. Indeed, it was found that 0.5 M of H2SO4 was an ideal choice for 

this stabilization after screening. As oxygen and the light source are also 

crucial in the reaction system, reactions under N2 atmosphere and the 

irradiation of blue lights with various intensities have been carried out, 

which have not shown any improvements. In addition, O2 and a light 

source were essential to trigger the reaction, and without them, no 

formation of H2O2 was observed. The evaluation of all the optimization 

reactions led us to these optimal conditions (for detailed optimization 

studies, see Table 2.3): a mixture of ethanol (27 mL), H2O (3 mL) and 

H2SO4 (0.5 M) containing the catalysts (45 mg) was irradiated under blue 

LED (> 420 nm, 24 W) at room temperature under O2 saturation conditions. 

After achieving 25.64 mM of H2O2 in 30 h, p-TFAB-C3N4 catalyst was 

recollected by centrifugation and was reutilized for further reactions. 

Indeed, this catalyst was successfully recycled for at least four times 

(Figure 2.26-2.27). 

Table 2.2. Generation of H2O2 from water and ethanol mixture by using aryl 

amino PCNs under the irradiation of blue LEDs. 

 

Entry Catalyst H2O2 (mM)a 

1 APC-C3N4 15.89 

2 AB-C3N4 24.44 

3 p-TFAB-C3N4 25.64 

4 g-C3N4 14.05 

a: concentrations were determined by redox titration with KMnO4 and results 

were the average value of two experiments under the same reaction conditions. 
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To further analyse the stability of the catalyst (p-TFAB-C3N4) from 

Table 2.2, TEM studies on the catalyst before and after the reaction were 

performed (Figure 2.7). TEM images and HRTEM images of the p-TFAB-

C3N4 (before reaction) revealed a two-dimensional structure, i.e. nanoflake 

structure with an amorphous phase (embedded SAED pattern). Even 

though the low-magnification TEM image of PCN after the reaction 

showed a denser and thicker morphology, the HRTEM showed the same 

nanoflake microstructure at the edge. As a result, the difference on the 

morphology was attributed to the observed thickness of particles, and it 

can be concluded that the reaction did not change the microstructure of 

the PCN, indicating a high stability during the reaction conditions. This 

clearly suggested the excellent recyclability of the p-TFAB-C3N4 

photocatalyst under the reaction conditions (Figure 2.26-2.27). 

 

Before reaction 

 

After reaction 

Figure 2.7. TEM and HRTEM image of p-TFAB-C3N4 before and after the reaction. 

TEM image and selected area electron diffraction pattern (SAED) of PCN were 

recorded by JEOF-2100F. 
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To analyze, the kinetics of the photocatalytic H2O2 generation, 

experimentally, concentrations of the formed H2O2 and the decomposition 

of H2O2 under the irradiation of blue LEDs were measured. As shown in 

Figure 2.8, concentrations of the formed H2O2 with various aryl amino 

PCNs were increased linearly within 8 hours and accumulated slowly 

over time. Parallel to this, decomposition of H2O2 was also investigated 

and H2O2 was decomposed dramatically when its concentration was very 

high. All the aryl amino PCNs did not exhibit any obvious difference in 

the decomposition rate. It is worth noting that the decay rate of H2O2 was 

much slower in the presence of the acid compared to the absence of the 

acid. Therefore, we assumed that the formation and decomposition of 

H2O2 were in accordance with the zero-order and first-order reaction 

kinetics, respectively. 
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Figure 2.8. Photocatalytic H2O2 generation (top) and decomposition (down) with 

aryl amino PCNs under visible light. Concentrations were determined by redox 

titration with KMnO4. 
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2.3 Mechanistic studies 
Finally, to disclose the mechanism of this reaction, 18O2-labelling 

experiment was carried out to investigate the oxygen source of the formed 

H2O2. The generated hydrogen peroxide from the mixture of O2 gas (16O2) 

and labelled molecular oxygen (18O2) were subsequently reacted with PPh3 

and concomitantly analysed by GCMS. As shown in Figure 2.9, mixture 

of the phosphine oxides (16O=PPh3 and 18O=PPh3) were observed which 

clearly proved the oxygen source of the formed H2O2 was the O2 gas. 

 

Figure 2.9. Mass spectra for labelling reaction. 

To further investigate the performance of the photo-generated carriers 

transfer rate of the catalysts, Electrochemical Impedance Spectroscopy 

(EIS) measurements were carried out. As shown in Figure 2.10, following 

the Nyquist plots, the diameter of each of the semi-circle was related to 

the charge transfer resistance at the electrode surface of the catalyst. 

Therefore, smaller the diameter, faster the charge transfer and better the 

charge separation. Compared to the bare electrode, resistances at the 

electrode surfaces with the aryl amino PCNs were all smaller and the p-

TFAB-C3N4 had the smallest resistance. It should be also clearly noted that 

all of these aryl amino PCNs exhibited smaller resistance compared to the 

g-C3N4 catalyst that suggested that these aryl amino PCNs had slower 

recombination of the photo-generated electron-hole pairs. Additionally, 

the electrode with p-TFAB-C3N4 was also investigated under the O2 and 

N2 atmosphere in the presence and absence of the light, respectively. It 
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was obvious that p-TFAB-C3N4 under the O2 atmosphere in the presence 

of light exhibited much smaller resistance compared to that of N2 

atmosphere. The photo-generated electrons were consumed at the surface 

of the photocatalyst after being reduced by O2, which indicated that O2 

facilitated the charge separation and prevented recombination of 

photoinduced charges and holes. 

 

 

Figure 2.10. Electrochemical impedance spectroscopy Nyquist plots of various 

modified catalysts under air (top). Nyquist plots of p-TFAB-C3N4 under saturated 

N2 or O2 atmosphere (bottom). The measurements were performed in 80 μL 

solution containing 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6 and 150 mM NaCl. As a 

reference, one measurement was done on a bare working electrode. 
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Furthermore, to identify the possible radicals involved in this reaction, 

ESR analysis with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin 

trapping reagent was carried out (Figure 2.11). The ESR spectra of an in 

situ photoreaction of p-TFAB-C3N4/EtOH/O2 with DMPO system 

indicated that four radicals were identified in this photocatalytic system: 

1) DMPO-•OOH; 2) radical of the catalyst; 3) DMPO-•OEt; 4) nitroxide 

degradation product of DMPO.57 From the table below, parameters of the 

radical of the catalyst and DMPO-•OOH adduct were similar to the 

references.58 Therefore, we suggested that oxygen was reduced via one-

electron reduction due to the strong signal of DMPO-•OOH adduct. The 

signals of DMPO-•OEt adduct and nitroxide degradation radical of 

DMPO were weak and overlapped with DMPO-•OOH adduct signal. It is 

also worth noting that each of this reaction component played a crucial 

role for the generation of •OOH radical. 
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Radical AN [mT] AH [MT] giso Ref. 

p-TFAB-C3N4 - - 2.0038 This work 

g-C3N4 - - 2.0034 [3d] 

DMPO-•OOH 1.30 
1.03 (1H) 

0.15 (1H) 
2.0066 This work 

DMPO-•OOH 1.31 
1.03 (1H) 

0.14 (1H) 
2.0061 [58] 

DMPO-•OEt 1.35 
0.76 (1H) 

0.21 (1H) 
2.0065 This work 

DMPO-•OEt 1.35 
0.74 (1H) 

0.17 (1H) 
- [59] 

Figure 2.11. ESR spectra measured at room temperature for the reaction solution 

in the presence of a 200 mW solid state laser (447 nm). The EPR spectra was 

simulated with Matlab2018b using the EasySpin-6.0 module. 

These data agree with the representative supramolecular models 

designed to disclose, computationally, possible reaction mechanisms and 

locations of the various species in relation to the catalysts. The main focus 

was on the edge regions of the nanoflakes where the functional group was 

attached. In the initial configurations of the reduction dynamics, the O2 

molecules were surrounded by the solvent, located far apart from one 

another and relatively close to the catalyst interfaces. After a few 

picoseconds RMD, most of the O2 reached the catalyst regions where the 

NH or NH2 groups were located, stabilizing their position there through 

intermolecular hydrogen bonding interactions. This is visible in Figure 

2.12, where the O2 maximum density maps, rendered as red contours, are 

superimposed to the molecular structures of the two catalysts (solvent 

molecules are also displayed as sticks). 
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Figure 2.12. Simulations snapshots of the complex models comprising the 

catalyst with p-TFAB (a) and without it (b) (vdW spheres), ethanol and water 

molecules (sticks), and red high-density contours identifying the O2 molecules. 

Color code: C cyan, O red, N blue, F green, H white. 

The extension of these areas provided an idea of the motion of the 

oxygen near the interface, which was, apparently, very limited. This was 

in contrast with its high mobility in solution where the density contours 

were more extended. It was also noticed that the connections of the 

oxygens were sometimes reinforced by the cooperative action of various 

amine moieties close by and, when the p-TFAB fragment was present, by 

a relatively strong interaction with its nitrogen group (Figure 2.13). 
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Figure 2.13. Catalyst with p-TFAB (vdW spheres), ethanol and water molecules 

(sticks), and red high-density contours identifying the O2 molecules. Color code: 

C cyan, O red, N blue, F green, H white. a) Self-assembly of the various catalyst 

units and entrapment of the O2 molecules interacting with the NH2 groups. b) 

one of the p-TFAB groups. c) capture of the O2 molecules inside the pores of the 

material. 

A consequence of these local constraints on the O2 was a sort of 

entrapment that induced a relocation of the surrounding solvent 

molecules. Practically, both ethanol and water adopted a more favourable 

orientation to interact/react with O2. It is worth mentioning that the 

interfacial behaviour of the solvent was similar for the two catalysts. 

Indeed, the RDF plots shown in Figure 2.14 confirmed the tendency of 

ethanol to exchange/release its H(OH) with/to the amine nitrogen or non-

protonated nitrogens of both catalysts and to reorient its other hydrogens 

towards the -density of the rings (peak centered at 2 Å in the carbon RDF 

plot). The p-TFAB functionalization represented another active O2 binding 
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location at the catalyst edges that could be strengthened by the self-

assembly of the graphitic-like sheets in T-shaped or parallel orientations 

(Figures 2.13-2.14). 

 

Figure 2.14. Ethanol hydrogens-C/N atoms of the catalyst distance distribution 

functions for the non-functionalized (a) and p-TFAB functionalized (b) systems. 

On the right-hand side, the molecular models depict the orientation of the 

ethanol molecules (sticks) in relation to the two supports (vdW or accessible 

surface representations). The red dash lines indicate the coordination of the OH 

groups to the interface. 

A more straightforward characterization of the O2 reduction 

mechanism, in general terms, was obtained through the examination of 

the atom-atom distance distribution functions of the O2 with both nitrogen 

and carbon site of the catalysts and with the hydrogens of catalysts and 

solvent (Figure 2.28). The first RDFs confirmed again that the mechanism 
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started with the connection of O2 to the -N sites through H-bond 

interactions (peak at 3.2 Å – red curve) and that the main actor was ethanol, 

which released its H(OH) to both or one of the oxygen atoms (red peak at 

about 1 Å in both a and b plots-right-hand side). However, the presence 

of the first peak at short distances (about 1.1 Å in the b plot) ascribed to 

the catalyst suggested that the p-TFAB played a role in the reduction 

process by providing the oxygen with the hydrogen that in the other case 

(non-functionalized melem) was released by water. The most striking 

effect of these interactions was an increase in H2O2 production, which was 

evident in the trend displayed in Figure 2.15. 

 

Figure 2.15. Evolution of the number of H2O2 produced during the RMD for the 

functionalized and non-functionalized supports. 

As far as the reaction mechanism is concerned, two possible reaction 

models were identified, which are shown in Figure 2.16. The observed 
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phenomena were not induced by specific biases and happened 

spontaneously, suggesting that, in the presence of the catalysts, the energy 

barriers could be overcome at the simulated temperature. For both 

reaction models, it was apparent that a critical step was the restraint of the 

O2 mobility by its hydrogen bonding to an edge -NH or -NH2 group of the 

catalyst. This induced an ad hoc rearrangement of O2 relative to the 

surrounding solvent species that started to reorient their active hydrogens 

towards each of the oxygens. As displayed in Figure 2.16A (Path a), the 

hydrogens released to the O2 molecule came from ethanol. Another 

possible pathway observed during the simulation was the one where the 

-NH group of the catalyst functioned both as a mediator and as a proton 

donor (Figure 2.16B, Path b). Indeed, the -NH or -NH2 of the linker was 

initially protonated and thus was prone to give a hydrogen atom to O2, 

which almost simultaneously received another H atom from the ethanol 

adjacent to the other O (Figure 2.30). During the RMD simulations, we 

could not observe the formation of acetaldehyde, which was the main 

ethanol photooxidation product, because all the effects of visible light 

were not included in the models. Thus, we resorted to QC nudged elastic 

band (NEB) calculations on representative models of the catalysts (Figure 

2.31) interacting with just an O2 and an ethanol molecule to reproduce the 

whole reaction mechanism at the edges of the materials and to estimate 

the energy barriers involved in these processes (Figure 2.3.9). 
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Figure 2.16. Two distinct reaction models where the hydrogens of the final 

product (H2O2) come from a) ethanol; b) the NH group of the catalyst and ethanol. 

O2 and H2O2 are green, and the released hydrogens yellow. 

The initial action was a sort of immobilization of O2 via hydrogen-

bonding interactions with the -NH or -NH2 group of the catalyst and the 

ethanol -OH moiety (left panels in Figure 2.17, corresponding to reactants 

configuration). The transition state (TS in Figure 2.17) consists of the same 

OOH* intermediate obtained after the ethanol H(OH) migration on O2 and, 

in the case of the incorporation of p-TFAB, in the addition of an H (from 

the CH2 of ethanol) to the p-TFAB -NH moiety. The final stabilization was 

achieved by a simultaneous hydrogen transfer from the -NH2 of the 

catalysts (and the CH2 of ethanol in pristine melem) and the formation of 

H2O2 and acetaldehyde (right panels in Figure 17, corresponding to 

products configurations). The activation energies were approximately 28 

and 23 kcal/mol for the Path a and Path b, respectively. Obviously, Path b 

showed lower activation energy, which was also consistent with our 

experimental results. However, it should be noted that catalysts were 

protonated by -H(CH2) which was not the favourable step compared to 

H(OH). However, due to the instability of CH3CH2O· radical, -H(CH2) was 
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used to estimate the activation energy and real activation energy was 

probably even less. Therefore, we proposed the catalysts acted as both 

proton donor and mediator.  

Furthermore, to disclose the effects of light on the doped catalyst, we 

used the time-dependent extension of DFT (TDDFT) at the B3LYP/6-31G(d) 

level of theory, in line with Shiraishi and co-workers,23 and simulated the 

UV/Vis spectrum of the p-TFAB-doped system. An intense absorption 

peak located at about 423 nm was identified (Figure 2.32), with its 

corresponding structure (See supporting information). In line with 

previous observations,23,32 in the excited state conformation, the hydrogen 

of the p-TFAB was connected to the nearby nitrogen of the g-C3N4 unit, 

suggesting and confirming (in agreement with the RMD simulations) that 

the p-TFAB nitrogen was available for active hydrogen exchanges and 

thus a very efficient site in the H2O2 production mechanism. 

 

Figure 2.17. NEB simulations of the H2O2 generation process for two pathways. 

Hydrogens of the final product (H2O2) come from ethanol (path a, purple) or 

from the NH group of the catalyst and ethanol (path b, green). C, N, O, H, and F 

atoms are dark gray, blue, red, white, and green, respectively.  
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Based on all the above information, we proposed the mechanism of this 

reaction and robustness in the presence of the arylamino PCNs (Figure 

2.18). Before the irradiation of light, the amino group of the p-TFAB 

fragment reinforced the interaction with O2 through hydrogen bonding. 

This restrained O2 mobility and facilitated the ad hoc rearrangement of 

ethanol surrounded by O2 (Step 1). The -NH linker was further protonated 

by H(OH) in ethanol which was closed to the -NH linker (2). Upon 

photocatalyst activation by the blue LED, formation of photogenerated 

electron and holes occurred and consequently, ethanol as an electron 

donor was oxidized.5e At the same time, O2 was reduced by the catalyst to 

form the superoxide radical anion via one-electron reduction (Step 2). 

Based on NEB calculations, H(NH) was more favourable than H(OH) to 

be deprotonated by superoxide radical anions (3 and 4). After protonation 

of superoxide radical anion, acetaldehyde radical and hydroperoxide 

radical were formed which were verified by ESR and the catalyst 1 was 

regenerated (Step 3). Finally, generation of H2O2 occurred in the final step 

(Step 4) by abstracting hydrogen atom radical and forming acetaldehyde. 

Due to the introduction of aryl amino groups in the PCN, the charge 

separation and oxygen reduction is more efficient compared to pristine 

PCN, which was verified by EIS  and electronic energy levels 

measurements. In addition, the introduced aryl amino groups could also 

lower the energy barriers for the electron and proton transfer, thereby 

promoting the H2O2 generation.  
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Figure 2.18. Proposed mechanism for photocatalytic H2O2 formation. 
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2.4 Conclusion 
In conclusion, we constructed an effective photocatalytic system for the 

production of H2O2 in the presence of household LEDs. The novel aryl 

amino PCNs with more negative CB promoted O2 reduction faster and 

facilitated higher concentration of H2O2. It is also worth noting that the 

aryl amino PCNs exhibited smaller resistance at the surface of the 

photocatalyst which suppressed the recombination of the photoinduced 

electrons and holes. Our work provides higher concentration of H2O2 

(25.64 mM), which demonstrates that the modification with aryl amino 

moiety is a promising method to enhance the photocatalytic performance 

of H2O2 generation and facilitate O2 reduction. The critical advancement 

of this work is the synthesis of an efficient H2O2 generation photocatalyst 

and its atomic level understanding by combined 19F, 13C, 1H and 15N solid 

state MAS NMR at natural abundance. This methodology reveals the 

chemical structure of the semiconducting PCNs contains both NH linkers, 

–NH2 terminal groups and difluoro methylene functional group. Our 

study emphasizes the importance of the solid state NMR spectroscopy for 

the elucidation of structure-property relationships and is generally 

applicable to all the PCN-related materials. In addition, with the help of 

computational studies, we disclosed the possible reaction model in atomic 

level, which provided a new sight for the modification of photocatalysts 

for photocatalytic H2O2 production. 
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2.5 Supporting Information 

2.5.1 Fourier Transform Infrared spectra (FTIR) Analysis 

Fourier Transform Infrared spectra (FTIR) were collected using the 

JASCO FT/IR-4100 type A spectrometer (Germany). The sample was 

analyzed in the range of 500–4000 cm–1 with 32 scans at a 4 cm−1 resolution. 
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Figure 2.19. FTIR spectrum of commercial g-C3N4 (top), APC-C3N4 (middle) and 

AB-C3N4 (bottom). 

2.5.2 Brunauer–Emmett–Teller (BET) specific surface area 

measurement 

Brunauer–Emmett–Teller specific surface area (SBET) was determined 

from the low-temperature nitrogen adsorption/desorption isotherms and 

found to be 12 m2·g-1 for the p-TFAB-C3N4. The shape of the isotherms 

corresponds to characteristic type II which is common for non-porous 

materials.60 The hysteresis loop of isotherms belongs to type H3 which is 

referred to non-rigid aggregates of plate-like particles (slit-shaped 

pores).[1] However, some amount of micro and mesopores is presented on 

the surface of catalyst. According to Barret-Joyner-Halenda (BJH) analysis 

of adsorption and desorption branch of N2 isotherm, an average pore 

diameter was 23 nm for p-TFAB-C3N4. The volume of pores up to 2 nm in 

diameter (micropore volume) was determined based on t-Plot and was 

found to be 0.000547 cm3·g-1 for p-TFAB-C3N4. The total pore volume of 

pores less than 95 nm in diameter (single point adsorption at p/p° = 0.98) 

was found 0.069 cm3·g-1 p-TFAB-C3N4. 
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Figure 2.20. The N2 adsorption/desorption isotherms (up) and BJH desorption 

dV/dD pore size distributions based on pore volume for p-TFAB-C3N4 (down). 
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2.5.3 Photoreaction for H2O2 production 

The reaction has been carried out under O2 atmosphere/air. The flasks 

were dried in an oven for four hours to remove the moisture. A 100 mL 

two-necked flask containing 45 mg of the photocatalyst with a stirring bar 

was evacuated and flushed with the inert gas for three times using 

SCHLENK techniques. After third time evacuating the flask, a O2 balloon 

was connected with the flask. 27 mL of ethanol, 3 mL of O2-bubbled H2O 

and H2SO4 (0.5 M) were injected with O2 gas-flushed syringes. The 

reaction mixture was stirred under the irradiation of blue LED at room 

temperature. Concentration of H2O2 was determined by redox titration 

with KMnO4.61 

The setup of the photocatalytic reactions is shown in Figure 2.21. An 

LED strip with power of 24 W was fixed on the inner surface of a round 

glass dish with a diameter of 140 mm. The emission spectra of the light 

setup was measured with a UV-Vis probe from Ocean optics (P200-5-UV-

Vis). The emission spectra showed the clear wavelength band between 420 

and 520 nm with a maximum at 456 nm. The light intensity was measured 

by Ophir StarLite power meter with 3A probe head. To avoid the heat 

produced by the irradiation of light, an electric fan was used for cooling. 

In general, the stirring was set from 250 rpm to 300 rpm. The oxygen 

balloon was used to main the O2 atmosphere during the whole reaction. 
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Figure 2.21. Setup for photocatalytic reactions under O2 with an electric fan. 

 

2.5.4 Optimization of reaction conditions for photocatalytic H2O2 

production 

Table 2.3. Optimization of reaction conditions for photocatalytic H2O2 

production. 

Starting materials Catalyst(g-C3N4)/g Additives Atmos 
Light/

W 
Time/h 

Yields/m

M 

EtOH (1 

mL) 

H2O (1 

mL) 
p-TFAB-C3N4 (5 mg) - O2 24 1 1.2 

EtOH (0.1 

mL) 

H2O (1.9 

mL) 
p-TFAB-C3N4 (5 mg) - O2 24 1 0.05 

EtOH (0.2 

mL) 

H2O (1.8 

mL) 
p-TFAB-C3N4 (5 mg) - O2 24 1 0.71 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (5 mg) - O2 24 1 1.34 

EtOH (2 

mL) 
- p-TFAB-C3N4 (5 mg) - O2 24 1 0.95 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (2 mg) - O2 24 1 1.05 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) - O2 24 1 1.36 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (6 mg) - O2 24 1 1.33 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (10 mg) - O2 24 1 1.37 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(0.2 M) 
O2 24 1 1.52 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(0.5 M) 
O2 24 1 2.03 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(1 M) 
O2 24 1 2.04 
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EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(2 M) 
O2 24 1 2.01 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(0.5 M) 
N2 24 1 <0.1 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(0.5 M) 
O2 12 1 0.85 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(0.5 M) 
O2 - 1 0 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
APC-C3N4 (3 mg) 

H2SO4 

(0.5 M) 
O2 24 1 0.51 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
AB-C3N4 (3 mg) 

H2SO4 

(0.5 M) 
O2 24 1 1.89 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(0.5 M) 
O2 24 24 22.05 

EtOH (1.8 

mL) 

H2O (0.2 

mL) 
p-TFAB-C3N4 (3 mg) 

H2SO4 

(0.5 M) 
O2 24 30 27.11 

EtOH (27 

mL) 

H2O (3 

mL) 
p-TFAB-C3N4 (30 mg) 

H2SO4 

(0.5 M) 
O2 24 24 20.06 

EtOH (27 

mL) 

H2O (3 

mL) 
p-TFAB-C3N4 (45 mg) 

H2SO4 

(0.5 M) 
O2 24 24 25.64 

EtOH (27 

mL) 

H2O (3 

mL) 
p-TFAB-C3N4 (90 mg) 

H2SO4 

(0.5 M) 
O2 24 24 24.22 

EtOH (27 

mL) 

H2O (3 

mL) 
p-TFAB-C3N4 (45 mg) 

H2SO4 

(0.5 M) 
O2 24 30 29.26 

2.5.5 Electrochemical impedance spectroscopy (EIS) measurement 

Electrochemical impedance spectroscopy (EIS) measurements were 

carried out using Autolab Potentiostat/Galvanostat PGSTAT 302N from 

Metrohm (Utrecht, The Netherlands), operated with the PC equipped by 

NOVA 2.1.4 software. As an illumination source, home-made LED was 

used. 

Experiments were conducted at screen printed electrodes (Ital-Sens IS-

C) which were purchased from PalmSens. The working and counter 

electrode consist of carbon, the reference electrode consists of silver. The 

working electrode was first washed with a 5 μL drop of 80% ethanol 

solution and dried at room temperature. Then, 4.5 mg of each catalyst was 

mixed with 60 μL of 5% nafion solution and diluted with 390 μL of 

distilled water. To modify the electrode, 5 μL of this suspension was drop 

casted on the working electrode and dried at room temperature for 

approximately 1 h. The measurements were performed in 80 μL solution 

containing 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6 and 150 mM NaCl. As a 

reference, one measurement was done on a bare working electrode. 
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2.5.6 Diffuse-reflectance UV/Vis spectra for bandgap determination 

The optical bandgaps of all the samples are determined from Tauc plots 

of the (αhv)1/2 as a function of photonic energy (Figure 2.22). The band 

gaps of APC-C3N4, AB-C3N4, p-TFAB-C3N4 and commercial C3N4 are 

estimated to be 2.87, 2.87, 2.86 and 2.82 eV, respectively. Therefore, 

electronic structural information for all arylated PCNs are gathered 

(Figure 2.24). 

 

Figure 2.22. Tauc plots of all arylated PCNs employed to determine the band 

gaps. 
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2.5.7 Mott−Schottky measurements 

Thin film electrodes were prepared by electrophoretic deposition (EPD) 

method reported elsewhere.62 Typically, 23 mg of the C3N4 derivative was 

mixed with 7 mg of iodine in 30 mL acetone under ultrasonication for 15 

min. Two pre-cleaned fluorine-doped tin oxide (FTO) glasses were 

immersed vertically in the aforementioned suspension with 1 cm in 

distance. 50 V potential was subsequently applied for 5 min to allow the 

deposition of the particles on the FTO, which was then dried in air.  

Mott-Schottky experiments were performed in a three-electrode 

configuration, with as-obtained thin film electrode as working electrode, 

Pt electrode as counter electrode, and 1 M Ag/AgCl electrode as reference 

electrode, respectively. 0.1 M potassium phosphate (KPi) solution 

degassed by N2 was used as electrolyte. The measurements were 

conducted by using a Gamry INTERFACE 1010T 

Potentiostat/Galvanostat/ZRA workstation in dark, at AC amplitude of 5 

mV and a frequency of 10 Hz. 
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Figure 2.23. Electrochemical Mott-Schottky plots of modified C3N4. 

  

The positive slope of the Mott-Schottky curve indicates the n type 

nature of the sample. All the recorded potentials were converted to the 

potentials vs. reversible hydrogen electrode (RHE) via Nernst equation 

(ERHE = EθAg/AgCl + 0.059 pH + EAg/AgCl). Therefore, the flat band potential (Efb) 

of p-TFAB-C3N4 is determined to be -0.69 V vs. RHE based on the 

intersection between Mott–Schottky plot and the baseline. It is generally 

considered that the bottom potential of conduction band (CB) for an n type 
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semiconductor is approximately 0.2 V more negative than the Efb;63 the ECB 

is therefore estimated to be ca. -0.89 V vs. RHE. 

 

Figure 2.24. Schematic illustration of the electronic energy levels. 

2.5.8 Solid-State NMR 

Magic-angle-spinning (MAS) NMR experiments were performed at a 

magnetic field of 14.1 T (Larmor frequencies of 600.12, 150.92, and 60.83 

MHz for 1H, 13C, and 15N, respectively) on a Bruker Avance-III 

spectrometer. The 1H MAS NMR spectrum was acquired using a 1.3 mm 

probehead and a 60 kHz MAS rate. This acquisition involved a use of a 

rotor-synchronized, double-adiabatic spin-echo sequence with a 90° 

excitation pulse of 1.25 µs followed by a pair of 50.0 µs tanh/tan short 

high-power adiabatic pulses (SHAPs) with 5 MHz frequency sweep.64-65 

All pulses operated at the nutation frequency of 200 kHz, and 128 signal 

transients were acquired using a relaxation delay of 5 s. Cross-polarization 

(CP) 1H-13C and 1H-15N CPMAS NMR spectra were recorded using a 7 mm 

probehead with a 7 kHz MAS rate and 65 kHz spinal64 proton decoupling. 

For 1H-13C CPMAS acquisition Hartmann-Hahn matched radiofrequency 
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fields were applied for a contact interval of 1.5 ms and 2048 signal 

transients were collected using a relaxation delay of 5 s. The 1H-15N 

CPMAS acquisitions involved contact intervals of 2 and 4 ms, and 16384 

scans collected with relaxation time of 5 s. Chemical shifts were referenced 

with respect to TMS (1H, 13C) and nitromethane (15N). Experiments were 

performed at natural isotope abundance. 

2.5.9 Electron Spin Resonance (ESR) analysis 

Unless otherwise stated, samples were prepared in capillaries and 

sealed under an anhydrous N2 atmosphere. Room temperature 

continuous wave (cw) ESR measurements were carried out using a Bruker 

ESP300E spectrometer equipped with a rectangular cavity with optical 

access. The ESR spectra were recorded at X-band microwave frequency (~ 

9.44 GHz) in cw mode using 5 mW micro-wave power, 0.05 mT 

modulation amplitude and 100 kHz modulation frequency. A solid state 

447 nm laser operating at ~ 200 mW was used for illumination 

experiments. The ESR spectra were simulated with Matlab2018b using the 

EasySpin-6.0 module.66 
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Figure 2.25. Time-dependent ESR measurements at room temperature for 

reaction mixture (top). ESR measurements at room temperature for reaction 

mixture in the absence of each parameter (down). 
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2.5.10 On-Off reaction 

 

Time (h) Measurement I (mM) Measurement II (mM) Average (mM) 

1 1.89 1.71 1.80 

1.5 1.89 1.89 1.89 

2.5 3.83 3.64 3.74 

3 4.42 4.06 4.24 

4 6.22 6.04 6.13 

4.5 6.41 6.40 6.41 

5.5 8.63 8.62 8.63 

6 8.72 8.71 8.72 

Figure 2.26. Measurements of On-Off reaction. 
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2.5.11 Cycling test of p-TFAB-C3N4 

 

Figure 2.27. Recycling test of p-TFAB-C3N4. 

2.5.12 Apparent quantum yield (AQY) measurement 

The light intensity of LED (λ = 456 nm) was 0.0076 W/cm2. AQY for 

photocatalytic production of H2O2 was calculated using the following 

formula:48 

𝜂 =  
Ne

Np
 × 100 % =  

2 × M × Na

S × P × t

h ×
c
λ

 × 100 % =  
2 × M × Na × h × c

S × P × t × λ
 × 100 % 

Where, M represents the amount of formed H2O2 (mol), Na is the 

Avogadro constant 6.02x1023 mol-1, h is the Planck constant 6.63x10-34 J·s, 

c is the light speed 3x108 m·s-1, S is the irradiation area (cm2), P is the light 

intensity (W·cm-2), t is irradiation time (s), λ is the wavelength of light 

(m) 
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2.5.13 Computational Chemistry  

Model Building.To gain an atomic-level understanding of the various 

steps of possible reaction mechanisms leading to the formation of the final 

H2O2 product, we complemented the experimental characterization with 

a multiscale/level computational protocol, which could simulate 

dynamically, at the atomic resolution, the complex environment 

surrounding the catalyst and the evolution of all the species present there. 

To this aim, a simplified representative molecular model of the polymeric 

carbon nitrides photocatalyst was built by assembling five melem units 

according to the scheme shown in Figure 1. Then, one of the NH2 groups 

of this basic structure was replaced with the p-TFAB fragment to compare 

the catalytic behavior of these two different compositions. 

First, the two models were optimized at the DFT level using both the 

M06-2X functional and 6-31(d) basis set 67 and the Perdew-Burke-

Ernzerhof (PBE) functional 68 with the D2-Grimme correction,69 which 

accounts for dispersion forces, and plane waves UltraSoft (US) 

pseudopotentials 70 (Quantum Espresso),71 to check the reliability of the 

functional performance. 

Both optimizations produced very similar planar structures, which 

were then employed to prepare more representative supramolecular 

arrangements in a complex environment such as the one considered in this 

investigation. 

ReaxFF Molecular Dynamics Simulations. To identify a variety of O2 

adsorption/entrapment modes and reaction mechanisms, eight sheets 

were assembled randomly in parallel and T-shaped orientations, one 

relative to the other ones, and surrounded by solvent molecules, namely 

ethanol and water, in an 8 to 1 ratio, which is very close to the ideal 

experimental finding. The simulation box (approximately 3849x40 Å3) 

contained 550 ethanol and 70 water molecules and was replicated in all 

directions (PBC). 
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Reactive molecular dynamics simulations (RMD - ReaxFF 

methodology),13b based on a force field used earlier for these types of 

materials,14b were carried out in the NVT ensemble at ambient 

temperature and pressure (300 K and 1 atm) to equilibrate the systems and 

prepare them for the subsequent O2 reduction simulations. Indeed, 

representative structures were extracted at the end of a 250 ps production 

phase and used as starting configurations of the catalyst-solvent 

environment in the reduction of O2 to H2O2. In all the RMD runs, the time 

step was set to 0.2 fs, and the temperature was controlled through the 

Hoover-Nosé thermostat with a relaxation constant of 0.1 ps. RMDs were 

carried out with the ReaxFF code implemented in the Amsterdam Density 

Functional (ADF)/ReaxFF package.72 The O2 molecules (100 in all) were 

injected in the two catalyst+mixed solvent boxes in the proximity of the 

catalyst (to speed up the simulation times of adsorption/reaction), and 

RMD simulations were carried out for hundreds of picoseconds to 

disclose possible reaction mechanisms, the most probable reaction sites 

and the role played by the mixed solvent. 

During the dynamics, system configurations were collected every 0.02 

ps, and the evolution of the species was examined every 0.01 ps to estimate 

the efficiency of the catalyst+solvent combination and to identify the 

various steps of the H2O2 formation. The total simulation time was 

approximately 300 ps. No constraints were imposed on the systems, and 

all their components could relax and explore different locations inside the 

simulation box. 

Several reaction mechanisms were identified, and the corresponding 

configurations were collected, size-reduced to the essential components, 

and used as starting arrangements in the quantum mechanics calculations. 

The analysis of the RMD trajectories was focused on the last 20 ps (1000 

configurations) to extract information on the O2 and solvent relative 

locations, considering mainly atom-atom distance distribution (RDFs) and 
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spatial distribution functions (SDF). The H2O2 production was also 

monitored as a function of the simulation time. 

Quantum Chemistry Calculations. As done in a previous 

investigation,15 quantum mechanics calculations were carried out to 

reveal the details of the reaction mechanisms, such as the Minimum 

Energy Paths, transition states, energy barriers, and final products. The 

one-electron wave functions were expanded in a plane-wave basis set up 

with a kinetic energy cutoff of 40 Ry (400 Ry for the density). All the 

calculations were spin-unpolarized, and single-particle wave functions 

were calculated through Gaussian smearing of about 0.002 Ry. The 

Brillouin zone sampling was restricted to the gamma point. The nudged-

elastic-band (NEB) method 73 was employed to find energy profiles along 

possible reaction paths (MEP), and the saddle states between the relaxed 

initial and final configurations along the reaction coordinate. The energy 

barriers were estimated considering 25 intermediate images between the 

identified local minima, and a convergence criterion of 0.05 eV Å−1for the 

force orthogonal to the path was defined. 
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Figure 2.28. Distance distribution functions between the O2 atoms and the C/N 

atoms of the non-functionalized (a) and p-TFAB functionalized (b) catalyst. 

Distance distribution functions between the O2 atoms and the hydrogen atoms 

of the catalyst, ethanol, and water for the non-functionalized (c) and p-TFAB 

functionalized (d) materials. 
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Figure 2.29. Sequential snapshots (ball and stick models) illustrating a few steps 

of the first reaction mechanism shown in Figure 10a. The hydrogens released to 

the target O2 molecule (green spheres) are yellow and come from water and an 

ethanol molecule. 

 

Figure 2.30. Sequential snapshots (ball and stick models) illustrating the main 

steps of the second reaction mechanism shown in Figure 10b. The hydrogens 

released to the target O2 molecule (green spheres) are yellow and come from an 

edge NH2 group (protonated) of the catalyst and an ethanol molecule. 
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Figure 2.31. Reduced models of the catalysts. (a) undoped and (b) p-TFAB-doped 

system. C, N, H, F atoms are cyan, blue, white, and green, respectively. 
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2.5.14 Simulation of the UV/Visible Spectrum of p-TFAB 

By using the time-dependent extension of DFT (TDDFT) at the 

B3LYP/6-31G(d) level of theory in g09 package,67 we simulated the UV/Vis 

spectrum of the p-TFAB-doped system (15 states), and carried out excited-

state geometry optimization. 

 

Figure 2.32. Simulated UV/Vis absorption spectrum of p-TFAB-C3N4 with the 

calculated excitation wavelengths (vertical lines). 

Chemical Shifts - DFT calculations on a reduced model system 

Cartesian coordinates (in Å) of the model used for 19F chemical shift 

calculations. The CFCl3 molecule was used as a chemical shift reference 

(coordinates provided below as well).54  
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Cartesian coordinates 

C     -0.437397    1.356014    0.000036 

C     -1.654987    0.542346    0.000201 

C     -1.627742   -0.812230    0.000221 

C     -0.355900   -1.509870    0.000077 

C      0.865902   -0.726612   -0.000089 

C      0.849866    0.633436   -0.000113 

C     -0.316055   -2.868201    0.000100 

N     -0.419416    2.660484    0.000013 

F     -1.386539   -3.660045    0.000241 

F      0.798236   -3.595376   -0.000015 

H     -1.384564    3.018380    0.000129 

H     -2.610145    1.072001    0.000312 

H     -2.550527   -1.391294    0.000347 

H      1.818485   -1.256263   -0.000201 

C      2.110092    1.447399   -0.000285 

H      2.997417    0.802226   -0.000395 

H      2.141706    2.109766    0.876572 

H      2.141477    2.109750   -0.877162 

CFCl3 

F     -0.794588    1.696741    0.172498 

C     -0.342799    0.428887    0.008437 
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Cl     1.443147    0.459818    0.012162 

Cl    -0.952633   -0.191664   -1.551438 

Cl    -0.952845   -0.569171    1.358341 
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Chapter 3 

− Stacking Complex Induces Three-

Component Coupling Reactions to Synthesize 

Functionalized Amines 

 

ABSTRACT: π–π stacking and ion-pairing interactions induced the 

generation of α-amino radicals under the irradiation of visible light 

without the requirement of an expensive photocatalyst. This strategy 

provided access to the construction of functionalized amines via three-

component coupling reactions with broad scopes (we reported > 50 

examples with an up to 90% yield). This synthetic pathway also 

delivered the synthesis of complex functionalized amines with a very 

high yield. Advanced Quantum mechanical calculations identified the 

π-π stacked ionic complexes; Time-Dependent DFT simulated the 

absorption spectra and with the nudged elastic band (NEB) 

methodology provided a possible interaction/reaction picture of the 

selected species. 
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3.1 Introduction 
Noncovalent interactions (NCIs) such as hydrogen bonding, π-

interactions, van der Waals, and Coulombic interactions play crucial 

roles in enzyme catalysis, supramolecular chemistry, biocatalysis, and 

organic synthesis.1-2 Although NCIs are relatively weak, they still play an 

essential role in reducing free energy barriers by the stabilization of the 

transition-state, making the catalytic systems more efficient.3 In addition, 

NCIs have been taken into account in the rational designing of catalysts, 

considering factors such as the orientation, distance, and electronic 

effects that control or influence the NCIs to achieve high regio- or site-

selectivity. 4-5  

 

Figure 3.1. Schematic forms of various π-interactions. 

Among all the NCIs, π-interactions, including π-π, lone pair-π, XH-π, 

and cation/anion-π interactions have been intensively studied with 

aromatic functional groups in photochemical synthesis (Figure 3.1).6-7 In 

fact, the design of catalysts based on π-interactions has also been 

achieved, for example, Yoon et al. reported a chiral iridium-

photosensitizer for the generation of intramolecular [2+2] cycloaddition 

products (Figure 3.2).8 In addition, π-interactions also assisted the 
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formation of electron donor-acceptor (EDA) and ion-pair charge-transfer 

(IPCT) complexes which had been used in photochemical synthesis.9-11 

These unique adducts showed the potential for activating substrates 

under the irradiation of visible light. Recently, Bach et al. reported that 3-

acetoxyquinuclidine could act as the electron donor and formed the EDA 

complex by combining with tetrachlorophthalimide ester, followed by a 

single electron transfer (SET) process under the irradiation of blue light 

(Figure 3.2).12 Later,  Melchiorre et al. designed radical-based catalytic 

systems with two EDA complexes involving π-π and anion-π 

interactions for the generation of alkyl and sulfur-centered radicals 

(Figure 3.2).13b,13c It was demonstrated that the selection of molecules that 

could form π-interaction complexes enriched the synthetic 

photochemical approaches and provided new reactivity principles.13  

 

Figure 3.2. Applications of π-interactions in synthetic photochemical 

approaches. 

Strategies for the synthesis of functionalized amines have attracted 

much attention because they are considered as one of the synthetically 

essential compounds in the areas of pharmaceuticals, natural products, 

and fine chemicals.14-15 To meet these demands, a plethora of procedures, 

such as C-H bond functionalization, reductive amination, and other 

techniques, have been developed.16-17 In this respect, the generation of α-
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amino radicals to synthesize functionalized amines has gained 

tremendous priority.18-20 While these radicals can be prepared from 

amino acids (by releasing CO2), or directly from an amine substrate,21-24 

their generation from an imine offers higher scope and versatility for the 

synthesis of functionalized amines.25-29  

 

Figure 3.3. Strategies for the formation of α-amino radical via photochemistry. 

For instance, our group has reported an elegant methodology for the 

production of amides from tertiary amines.30a In this approach, the alpha-

amino radical was produced through a sequential mechanism involving 

the oxidation and subsequent deprotonation of amines (Figure 3.3a). In 

2018, Rovis group reported a highly selective CO2-catalyzed system to 

generate alpha-amino radical from an amine substrate via hydrogen 

atom transfer step.30b The quinuclidine acted as HAT reagent and 

preferably abstracted hydrogen closed to amine rather than the 

hydrogen at the benzylic position (Figure 3.3b). In addition, alpha-amino 

radical was also formed via decarboxylation from alpha-amino acids.30c 



115 
 

MacMillan group reported this strategy with Ir- catalysts and cesium 

base under the irradiation of light irradiation (Figure 3.3c). 

 

Figure 3.4. Top: The redox potentials of selected imines. Bottom: π interaction-

induced photochemical synthesis of functionalized amines. 

Compared to aforementioned methods, generation of alpha-amino 

radicals via imine reduction is more challenging, as the redox potentials 

of imines are relatively much negative, which means they are difficult to 

be reduced (Figure 3.4 Top). Therefore, only strong reducing 

photocatalysts such as fac-Ir(ppy)3 (Ir(II)/Ir(III) = -2.19 vs. SCE) or strong 

sacrificial reducing additives such as silane reagents are essential to 

reduce the imine to afford alpha-amino radicals.15a In general, Hantzsch 

ester (HE) has been applied as an electron/proton donor to synthesize 

various organic compounds.31 We rationalized that the lone-pair 

electrons on the aromatic imine nitrogen atom and the π-system of HE 

ring could establish π interactions, which should be able to facilitate an 
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electron/proton transfer between them under blue light. Considering this 

possibility, we took the challenge32 and designed a photochemical system 

for the formation of α-amino radicals under the irradiation of visible light 

(Figure 3.4 Bottom). 

3.2 Results and Discussion 
At the beginning of this project, we conducted a three-component 

coupling reaction by using p-anisidine (1), benzaldehyde (2) and n-butyl 

acrylate (3) in the presence of Hantzsch ester (4a) under the irradiation 

of blue light (Table 3.1) and obtained the Giese-type product butyl 4-((4-

methoxyphenyl)amino)-4-phenylbutanoate (5a) in 50% yield. To further 

increase the yield of 5a, we tried to modify the amount of 3 and 4a, but 

these changes did not provide better yields (Table 3.1, entries 3-4). 

Considering the crucial role of the Hantzsch ester in this reaction, we 

investigated various HE (Table 3.1, entries 5-7)28d and among them, only 

the methoxyethyl-HE (4b) provided the product in 58% yield, whereas 

4-phenyl- and 4-cyclohexyl-substituted HEs did not provide any 

outcome. Even though the use of DCM as a solvent promoted the in situ 

formation of imine from the corresponding aldehyde and amine, it also 

promoted reductive amination and oligomerization (Table 3.1, 5b, and 

5c) as side products, which were detected by the GC-MS. To avoid by-

product formation, we checked the behaviour of various solvents, and 

we found that a mixture of DCM and DMSO (1:1) was the optimal choice 

for this reaction. Not surprisingly, no product was formed in the absence 

of HE or light irradiation (Table 3.1, entries 8-9), suggesting that these 

two ingredients were essential for the whole process. Interestingly, when 

a pre-formed imine was introduced into the reaction, the yield of 5a was 

slightly decreased due to the formation of the reductive amination 

products (Table 3.1, entries 10). 
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Table 3.1. Optimization of three-component coupling reactions.  

 

Entrya Variations Yield of 5a (%)b 

1 none 72(63c) 

2 DCM (1 mL) 50 

3 1.5 equiv. acrylate 62 

4 HE (2 equiv.) 72 

5 HE 4b (1.5 equiv.) 58 

6 4-Ph-HE (1.5 equiv.) n.ob. 

7 4-Cyclohexane-HE (1.5 equiv.) n.ob. 

8 No HE n.ob. 

9 No light n.ob. 

10 Pre-formed imine 35 

aReaction conditions: amine (0.2 mmol), aldehyde (0.2 mmol), acrylate (0.4 mmol), solvent 

(1 mL). bYield was determined by 1H NMR with 1,3,5-trimethoxybenzene as internal 

standard. cIsolated yields. 
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Figure 3.5. CAM-B3LYP/6-311+G(d,p)/DMSO absorption spectra of the  

Hantzsch ester structures optimized at the B3LYP/6-311+G(d,p) level in DMSO 

(artificially broadened with gaussian peaks – HWHH = 0.15 eV). 

To explain these unprecedented results at the 

molecular/atomic/electronic levels, we estimated the UV-vis absorption 

lengths of the selected HE species in their neutral and anionic forms 

using quantum chemistry (QC) calculations (Figure 3.5), and we 

proposed the possible intermediate molecular complexes involving the 

HE species with a representative imine structure (Figure 3.6). We found, 

in agreement with experiments, that all the neutral HE species exhibited 

relatively strong absorption in the near-ultraviolet region (between 300 

and 400 nm), as well as their neutral complexes with the selected imine 

(red curve in Figure 3.6).33 Instead, the HE anionic forms extended their 

absorption bands in the blue part of the spectrum. Thus, we speculated 

that, most probably, these were the species activated by the blue LED 
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light that induced an electron transfer between the photoexcited HE and 

the imine ion, leading to the corresponding radical species. 

 

Figure 3.6. Top. CAM-B3LYP/6-311+G(d,p)/DMSO absorption spectra 

computed for the stacked complex and T-shaped complexes optimized at the 

B3LYP/6-311+G(d,p) level in DMSO (artificially broadened with gaussian peaks 
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– HWHH = 0.15 eV). The corresponding geometries are shown in the inset T-

shaped) and below the plot (stacked) in two different orientations. Bottom. 

Representation of the molecular orbitals involved in the bright transition for the 

stacked complex system (HOMO─LUMO+1 transition). 

To check this assumption, we hypothesized the formation of two 

complexes between the imine and the HE; one was a T-shaped complex 

(top in Figure 3.6), and another one was a π-π stacked adduct (bottom in 

Figure 3.6). The QC calculations predicted the T-shaped complex to have 

a dipole moment of about 7 Debye, and a distance between the nitrogen 

atoms of 3.11 Å. Compared to the T-shaped complex, the stacked 

complex with a dipole moment of about 16 Debye was an ionic pair, in 

which the HE had already released its H(N) hydrogen. The ionic pair was 

linked by a π-system with a distance between the nitrogen atoms of 

approximately 4 Å. The calculated energy difference of - 8.5 kcal/mol 

between the π-π stacked ionic complex and the sum of the energy of the 

isolated species validated the stability of this assembly (bottom in Figure 

3.6). From a computational point of view, this complex was a stable 

minimum energy configuration but could not be experimentally 

detected.34  
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Figure 3.7. Scope of amines, aldehydes and olefins. Standard reaction 

conditions: amines (0.2 mmol), aldehyde (0.2 mmol), olefin (0.4 mmol), 4a (0.3 

mmol), DCM:DMSO (1:1, 0.2 M), 24 W blue LED (456 nm), 4Å MS, 24 h; a4b (0.3 

mmol); bamines (0.2 mmol), aldehyde (0.4 mmol), olefin (0.4 mmol); cadditional 

10 mol% acetic acid; dpre-formed imine. 
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Based on the formation of the π-π stacked complex, we speculated 

that a radical catalysis pathway could be initiated by a blue-light 

activated intermolecular single-electron transfer (SET) from the HE 

reductant to the electrophilic iminium ion. Such a process took place in 

the intermediate ion-pair charge-transfer complex shown in Figure 3.6 

(black line) and Figure 3.24. 

Considering these suggestions, we evaluated the scope of our three-

component coupling reaction (Figure 3.7). To our delight, various 

electron-rich and electron-poor aniline derivatives (5a-5e) reacted 

smoothly, providing the desired products in moderate to good yields. It 

is worth noting that the products formed by electron-rich substituted 

anilines and n-butyl acrylate were not stable; instead, they readily 

formed the substituted pyrrolidones via intramolecular cyclization.29a,35 

To avoid this cyclization reaction, acrylonitrile was selected as model 

olefin to investigate the scope further. Indeed, the presence of 

acrylonitrile improved the yield of the corresponding noncyclic amines, 

and diverse classes of anilines (5f-5n) were efficiently transformed to the 

desired secondary amines in moderate to excellent yields (up to 89%).  

Intrigued by these results, we examined the scope of different 

aldehydes under the model reaction conditions. As expected, 

benzaldehydes containing electron-donating groups such as methoxy, 

phenyl, and hydroxyl groups and weak electron-deficient groups such 

as fluorine (5o-5r) performed well under the applied reaction conditions. 

To intensify the scope of this reaction, we examined unactivated 

aldehydes, particularly aliphatic and alicyclic aldehydes, as the coupling 

partners. However, that led to the unstable alkyl imines by reacting with 

the amines present in the reaction.27b It is well known that the formation 

of alkyl imines is complex, and they can be obtained only by adding a 

catalytic amount of acetic acid.28c The addition of acetic acid not only 

promoted the formation of imine but also assisted the formation of the 

corresponding iminium salts, which, due to their less negative reduction 
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potential, facilitated the reduction by the HE.15a,36 Following this strategy, 

the aldehydes of cyclohexane and cycloheptane worked smoothly 

without forming side products via the ring-opening, albeit in decreased 

yields of ca. 40%. Similarly, aliphatic aldehydes also reacted with the 

acrylate and acrylonitrile to provide 5z and 5aa. 

Further diversification of this concept was achieved by varying the 

olefins under the model reaction conditions. Our results suggested that 

this three-component coupling reaction could be efficiently carried out 

in the presence of electron-deficient alkenes. In fact, the performance of 

alkenes was related to their electrophilicity (E): for example, methyl 

acrylate (5ab, E = -18.84) and ethyl acrylate (5ac, E = -19.07) exhibited 

higher yields than tert-butyl acrylate (5ad, E = -20.22) due to the less 

negative electrophilicity.37 Acrylonitrile (E = -19.05) was expected to be a 

more suitable coupling candidate due to its very close electrophilicity of 

the ethyl acrylate. However, ca. 20% lower yield of the resulting product 

was obtained due to the oligomerization in radical reaction.28c 

Furthermore, 4-vinylbenzonitrile and 2,3,4,5,6-pentafluorostyrene were 

viable alkenes to deliver the corresponding secondary amines (5ae-5af). 

We could also observe that various acrylates from natural products such 

as estrone, α-tocopherol, etc., provided complex secondary amine 

products in moderate to good yields (5am-5aq). These results 

demonstrated the strong potential of this methodology for the synthesis 

of complex secondary amines via three-component coupling reactions 

(Figure 3.8). 
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Figure 3.8. Scope of complex olefins. Standard reaction conditions: amines (0.2 

mmol), aldehyde (0.2 mmol), olefin (0.24 mmol), 4a (0.3 mmol), DCM: DMSO 

(1:1, 0.2 M), 24 W blue LED (456 nm), 4Å MS, 24 h. 

The formation of complex amines via three-component reactions 

intrigued us to achieve cyclic amines via intramolecular C-C bond 

formation reactions. For this purpose, under the model reaction 

conditions, α,β-unsaturated ester-tethered benzaldehydes were 

investigated to assess 1-aminoindanes, which can be used as 

intermediates for the construction of pharmaceutical compounds.29d 

Indeed, the reaction system was effective in providing trans-1-

aminoindanes in moderate yields with both electron-rich and -deficient 

aniline derivatives (Figure 3.9, 7a-7f). According to the substrate scope, 

we observed that if the nucleophilicity of α-amino radicals matched well 

with the electrophilicity of olefins, better yields of coupling products 

could be obtained. In comparison with amines, methyl acrylate (E = -
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18.84) had less negative electrophilicity than tert-butyl acrylate (E = -

20.22), and the former reacted more smoothly with electron-rich 

functionalized amines (7a and 7d). Then, we compared the action of two 

acrylates, namely methyl and tert-butyl acrylates. These showed 

different trends: methyl acrylate preferred reacting with electron-rich 

functionalized amines (see yields for 7a-7c), whereas tert-butyl acrylate 

preferred reacting with the electron-deficient functionalized amines (see 

corresponding yields in 7d-7f). 

 

Figure 3.9. Scope of complex olefins. Standard reaction conditions: amines 1 (0.2 

mmol), aldehyde 6 (0.2 mmol), 4a (0.3 mmol), DCM:DMSO (1:1, 0.2 M), 24 W 

blue LED (456 nm), 4Å MS, 24 h. 

To simulate these cyclization reactions, we used QC models and 

managed to identify possible minimum-energy paths (MEPs) and 

activation energies (transition states-TS) in line with the experimental 

yield. As already done in other studies,38 we used the nudged elastic 
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band (NEB) methodology (See SI 3.5.4.6.2), and we found that all the 

energy barriers were connected to the concomitant hydrogen transfer 

from HE to the reactant, and the C-C bond formation (cyclization 

reactions, Figures 3.25-3.26), were relatively low (at most 10 kcal/mol, 

Table 3.6) and in agreement with the experimental yield. 

3.3 Mechanistic studies 
After achieving the scope of this reaction and considering all the 

results of the QC calculations, we proposed the mechanism in Figure 3.10. 

At first, the Hantzsch ester (I) and in-situ-generated imine (II) formed the 

π-π stacked ionic complex (III), followed by the proton transfer (PT). 

Upon the irradiation of blue light (456 nm), an electron transfer process 

occurred to provide α-amino radical (VI) and Hantzsch ester 

intermediate (IV). α-Amino radical (VI) further reacted with the 

polarity-matched olefin to deliver the open-shell intermediate (VII), 

which abstracted an atom of H(D) from (IV) to provide the final product 

(VIII) and Hantzsch pyridine (V).  

 

 

Figure 3.10. Proposed mechanism for three-component coupling reactions. 

 

We measured the UV-absorption bands of both the imine substrate 

and the Hantzsch ester to confirm the existence of π-π stacked complex 
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III (Figure 3.14). The absorption band of their mixture did not display 

any shift. In addition, cyclic voltammetry (CV) titration has been carried 

out to detect the transient complex. When HE 4a added in solution of 

model imine (10 mM), new peak has shown and the current of new peak 

was linearly increased with increasing concentration of HE 4a (Figure 

3.22). At last, we carried out the model reaction under green light (550 

nm) to find the proof for III. Although the desired product VIII was not 

obtained, we obtained the direct hydrogenation product IX in 44% yield 

(7% yield under dark, see SI 3.5.4.3). Since I and II cannot be directly 

excited by green light, along with the CV titration we can speculate that 

a π-π stacking complex between I and II was present.
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Figure 3.11. CAM-B3LYP/6-311+G(d,p) absorption spectrum of the stacked-

rings ionic complexes of an iminium cation and 4a anions optimized at the 

B3LYP/6-311+G(d,p) level in solution. In the geometry corresponding to the 

light blue curve, the Hantzsch ester has already released one of the H(C) 

(configuration A), whereas, in the other configuration below the plot, the H(N) 

was released (configuration B). 

Among the ionic complexes identified through QC calculations, two 

promising configurations, presenting UV-vis spectra in agreement with 

the experiments, are shown in Figure 3.11. Only configuration B could 

be stabilized, as demonstrated by the labelling experiment (Figure 3.12, 
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B-C). On the contrary, configuration A consisting of an HE that had lost 

one of its H(C) which was stacked on the iminium ion, could not be 

stabilized and evolved towards a final configuration made of neutral 

species. We could speculate that, most probably, III (configuration B) is 

the species activated by blue light that induces an electron transfer to 

obtain the corresponding radical species.  

Furthermore, Stern-Volmer fluorescence quenching experiments 

revealed that the Hantzsch ester was quenched neither by the aldehyde 

nor by the amine but rather by the imine II (Figure 3.13). In fact, the 

fluorescence intensity decreased with the increase of imine concentration, 

while only slight changes were observed for aldehyde and amine. In 

order to prove the generation of VI in the system, the model reaction was 

further carried out without the presence of n-butyl acrylate, and the 

dimer of II was observed (Figure 3.12, A). Furthermore, we expected the 

presence of a HAT process between IV and VII to provide product VIII. 

Hence, labelling reactions were carried out with deuterated-Hantzsch 

esters (4c and 4d). As shown in Figure 3.12, 5s was formed in 

dramatically decreased yield, and no deuterated product was observed. 

This was due to the fact that N-D bond was not stable and was easily 

exchanged with a hydrogen atom (Figure 3.12, B). In contrast, 5s-D was 

successfully obtained in slightly decreased yield, and no H/D exchange 

occurred since only the deuterated product was detected (Figure 3.12, C). 

To further verify the HAT, process, an intermolecular competition 

reaction was carried out and 55% combined yield of 5s and 5s-D was 

obtained; the ratio of 5s and 5s-D was 9:1 (Figure 3.12, D). This 

intermolecular competition reaction suggested that this procedure was 

going via a HAT pathway.39 N-methyl Hantzsh ester (4e) was also 

examined under standard reaction conditions, and only a trace amount 

of the product was obtained. As expected, deuterated solvents had no 

apparent effect on the product (see SI 3.5.4.3). 
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Figure 3.12. Control experiments and labelling reactions. 
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3.4 Conclusion 
We have explored a novel visible-light-induced procedure for the 

reductive generation of synthetically important α-amino radicals via a π-

π stacked ionic complex. Notably, multiple π interactions stabilized the 

reactive intermediate, and neither photocatalysts nor initiators were 

required in this Giese-type three-component coupling system. A wide 

range of amines, aldehydes, and olefins displayed reactivity. We believe 

this protocol could find more opportunities for synthesizing 

underexplored amines in both academic and industrial branches of 

organic synthesis. 

3.5 Supporting Information 

3.5.1 Chemicals and solvents 

All reagents and solvents were purchased from certified chemical 

vendors and used without prior purification. Demineralized water was 

obtained through deionization of tap water using a EUROTEC L4 reverse 

osmosis installation. This instrument filters out salts by means of a semi-

permeable membrane. Water that was used never exceeded a 

conductivity of 0.5 µS/cm. Gases were purchased in high-pressured 

cylinders (200 bar) and converted to the desired pressure by means of a 

pressure regulator. 

3.5.2 Analysis 

3.5.2.1 Nuclear magnetic resonance 
1H NMR (400 MHz) and 13C NMR (101 MHz) spectra were recorded 

using a Bruker Avance III Fourier Transform NMR spectrometer at 300 

K unless explicitly stated otherwise, using deuterated solvents as internal 

standard (1H: δ 7.26 ppm and 13C {1H}: δ 77.2 ppm in CDCl3; 1H: δ 2.50 

ppm and 13C {1H}: δ 39.52 in DMSO-d6). Chemical shifts (δ) were 

expressed in ppm and coupling constants (J) in Hertz (Hz). Splitting 

patterns are reported as: s (singlet), d (doublet), t (triplet), q (quadruplet), 
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p (pentuplet), m (multiplet) or combinations thereof. Integration of the 

signals is presented as the number of hydrogen atoms. 

3.5.2.2 Chromatography 

Thin-layer chromatography was performed using a heptane/ethyl 

acetate (EtOAc) solvent system as mobile phase and a 0.20 mm silica gel 

on an aluminium plate (Machery-Nagel Precoated TLC sheets Alugram® 

SIL G/UV254) as stationary phase. Visualization of the ‘spots’ was 

enhanced by illumination with UV-light (254 nm). 

Flash chromatography was performed using an automatic 

chromatographic system (Biotage® or Combiflash®) with on-line UV-

detection (254 nm and 280 nm unless explicitly stated otherwise). A 

heptane/EtOAc solvent system was used as mobile phase and 

commercial silica cartridges (12-80 g, Grace®) as stationary phase.  

3.5.3 Optimization of reaction conditions 

Table 3.2. Optimization of three-component coupling reactions.  

 

Entrya Variations Yield of 5a (%)b 

1 none 72(63c) 

2 DCM (1 mL) 50 

3 1.5 equiv. acrylate 62 

4 HE (2 equiv.) 72 

5 HE 4b (1.5 equiv.) 58 

6 4-Ph-HE (1.5 equiv.) n.ob. 

7 4-Cyclohexane-HE (1.5 equiv.) n.ob. 

8 DMSO (1 mL) 61 
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9 MeCN (1 mL) 60 

10 No HE n.ob. 

11 No light n.ob. 

12 Pre-formed imine 35 

13 40 W 390 nm Kessil lamp 30 

14 40 W 427 nm Kessil lamp 39 

aReaction conditions: amine (0.2 mmol), aldehyde (0.2 mmol), acrylate (0.4 mmol), solvent 

(1 mL). bYield was determined by 1H NMR with 1,3,5-trimethoxybenzene as internal 

standard. cIsolated yields. 

 

Table 3.3. Acid screening for coupling reactions with unactivated aldehydes.  

 

Entry additives Yield (%)a 

1 TFA (0.1 equiv.) n. ob. 

2 Octanic acid (0.1 equiv.) 31 

3 Octanic acid (0.1 equiv.), 2 equiv. 

aldehyde 

34 

4 Acetic acid (0.1 equiv.) 45(42b) 

5 Butyric acid (0.1 equiv.) n. ob. 

6 Valeric acid (0.1 equiv.) n. ob. 

7 Hexanoic acid (0.1 equiv.) trace 

8 4-Methylpentanoic acid (0.1 equiv.) n. ob. 

aYield was determined by 1H NMR with 1,3,5-trimethoxybenzene as internal standard. 

bIsolated yields. 
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3.5.4 Mechanistic studies 

3.5.4.1 Quenching experiment 

Table 3.4. Quenching experiments.  

 

Entry Quencher (2 equiv.) Yield (%)a 

1 TEMPO 13 

2 CuCl2 19 

3 Under air 8 

aYield was determined by 1H NMR with 1,3,5-trimethoxybenzene as internal 

standard. 
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3.5.4.2 Stern-Volmer plot 

  

 
 

Figure 3.13. Fluorescence quenching experiments were carried out with Cary 

Eclipse Fluorescence Spectrometer. Amine: p-anisidine (A), aldehyde: 

benzaldehyde (B), imine: N-(4-methoxyphenyl)-1-phenylmethanimine (C) as 

fluorescence quenchers. Stern-Volmer plot with potential quenchers (D). 
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3.5.4.3 Labeling/control experiments and KIE analysis 
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3.5.4.4 UV-Vis absorption studies 

 

Figure 3.14. UV-Vis absorption studies were performed on a Shimadzu UV-

2600 spectrophotometer. 

Stock solutions of N-benzylidene-4-methoxyaniline and Hantzsch 

ester were prepared in vials, respectively. From the UV-Vis spectra, the 

mixture of imine and Hantzsch ester showed no observable ‘red shift’. 

We assumed that the lifetime of ionic complex is short and it is difficult 

to be experimentally detected via UV-Vis absorption analysis. 
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3.5.4.5 Electrochemical Measurements 

The electrochemical redox potentials were obtained using a Metrohm 

Autolab potentiostat-galvanostat PGSTAT204 fitted with a glassy carbon 

(GC) working electrode (diameter = 3 mm), an Ag/AgCl (3 M KCl) 

reference electrode and a Pt-foil counter electrode, attached to a PC using 

Nova v2.1.5 software. 0.2 mmol samples were dissolved in 20 mL 0.1 M 

tetra-n-butylammonium hexafluorophosphate in dry, degassed 

acetonitrile. Reductions were measured by scanning potentials in the 

negative direction and oxidations in the positive direction. The obtained 

value was referenced to Ag/AgCl (3 M KCl). 

 

 

Figure 3.15. Cyclic voltammogram of Hantzsch ester 4a. 
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Figure 3.16. Cyclic voltammogram of N-(4-methoxyphenyl)-1-

phenylmethanimine. 

 

Figure 3.17. Cyclic voltammogram of methyl-4-(benzylideneamino)benzoate. 
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Figure 3.18. Cyclic voltammogram of N,1-diphenylmethanimine. 

 

 

Figure 3.19. Cyclic voltammogram of 1-(4-fluorophenyl)-N-

phenylmethanimine. 
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Figure 3.20. Cyclic voltammogram of 2,6-dimethoxy-4-(((4-

methoxyphenyl)imino)methyl)phenol. 

 

The redox potentials of Hantzsch ester and representative imines 

were measured. The redox potentials of imines with electron-donating 

groups or electron-withdrawing groups on the both amine part or 

aldehyde part are all located within the potential range between ca. -1.5 

V to -2.0 V vs. Ag/AgCl, which are consistent with the literatures.40,15a 

Therefore, the reported imines in the manuscript can be reduced by HE 

4a by single-electron transfer via EDA complexes. 
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Figure 3.21. Cyclic voltammogram of mixture of HE and model imine (1:1) with 

different scan rates. 

 

 

Figure 3.22. Cyclic voltammogram titration of HE in model imine (10 mM). 
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Figure 3.23. Cyclic voltammogram titration of HE in model imine (10 mM). 

 

As shown in Figure 3.21, the cyclic voltammetry of mixture of HE and 

model imine showed not only peaks of HE and imine but also one new 

peak with lower reduction potential. To further analyze the new peak, 

cyclic voltammetry titration of HE in imine (10 mM) has been carried out. 

It is clear that the current of new peak increased linearly with increasing 

concentration of added HE (Figure 3.22). The peak changes of imine and 

HE were difficult to see since the influence of peak overlap. However, 

when the concentration of HE 4a reached 12 mM, the current of imine 

peak was clearly dropped and the concentration of new peak was further 

increased (Figure 3.23). Therefore, we proposed that this new peak was 

generated by the complex of HE and imine. 
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3.5.4.6 Computational Chemistry and NEB calculations 

3.5.4.6.1 Computational Chemistry calculations 

 

We investigated the effect of blue light LED on imine-Hantzsch ester 

complexes in different protonation states, namely neutral molecules or 

ionic forms, by considering that the Hantzsch esters were extensively 

used in hydrogen transfer reactions as an electron donor and a proton 

source in several photoredox processes. 

First, we generated possible structures of the complex by a 

multiobjective genetic algorithm based on a classical force field 41 and 

optimized all of them (198 in all) at the B3LYP/6-311+G(d,p) level of 

theory in a continuum solvent description rendered through the 

polarizable continuum model (PCM) in its integral equation formalism 

(IEF),42 choosing dimethyl sulfoxide (DMSO, ϵ = 46.70) as the dominant 

solvent species acting on the supermolecule. We identified two prevalent 

arrangements where the phenyl ring of the aldehyde and the ring of the 

Hantzsch ester were parallel (stacked but shifted) or almost 

perpendicular (T-shaped) (Figure 3.24). In the stacked ring configuration 

(ester and 4-methoxyphenyl rings), where both of the molecules are 

neutral, the distance between the ring planes is approximately 5 Å, and 

the Hantzsch ester NH bond points toward the methoxy oxygen of the 

imine molecule. The dipole moment of the complex is around 3 Debye. 

Instead, in the stacked ionic complex, which is made of electron-

donating-accepting moieties linked by a -system with a separation of 

the planes of about 4 Å (which is shorter than in the neutral molecules 

case), a distance between the nitrogens of 4.04 Å, and a dipole moment 

of about 16 Debye, the rings are shifted, and the two nitrogens are on top 

of each other (Figure 3.24). As done by other authors,43 we calculated the 

energy difference between the complex and the sum of the energy of the 

isolated species and found that it was approximately -8.5 kcal/mol. This 
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validated the stability of this particular assembly. In the hydrogen-

bonded complex, where the molecules are in perpendicular orientation, 

the nitrogen atoms' distance is about 3.11 Å, and each species is neutral 

because the only stable configuration is the one with the hydrogen linked 

to the ester. Indeed, although it was linked to the imine in the starting 

structure, the hydrogen of this bond migrated onto the nitrogen of the 

Hantzsch ester during the optimization, producing a complex with a 

relatively low dipole moment of about 7 Debye. 

To simulate the UV-vis spectra, we chose the TD-DFT method, 

combined with the continuum solvent approach, because it was 

benchmarked on many different systems, which included compounds 

similar to the molecules examined in this study, and it was used by other 

authors such as Gaunt and co-workers in their work 11a to reasonably 

reproduce the main experimental features of the absorption (CAM-

B3LYP/6-311+G(d,p) level of theory). Reliable reference values directly 

comparable with the molecular models were not available. We checked 

our choice by examining the experimental UV-vis spectra of the 

Hantzsch ester (HE) available in the supporting matterials.33 There, the 

spectrum of HE in DMSO showed an absorption peak at about 370 nm 

(Figure 3.24). In our case, the peak of HE is at about 350 nm. This 5% 

discrepancy can be considered acceptable. 
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Figure 3.24. Top. Optimized geometries of the H-bonded and stacked 

structures (a, b). The neutral stacked and ionic complexes are superimposed for 

comparison (b) and shown separately (c, d - top view) to highlight the position 

of the N atoms. Bottom. CAM-B3LYP/6-311+G(d,p)/DMSO absorption 

spectrum of the H-bonded (gray line) and stacked-rings complexes optimized 

at the B3LYP/6-311+G(d,p) level in DMSO. 
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Stacked Configuration (Figure 3) – cartesian coordinates 

C   -4.33802800   -0.64660500    0.91540400 

C   -3.23996500   -1.17106000    1.82422100 

C   -3.55234000   -1.60485200    3.10113200 

N   -4.82398100   -1.64648800    3.59490100 

C   -5.86698600   -1.37084200    2.77703600 

C   -5.72251100   -0.97488600    1.44768100 

C   -2.51742300   -2.07875000    4.09675700 

C   -7.21164000   -1.52363200    3.45230900 

C   -1.87512900   -1.13525500    1.33929100 

O   -1.79403200   -0.53144500    0.10834200 

C   -0.48478600   -0.43909600   -0.48991300 

C   -0.63056300    0.28266800   -1.81559600 

C   -6.86375300   -0.71434200    0.59886800 

O   -6.48216500   -0.18164500   -0.61161900 

C   -7.53391900    0.12786300   -1.54904200 
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C   -6.89167300    0.71639100   -2.79036600 

O   -0.85763500   -1.56048600    1.88670500 

O   -8.05734800   -0.91234300    0.83394500 

N   -5.52758700   -5.05483100    1.53671600 

C   -5.56951500   -4.32609000    0.45078900 

C   -4.51179700   -4.21812800   -0.51766900 

C   -3.30522000   -4.94767400   -0.44189100 

C   -2.35257600   -4.81563800   -1.43798100 

C   -2.58210800   -3.96456600   -2.52616600 

C   -3.77024700   -3.24131700   -2.61428300 

C   -4.73000100   -3.36344600   -1.61714600 

C   -6.58788700   -5.32286700    2.44270900 

C   -6.25896000   -5.76146200    3.72463400 

C   -7.25669300   -6.04133100    4.65181700 

C   -8.60064100   -5.88330700    4.29191300 

C   -8.92565300   -5.45783600    2.99315100 

C   -7.93142900   -5.18507500    2.07195500 

H   -5.21947500   -5.87457100    4.01093000 

H   -6.97558300   -6.37443000    5.64069000 

H   -9.96898900   -5.36234300    2.71964200 

H   -8.20929900   -4.88953400    1.06839700 

H   -3.10623900   -5.62558700    0.38006400 
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H   -5.65464500   -2.80289600   -1.68295100 

H   -1.42973300   -5.37922800   -1.37664200 

H   -3.94810300   -2.58402900   -3.45639700 

H   -1.83300900   -3.87232400   -3.30370500 

H   -6.49617700   -3.80153100    0.25633200 

H   -4.23181300    0.44223800    0.77479900 

H   -4.21273400   -1.05529300   -0.09177100 

H   -7.78822300   -2.34421100    3.02045600 

H   -7.04798700   -1.72202500    4.51177200 

H   -7.82388800   -0.62733400    3.33506500 

H   -3.01090300   -2.26232200    5.05152700 

H   -2.03607100   -3.00085400    3.76060500 

H   -1.71570900   -1.35011900    4.22988200 

H   -0.08095000   -1.44593900   -0.62472200 

H    0.18178200    0.10023400    0.18752700 

H    0.34820700    0.37027500   -2.29478300 

H   -1.29363400   -0.26371700   -2.49062200 

H   -1.03193100    1.28899600   -1.67274700 

H   -8.08963000   -0.78458500   -1.78074300 

H   -8.22960800    0.83267900   -1.08696100 

H   -7.66649200    0.96673700   -3.51995000 

H   -6.33965000    1.62892200   -2.55232300 
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H   -6.20397700    0.00484400   -3.25386300 

O   -9.64911000   -6.12691700    5.11302200 

C   -9.39295100   -6.57546800    6.45000500 

H   -8.81911300   -5.83149400    7.00838800 

H  -10.37088300   -6.70182800    6.90854800 

H   -8.86269800   -7.53127100    6.44641900 

H   -4.64637000   -5.49990400    1.77471400 
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HB-bonded Configuration (Figure 3) – cartesian coordinates 

C     -3.49433800    0.05398100    0.46374700 

 C     -3.28449800   -0.30129400    1.80457400 

 C     -3.89382400   -1.42557900    2.34145400 

 C     -4.70906800   -2.24135500    1.54493000 

 C     -4.90686300   -1.90919200    0.20315700 

 C     -4.29976200   -0.76705900   -0.32699900 

 H     -2.65001400    0.31856900    2.42761200 

 H     -3.74342900   -1.69114100    3.38142700 

 H     -5.52086200   -2.52261800   -0.44204600 

 H     -4.45108300   -0.52646600   -1.37301500 

 O     -5.25370000   -3.33059500    2.16538800 

 C     -6.08836700   -4.20244400    1.40051600 

 H     -6.40788100   -4.98458200    2.08629500 

 H     -6.96581200   -3.67396500    1.01644900 



153 
 

 H     -5.53569200   -4.65012200    0.56923200 

 N     -2.79833600    1.16518500   -0.08270900 

 C     -2.58729300    3.32337700   -1.06546000 

 C     -1.54676200    2.98280400   -1.94195100 

 C     -2.83810200    4.68121100   -0.81374400 

 C     -0.76986200    3.96980300   -2.54264900 

 H     -1.36343600    1.93919600   -2.16504100 

 C     -2.04940100    5.66727500   -1.40168600 

 H     -3.63224100    4.97591200   -0.13909200 

 C     -1.01589200    5.31537700   -2.26988900 

 H      0.02219800    3.68916200   -3.22753100 

 H     -2.24249700    6.71095300   -1.18161300 

 H     -0.41076300    6.08507400   -2.73504000 

 C      0.58037100   -0.76821600   -0.90584800 

 C      1.01139400    0.88004800    0.84466300 

 C      1.85642900   -1.24139100   -0.84364400 

 C      2.30368500    0.46394400    0.98233000 

 N      0.18319600    0.25679600   -0.06923000 

 H     -0.77894200    0.60682000   -0.15920300 

 C      2.86606700   -0.67233400    0.14043400 

 H      3.23863900   -1.47058400    0.79238500 

 H      3.75298700   -0.32390400   -0.39990000 
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 C      0.34316300    1.99044900    1.61018300 

 H      0.87537800    2.93199600    1.47071800 

 H     -0.68839800    2.11033100    1.27858400 

 H      0.35070000    1.78493000    2.68141500 

 C     -0.50857800   -1.24161100   -1.82979800 

 H     -1.44215600   -0.75375000   -1.55384600 

 H     -0.27004000   -1.00281700   -2.86780500 

 H     -0.63654300   -2.32165300   -1.77219300 

 C      2.28883500   -2.31997600   -1.73229700 

 C      3.19695800    1.10408700    1.94837600 

 O      1.62695300   -2.88594800   -2.59226900 

 O      2.94561900    2.04607000    2.68808000 

 O      3.58503700   -2.66230300   -1.49451300 

 O      4.44601100    0.56569700    1.89106400 

 C      4.14421000   -3.72584500   -2.30061700 

 H      4.07545800   -3.44401300   -3.35377900 

 H      3.54944800   -4.63029000   -2.15416100 

 C      5.58284100   -3.92603900   -1.86810200 

 H      6.03365700   -4.72521600   -2.46211500 

 H      6.16894300   -3.01635800   -2.01857300 

 H      5.64122100   -4.20903100   -0.81446200 

 C      5.44892000    1.13635200    2.76454700 
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 H      5.54735200    2.20108300    2.54084200 

 H      5.11391100    1.03934000    3.79975300 

 C      6.74770600    0.39276400    2.52520800 

 H      7.52695400    0.80309100    3.17259500 

 H      6.63964200   -0.67046900    2.75230700 

 H      7.07491100    0.49714900    1.48805900 

 C     -3.40149500    2.24525400   -0.42631100 

 H     -4.46070002    2.30991722   -0.22555397 
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Configuration A (Figure 8) – cartesian coordinates 

N     -5.970000     -4.457000      1.993000 

 C     -6.103000     -3.993000      0.693000 

 C     -5.029000     -3.714000     -0.171000 

 C     -3.647000     -3.865000      0.163000 

 C     -2.645000     -3.606000     -0.764000 

 C     -2.940000     -3.169000     -2.060000 

 C     -4.292000     -3.000000     -2.408000 

 C     -5.303000     -3.267000     -1.503000 

 C     -6.940000     -5.135000      2.724000 

 C     -6.636000     -5.600000      4.016000 

 C     -7.558000     -6.317000      4.773000 

 C     -8.831000     -6.585000      4.257000 

 C     -9.147000     -6.130000      2.976000 

 C     -8.222000     -5.423000      2.215000 

 H     -5.656000     -5.399000      4.437000 
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 H     -7.269000     -6.655000      5.759000 

 H    -10.129000     -6.345000      2.569000 

 H     -8.502000     -5.110000      1.218000 

 H     -3.356000     -4.206000      1.152000 

 H     -6.341000     -3.162000     -1.813000 

 H     -1.610000     -3.747000     -0.466000 

 H     -4.554000     -2.667000     -3.408000 

 H     -2.151000     -2.971000     -2.777000 

 H     -7.103000     -3.859000      0.332000 

 O     -9.817000     -7.279000      4.921000 

 C     -9.524000     -7.775000      6.225000 

 H     -9.286000     -6.963000      6.919000 

 H    -10.426000     -8.284000      6.562000 

 H     -8.694000     -8.489000      6.204000 

 H     -5.045000     -4.443000      2.399000 

 C     -7.470000     -2.782000      6.141000 

 C     -8.367000     -2.648000      5.097000 

 C     -7.899000     -2.262000      3.810000 

 N     -6.572000     -1.854000      3.773000 

 C     -5.671000     -1.912000      4.771000 

 C     -6.101000     -2.377000      6.023000 

 C     -8.709000     -1.818000      2.633000 
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 C     -4.300000     -1.422000      4.430000 

 C     -9.825000     -2.891000      5.310000 

 O    -10.131000     -3.125000      6.592000 

 C    -11.537000     -3.348000      6.907000 

 C    -11.641000     -3.562000      8.401000 

 C     -5.175000     -2.511000      7.157000 

 O     -5.818000     -2.888000      8.283000 

 C     -5.002000     -3.105000      9.466000 

 C     -5.924000     -3.539000     10.586000 

 O    -10.658000     -2.840000      4.423000 

 O     -3.966000     -2.327000      7.123000 

 H     -3.601000     -2.260000      4.418000 

 H     -4.294000     -0.946000      3.448000 

 H     -3.938000     -0.717000      5.178000 

 H     -8.052000     -1.590000      1.789000 

 H     -9.424000     -2.576000      2.316000 

 H     -9.283000     -0.912000      2.864000 

 H    -11.876000     -4.219000      6.343000 

 H    -12.100000     -2.472000      6.579000 

 H    -12.688000     -3.731000      8.667000 

 H    -11.064000     -4.435000      8.712000 

 H    -11.287000     -2.687000      8.950000 
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 H     -4.255000     -3.868000      9.235000 

 H     -4.482000     -2.175000      9.705000 

 H     -5.336000     -3.708000     11.492000 

 H     -6.670000     -2.770000     10.802000 

 H     -6.439000     -4.469000     10.335000 

 H     -6.243000     -1.482000      2.891000 

 H     -7.826000     -3.123000      7.103000 

  



160 
 

 

Hantzsch ester (4a) – cartesian coordinates 

 C     -3.06402100    1.67582000    3.09817900 

 C     -0.83685500    2.19487800    2.20713800 

 C     -3.47383300    2.96413600    2.94107900 

 C     -1.17018900    3.50053000    2.01630800 

 C     -2.50498200    4.05077100    2.49808700 

 H     -2.96270800    4.64411600    1.70320900 

 H     -2.34174900    4.76310800    3.31764800 

 C      0.45864900    1.52607000    1.83744300 

 C     -3.89251500    0.51486600    3.57677500 

 H     -3.25941700   -0.35393400    3.76806600 

 H     -4.43504800    0.76627800    4.48652200 

 H     -4.63916500    0.23984200    2.82869300 

 C     -4.85658800    3.34644200    3.23597600 

 C     -0.23170100    4.42420500    1.37362700 

 O     -5.77771200    2.60554700    3.55296500 
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 O      0.84666600    4.14901500    0.86448500 

 O     -5.03130200    4.68749100    3.11799700 

 O     -0.70307600    5.69674400    1.39567400 

 C     -6.36003600    5.20382500    3.37723800 

 H     -6.64921300    4.93254300    4.39486000 

 H     -7.06148800    4.72905000    2.68767100 

 C     -6.31560800    6.70621700    3.18770700 

 H     -7.30670900    7.12563700    3.37872000 

 H     -5.60935400    7.16940400    3.88071400 

 H     -6.02574500    6.96595900    2.16690800 

 C      0.12196100    6.71612000    0.77942200 

 H      1.09321900    6.73038700    1.27858200 

 H      0.28277800    6.45086900   -0.26782100 

 C     -0.60072700    8.04018300    0.91932900 

 H     -0.00094700    8.83120900    0.46188700 

 H     -1.57102500    8.01389100    0.41797400 

 H     -0.75660400    8.29426900    1.97037600 

 H      0.51807300    1.37345300    0.75701500 

 H      1.31360100    2.13700200    2.11905000 

 H      0.53691900    0.55243900    2.32563300 

 H     -1.48273700    0.38053300    2.91542000 

 N     -1.75659900    1.34351900    2.79301400 
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Other structures are available from the corresponding authors upon 

request. 

Table 3.5. Calculated Absorption Energies (eV, and in the corresponding 

Wavelength, nm) and oscillator strengths for the different Hantzsch Ester (HE) 

species and the selected HE complexes. 

Molecule Energy 

(eV) 

Wavelength 

(nm) 

Oscillator 

strength 

HEH(4a) neutral 3.56 348.5 0.2003 

HE (4a) anionic 2.96 418.3 0.3013 

HEH (4b) neutral 3.55 349.1 0.2068 

HE (4b) anionic 2.97 417.0 0.3138 

HEH (phenyl) neutral 3.80 326.4 0.1835 

HE (phenyl) anionic 3.15 393.1 0.2643 

HEH (cyclohexyl) 

neutral 

3.86 321.3 0.1883 

HE (cyclohexyl) 

anionic 

3.23 383.4 0.2921 

Stacked complex 

(Figure 3) 

2.99 414.1 0.2281 

T-shaped complex 

(Figure 3) 

3.50 354.2 0.1999 

Configuration A 

(Figure 8) 

2.74 452.6 0.1559 

CAM-B3LYP/6-311+G(d,p)/DMSO absorption spectra computed for the 

stacked complex and T-shaped complexes optimized at the B3LYP/6-

311+G(d,p) level in DMSO (artificially broadened with gaussian peaks – 

HWHH = 0.1 eV). 
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M062X/6-311+G(d,p)/DMSO absorption spectra computed for the 

stacked complex and T-shaped complexes optimized at the B3LYP/6-

311+G(d,p) level in DMSO (artificially broadened with gaussian peaks – 

HWHH = 0.15 eV). 
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B3LYP/6-311+G(d,p)/DMSO absorption spectra computed for the 

stacked complex and T-shaped complexes optimized at the B3LYP/6-

311+G(d,p) level in DMSO (artificially broadened with gaussian peaks – 

HWHH = 0.15 eV). 
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CAM-B3LYP/6-311+G(d,p)/DMSO absorption spectra computed for 

HEH (4a) and HE (4a) optimized at the B3LYP/6-311+G(d,p) level in 

DMSO (artificially broadened with gaussian peaks – HWHH = 0.15 eV). 
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3.5.4.6.2 NEB calculations 

To disclose possible minimum-energy paths (MEPs) for the 

cyclization reactions and estimate the activation energies (transition 

states -TS) that could be connected to the experimental yield, we used the 

nudged elastic band (NEB) methodology44 implemented in the Quantum 

Espresso 45 software package. The calculations were based on a plane-

wave basis set; the projector augmented wave (PAW) method with 

Perdew–Burke–Ernzerhof (PBE) functional, and kinetic energy cutoffs of 

40 Ry and 400 Ry for the wave functions and the charge density, 

respectively. Single-particle wave functions were calculated through 

Gaussian smearing of 0.002 Ry. The Brillouin zone sampling was 

restricted to the gamma point, and all the calculations were spin-

polarized. Long-range nonlocal effects were included by applying van 

der Waals corrections (Grimme-D2 approach). 
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The energy barriers were estimated considering 8-15 intermediate 

images between the identified local minima, and a convergence cutoff of 

0.05 eV Å−1 for the force orthogonal to the path was employed. 

 

After activating the molecules through the blue light (which induces 

the formation of two radicals, as described above), sets of NEB 

calculations were carried out to disclose the steps of cyclization. The 

central panels of Figures 3.25-3.26 show the energy profiles along the 

different reaction paths and the structure of the transition states, whereas 

the left and right panels display the geometries of reactants and products, 

respectively. In Table 3.6, we have reported energy barriers and final 

energies relative to the starting configuration of the different complexes. 

As shown in Figure 3.25-3.26, in the starting configurations, the two 

radicals are rotated with respect to each other, and the HE is near the 

aldehydic side chain, pointing its ring hydrogens to the C atom 

connected to the CO2Me group. During cyclization, one of these Hs is 

transferred to that C, and the other carbon atom close by gets close to the 

ring, forming a bond with the radical carbon of the molecule. Eight steps 

were required to form the final products in all cases, and the energy 

barriers were relatively low (at most 10 kcal/mol) and in line with the 

yield results obtained with experiments.  



169 
 

 

Figure 3.25. Cyclization of compound 7 from NEB calculations. (a) 7a; (b) 7c; (c) 

7b. 
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Figure 3.26. Cyclization of compound 7 from NEB calculations. (a) 7d; (b) 7f; (c) 

7e. 
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Table 3.6. Energy barriers (TS) and final energy differences (Products) relative 

to the starting configuration of the different complexes (Figures 3.25-3.26). 

compound Reactant (kcal/mol) TS (kcal/mol) Products (kcal/mol) 

7a 0 4.2 -55.1 

7b 0 3.8 -53.1 

7c 0 7.0 -57.2 

7d 0 5.1 -56.0 

7e 0 10.4 -51.2 

7f 0 1.1 -62.1 
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3.5.5 Experiments 

3.5.5.1 Photocatalytic reaction setup 

The inner surface of a round glass dish with a 

diameter of 140 mm was fixed with a blue LED strip 

with a total power of 24 W (Figure 3.5.5.1.1). A 

switch can control the intensity of illumination. An 

electric fan was placed over the glass dish to avoid 

heating by the LED irradiation. Inside the glass dish, 

two Schlenk flasks were placed. The reaction 

mixture was stirred using a magnetic stirring plate 

and stirring bar at 400 rpm on average.  

 

Figure 3.5.5.1.1. Setup for visible-light-mediate photocatalytic reactions under 

N2 with an electric fan. 

3.5.5.2 General procedure for the three-component coupling 

 



173 
 

A dried Schlenk flask with magnetic stirring bar was charged with 

[amine] (0.2 mmol, 1 equiv.) and [Hantzsch ester] (0.3 mmol, 1.5 equiv.), 

after which the vessel was evacuated using Schlenk techniques and 

flushed with N2 three times. Under nitrogen gas flow, [aldehyde (if liquid, 

otherwise added before flushing cycle)] (0.2 mmol, 1 equiv.), [Michael 

acceptor (if liquid, otherwise added before flushing cycle)] (0.4 mmol, 2 

equiv.), dry DMSO (0.5 mL), and dry CH2Cl2 (0.5 mL) were added using 

a syringe flushed with inert gas. The resulting mixture was stirred for 24 

h under irradiation of blue LED light (24 W) at room temperature. After 

24 h, the reaction mixture was quenched by adding distilled water (3 mL) 

and ethyl acetate (3 mL). The organic phase was extracted and 

concentrated in vacuo. 1,3,5-Trimethoxybenzene was added as internal 

standard to determine the NMR yield of the functionalised product 

through 1H NMR. Purification proceeded via flash column 

chromatography. 

3.5.5.3 General procedure for the cyclization reaction 

 

A dried Schlenk flask with magnetic stirring bar was charged with 

[amine] (0.2 mmol, 1 equiv.) and [Hantzsch ester] (0.3 mmol, 1.5 equiv.), 

and [aldehyde/olefin substrate] (0.2 mmol, 1 equiv.) after which the 

vessel was evacuated using Schlenk techniques and flushed with N2 

three times. Under nitrogen gas flow, dry DMSO (0.5 mL), and dry 

CH2Cl2 (0.5 mL) were added using a syringe flushed with inert gas. The 

resulting mixture was stirred for 24 h under irradiation of blue LED light 

(24 W) at room temperature. After 24 h, the reaction mixture was 

quenched by adding distilled water (3 mL) and ethyl acetate (3 mL). The 

organic phase was extracted and concentrated in vacuo. 1,3,5-
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Trimethoxybenzene was added as internal standard to determine the 

NMR yield of the functionalised product through 1H NMR. Purification 

proceeded via flash column chromatography. 

3.5.5.4 General procedure for the synthesis of cyclization 

aldehyde/olefin substrates 

 

A dried two-necked flask with stirring bar was charged with fresh 

magnesium (1.1 equiv.) and iodine (0.03 mol%), after which the vessel 

was evacuated and the solid mixtures were vigorously stirred for 10 

minutes. A solution of 1-bromo-2-(dimethoxymethyl)benzene (SM1, 1 

equiv.) in anhydrous THF (1.6 M) was added dropwise over 15 minutes. 

The mixture was allowed to stir for further 30 minutes and cool to -78 ⁰C, 

followed by the dropwise addition of allyl bromide (1 equiv.) over 15 

minutes. After that, the solution was allowed to warm to room 

temperature and stir overnight. The mixture was then quenched with 

saturated aqueous NH4Cl solution and stirred for 10 minutes. The 

product was extracted with EtOAc and washed with H2O and brine. The 

combined organic phase was dried with MgSO4, followed by filtration 

and concentration in vacuo. The pure product SM2 as a colorless oil was 

obtained via distillation under reduced pressure (67 ⁰C, 0.5 mbar). 

A dried two-necked flask with stirring bar was charged with SM2 (1 

equiv.) and alkyl acrylate (1.1 equiv.), after which the vessel was 

evacuated using Schlenk techniques and flushed with N2 three times. The 

mixture was dissolved in anhydrous DCM (0.2 M) and warmed to 30 ⁰C. 

A solution of Hoveyda-Grubbs 2nd Generation catalyst (0.3 mol%) in 

anhydrous toluene (10-3 M) was added dropwise over 1 h. After reaction, 

the solvent was evaporated in vacuo and the residue was dissolved in 

conc. HCl (20 mol%) and acetone (0.25 M). After further stirring for 10 
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minutes, the reaction mixture was quenched with aqueous Na2CO3 (1 M), 

followed by evaporation of acetone in vacuo. The crude product was 

extracted with EtOAc and washed with H2O and brine. The combined 

organic phase was dried with MgSO4, followed by filtration and 

concentration in vacuo. Flash column chromatography was applied to 

obtain pure product SM3. 

3.5.5.5 General procedure for the reductive functionalization with 

pre-formed imine 

 

A dried Schlenk flask with magnetic stirring bar was charged with [imine] 

(0.2 mmol, 1 equiv.) and [Hantzsch ester] (0.3 mmol, 1.5 equiv.), after 

which the vessel was evacuated using Schlenk techniques and flushed 

with N2 three times. Under nitrogen gas flow, [Michael acceptor (if liquid, 

otherwise added before flushing cycle)] (0.4 mmol, 2 equiv.) and dry 

DMSO (1 mL) were added using a syringe flushed with inert gas. The 

resulting mixture was stirred for 24 h under irradiation of blue LED light 

(24 W) at room temperature. After 24 h, the reaction mixture was 

quenched by adding distilled water (3 mL) and ethyl acetate (3 mL). The 

organic phase was extracted and concentrated in vacuo. 1,3,5-

Trimethoxybenzene was added as internal standard to determine the 

NMR yield of the functionalised product through 1H NMR. Purification 

proceeded via flash column chromatography.  
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3.5.5.6 General procedure for synthesis of imines  

 

A dried two-necked flask with stirring bar was charged with [amine (if 

solid, otherwise added after flushing cycle)] (2 mmol, 1 equiv.) and 

MgSO4 (960 mg, 8 mmol, 4 equiv.), after which the vessel was evacuated 

using Schlenk techniques and flushed with N2 three times. Under 

nitrogen gas flow, [aldehyde (if liquid, otherwise added before flushing 

cycle)] (2 mmol, 1 equiv.) and CH2Cl2 (8 mL) were added using a syringe 

flushed with inert gas. The resulting mixture was stirred for 2 h (unless 

explicitly stated otherwise) at room temperature. After 2 h, the mixture 

was filtered over Celite® and concentrated in vacuo. In most cases, the 

product was dried under high vacuum (< 0.5 mbar) while cooled with 

liquid nitrogen. 

3.5.5.7 General procedure for synthesis of complex olefins  

 

The following procedure was obtained from literature.40 Acryloyl 

chloride (217 mg, 2.4 mmol, 1.2 equiv.) was added to a stirred solution of 

[complex alcohol] (2 mmol, 1 equiv.), triethylamine (417 µL, 3 mmol, 1.5 

equiv.) in DCM (7 mL) at 0 °C. The reaction was warmed to room 

temperature and stirred for 2 hours. The solvent was removed in vacuo 

and the residue was purified by flash chromatography (silica, EtOAc in 

heeptane). Ultimately, the desired fractions were collected and 

concentrated in vacuo. 
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3.5.6 Characterization 

 

N1,N2-bis(4-methoxyphenyl)-1,2-diphenylethane-1,2-diamine 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde  (0.2 mmol, 20 µL), and n-butyl acrylate (0.4 mmol, 29 µL). 

The dimer by-product was observed and purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 20 %. 1H 

NMR (400 MHz, CDCl3) δ 7.21-7.16 (m, 6H), 7.15-7.09 (m, 2H), 6.94 (dd, 

J = 6.4, 2.9 Hz, 2H), 6.66 (dd, J = 7.7, 5.5 Hz, 4H), 6.47 (dd, J = 8.7, 6.1 Hz, 

4H), 4.86 (s, 1H), 4.45 (s, 1H), 4.33 (s, 2H), 3.67 (d, J = 3.2 Hz, 6H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 158.4, 152.5, 152.3, 141.3, 140.7, 140.3, 138.7, 

131.0, 128.7, 128.6, 128.34, 128.2, 127.6, 127.5, 127.4, 122.2, 115.5, 115.1, 

114.9, 114.8, 114.4, 65.0, 62.9, 55.7 ppm. 

 

 

4-((4-Methoxyphenyl)amino)-4-(2,4,6-trimethoxyphenyl)butanenitrile-2-d 5s-

D 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 2,4,6- 

trimethoxybenzaldehyde (0.2 mmol, 39.2 mg), acrylonitrile (0.4 mmol, 26 

µL), and 4d as the sole photoreductant. The crude product was purified 

using flash column chromatography in a EtOAc/heptane eluent system. 

Yield: 77 %. 1H NMR (400 MHz, CDCl3) δ 6.73-6.66 (m, 2H), 6.64-6.58 (m, 
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2H), 6.08 (s, 2H), 5.00 (t, J = 7.4 Hz, 1H), 3.83 (s, 6H), 3.76 (s, 3H), 3.69 (s, 

3H), 2.47-2.22 (m, 2H), 2.18-1.99 (m, 1H) ppm. HRMS (ESI+, m/z) [M+H+] 

calcd. for C20H23N2O4D 358.1872, found 358.1883. 

 

 

Diethyl 2,6-dimethylpyridine-3,5-dicarboxylate-4-d 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 2,4,6- 

trimethoxybenzaldehyde (0.2 mmol, 39.2 mg), acrylonitrile (0.4 mmol, 26 

µL), and 4d as the sole photoreductant. The crude product was purified 

using flash column chromatography in a EtOAc/heptane eluent system. 

Yield: 70 %. 1H NMR (400 MHz, CDCl3) δ 4.40 (q, J = 7.1 Hz, 4H), 2.85 (s, 

6H), 1.42 (t, J = 7.1 Hz, 6H) ppm. 

 

 

Diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate-1-d 4c 

According to the literature,46 a dried two-necked flask with stirring bar 

was charged with diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-

dicarboxylate, after which the vessel was evacuated using Schlenk 

techniques and flushed with argon three times. CD3OD (0.3 M) was 

added and stirred overnight. The solvent was removed under reduced 

pressure and the desired compound was obtained as a pale green solid. 

Yield: 95 %. 1H NMR (400 MHz, CDCl3) δ 4.17 (dd, J = 13.4, 6.5 Hz, 4H), 

3.27 (s, 2H), 2.19  (s, 6H), 1.28 (t, J = 6.8 Hz, 6H) ppm. 
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Diethyl 2,6-dimethylpyridine-1,4-dihydropyridine-3,5-dicarboxylate-4,4-d2 4d 

According to the literature,46 a dried two-necked flask with stirring bar 

was charged with ethyl acetoacetate (4 equiv.), d2-paraformaldehyde (1 

equiv.) and ammonium acetate (2 equiv.), after which the vessel was 

evacuated using Schlenk techniques and flushed with N2 three 

times.Then, water (0.15 M) was added and stirred at 90 °C for 3 h. Later, 

the mixture was cooled to room temperature and filtered, followed by 

evaporation in vacuo and the desired product was obtained as a yellow 

solid. Yield: 44 %. 1H NMR (400 MHz, CDCl3) δ 5.08 (s, 1H), 4.17 (q, J = 

7.1 Hz, 4H), 2.19 (s, 6H), 1.28 (t, J = 7.1 Hz, 6H) ppm.  

 

 

 

 

Diethyl 1,2,6-trimethyl-1,4-dihydropyridine-3,5-dicarboxylate 4e 

According to the literature,47 a dried two-necked flask with stirring bar 

was charged with Hantzsch ester, after which the vessel was evacuated 

using Schlenk techniques and flushed with argon three times. The solid 

was dissolved in anhydrous THF (0.11 M) and stirred at 0 °C, followed 

by the addition of sodium hydride. After further stirring for 10 minutes, 

iodomethane was dropwise added. The reaction mixture was warmed to 

room temperature and stirred for 15 minutes. Later, the mixture was 

refluxed overnight. The addition of water and extraction of EtOAc were 

required and combined organic phases were dried with MgSO4. 
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Purification proceeded via flash column chromatography (heptane/ethyl 

acetate as eluent). Yield: 54 %. 1H NMR (400 MHz, CDCl3) δ 4.18 (q, J = 

7.1 Hz, 4H), 3.15 (m, 5H), 2.38 (s, 6H), 1.29 (t, J = 7.1 Hz, 6H) ppm.  

 

 

4-Methoxy-N-(phenylmethyl-d)aniline 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), and 

benzaldehyde (0.2 mmol, 20 µL). The green LED (90 W, 525 nm) was used 

instead of blue LED. The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 34 %. 1H 

NMR (400 MHz, CDCl3) δ 7.41 – 7.22 (m, 5H), 6.77 (d, J = 8.9 Hz, 2H), 6.60 

(d, J = 8.9 Hz, 2H), 4.26 (s, 1H), 3.74 (s, 3H). 

 

 

Methyl 2-(bis(t-butoxycarbonyl)amino)acrylate 3ai 

According to the literature,48 the desired product can be obtained in 36 % 

yield over three steps. 1H NMR (400 MHz, CDCl3) δ 6.34 (s, 1H), 5.64 (s, 

1H), 3.79 (s, 3H), 1.47 (s, 18H) ppm. 

 

 

13-Methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenantren-3-yl acrylate 3am 
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Following procedure 3.5.5.7 with estrone (2 mmol, 540.8 mg. The crude 

product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 54 %. 1H NMR (400 MHz, CDCl3) δ 

7.29 (t, J = 6.9 Hz, 1H), 6.95-6.82 (m, 2H), 6.59 (d, J = 17.3 Hz, 1H), 6.31 (dd, 

J = 17.3, 10.4 Hz, 1H), 5.99 (d, J = 10.4 Hz, 1H), 2.98-2.87 (m, 2H), 2.51 (dd, 

J = 18.8, 8.6 Hz, 1H), 2.40 (m, 1H), 2.31 (m, 1H), 2.20-1.94 (m, 4H), 1.69-

1.41 (m, 6H), 0.91 (s, 3H).  

 

 

2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl acrylate 3an 

Following procedure 3.5.5.7 with 2,5,7,8-tetramethyl-2-(4,8,12-

trimethyltridecyl)chroman-6-ol (2 mmol, 861.4 mg. The crude product 

was purified using flash column chromatography in a EtOAc/heptane 

eluent system. Yield: 66 %. 1H NMR (400 MHz, CDCl3) δ 6.62 (dd, J = 17.3, 

1.2 Hz, 1H), 6.37 (dd, J = 17.3, 10.4 Hz, 1H), 6.00 (dd, J = 10.5, 1.2 Hz, 1H), 

2.59 (t, J = 6.8 Hz, 2H), 2.09 (s, 3H), 2.01 (s, 3H), 1.97 (s, 3H), 1.88-1.70 (m, 

2H), 1.63-1.45 (m, 2H), 1.43-1.34 (m, 3H), 1.33-0.99 (m, 19H), 0.86 (dd, J = 

8.9, 6.1 Hz, 12H) ppm.  

 

 

2-(Acetoxymethyl)-6-(2-(acryloyloxy)ethoxy)tetrahydro-2H-pyran-3,4,5-triyl 

triacetate 3ao 

Following procedure 3.5.5.7 with 2-(acetoxymethyl)-6-(2-

hydroxyethoxy)tetrahydro-2H- pyran-3,4,5-triyl triacetate (2 mmol, 784.8 

mg. The crude product was purified using flash column chromatography 
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in a EtOAc/heptane eluent system. Yield: 78 %. 1H NMR (400 MHz, 

CDCl3) δ 6.43 (dd, J = 17.3, 1.4 Hz, 1H), 6.14 (dd, J = 17.3, 10.4 Hz, 1H), 

5.86 (dd, J = 10.4, 1.4 Hz, 1H), 5.42-5.36 (m, 1H), 5.22 (dd, J = 10.5, 8.0 Hz, 

1H), 5.02 (dd, J = 10.5, 3.4 Hz, 1H), 4.53 (d, J = 8.0 Hz, 1H), 4.38-4.25 (m, 

2H), 4.22-4.10 (m, 2H), 4.09-4.01 (m, 1H), 3.91 (td, J = 6.6, 0.9 Hz, 1H), 3.86-

3.79 (m, 1H), 2.15 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 1.98 (s, 3H) ppm. 

 

 

(10S,13R,16S)-10,13-Dimethyl-3-oxohexadecahydro-1H-

cyclopenta[a]phenanthren-16-yl acrylate 3aq 

Following procedure 3.5.5.7 with (10S,13R,16S)-16-hydroxy-10,13- 

dimethylhexadecahydro-3H-cyclopenta[a]phenanthren-3-one (2 mmol, 

580.8 mg. The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 36 %. 1H 

NMR (400 MHz, CDCl3) δ 6.37 (d, J = 17.3 Hz, 1H), 6.11 (dd, J = 17.3, 10.4 

Hz, 1H), 5.80 (d, J = 10.4 Hz, 1H), 4.68 (t, J = 8.4 Hz, 1H), 2.46-1.96 (m, 6H), 

1.81-1.61 (m, 4H), 1.57-1.06 (m, 10H), 1.02 (s, 3H), 0.93 (ddd, J = 25.0, 12.5, 

5.4 Hz, 1H), 0.84 (s, 3H), 0.80-0.71 (m, 1H) ppm. 

 

 

1-Allyl-2-(dimethoxymethyl)benzene SM2 

Following procedure 3.5.5.4 with 1-Allyl-2-(dimethoxymethyl)benzene  

(2 mmol, 580.8 mg. The crude product was purified using distillation 

under reduced pressure. Yield: 56 %. 1H NMR (400 MHz, CDCl3) δ = 7.58 
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(dd, J = 7.4, 1.6, 1H), 7.34 -7.18 (m, 3H), 6.04-5.93 (m, 1H), 5.47 (s, 1H), 

5.17-4.97 (m, 2H), 3.54 (m, 2H), 3.35 (s, 6H). 

 

 

Methyl (E)-4-(2-formylphenyl)but-2-enoate 6a 

Following procedure 3.5.5.4 with SM2 (1 equiv.) and methyl acrylate (1.1 

equiv.). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 53 %. 1H 

NMR (400 MHz, CDCl3) δ 10.15 (s, 1H), 7.83 (d, J = 7.6 Hz, 1H), 7.55 (t, J 

= 7.5 Hz, 1H), 7.46 (t, J = 7.5 Hz, 1H), 7.27 (d, J = 8.2 Hz, 1H), 7.14 (dt, J = 

15.6, 6.4 Hz, 1H), 5.73 (dd, J = 15.7, 1.5 Hz, 1H), 3.98 (d, J = 6.4 Hz, 2H), 

3.70 (s, 3H). 

 

 

tert-Butyl (E)-4-(2-formylphenyl)but-2-enoate 6b 

Following procedure 3.5.5.4 with SM2 (1 equiv.) and tert-butyl acrylate 

(1.1 equiv.). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 75 %. 1H 

NMR (400 MHz, CDCl3) δ 10.17 (s, 1H), 7.84 (dd, J = 7.6, 1.1 Hz, 1H), 7.55 

(td, J = 7.5, 1.4 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.28 (s, 1H), 7.02 (dt, J = 

15.6, 6.4 Hz, 1H), 5.63 (dt, J = 15.6, 1.6 Hz, 1H), 3.95 (dd, J = 6.4, 1.4 Hz, 

2H), 1.45 (s, 9H). 
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Butyl 4-((4-methoxyphenyl)amino-4-phenylbutanoate 5a 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and n-butyl acrylate (0.4 mmol, 29 µL). 

The crude product was purified using flash column chromatography in 

a EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 63 %. 1H NMR (400 MHz, CDCl3) δ 

7.32-7.19 (m, 5H), 6.69-6.67 (m, 2H), 6.49-6.46 (m, 2H), 4.32-4.29 (t, J = 6.8 

Hz, 1H), 4.09-4.05 (t, J = 6.7 Hz, 2H), 3.69 (s, 3H), 2.41-2.38 (t, J = 7.2 Hz, 

2H), 2.14-2.09 (m, 2H), 1.61-1.57 (m, 2H), 1.39-1.33 (m, 2H), 0.94-0.90 (t, J 

= 7.4 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 173.7, 152.1, 143.4, 141.4, 

128.7, 127.2, 126.5, 114.8, 114.6, 64.5, 58.7, 55.8, 33.3, 31.3, 30.7, 19.1, 

13.7 ppm. 

 

 

 

 

Butyl 4-((4-(t-butyl)phenyl)amino-4-phenylbutanoate 5b 

Following procedure 3.5.5.2 with 4-t-butylaniline (0.2 mmol, 32 µL), 

benzaldehyde (0.2 mmol, 20 µL), and n-butyl acrylate (0.4 mmol, 29 µL). 

The crude product was purified using flash column chromatography in 

a EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 54 %. 1H NMR (400 MHz, CDCl3) δ 
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7.35-7.31 (m, 4H), 7.22 (t, J = 6.9 Hz, 1H), 7.10 (d, J = 8.6 Hz, 2H), 6.47 (d, J 

= 8.6 Hz, 2H), 4.34 (t, J = 6.8 Hz, 1H), 4.18 (s, 1H), 4.06 (t, J = 6.7 Hz, 2H), 

2.39 (t, J = 7.2 Hz, 2H), 2.10 (dt, J = 13.7, 7.2 Hz, 2H), 1.64-1.53 (m, 2H), 1.36 

(m, 2H), 1.22 (s, 9H), 0.92 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 173.7, 144.9, 143.6, 140.0, 128.7, 127.1, 126.4, 125.9, 112.9, 64.5, 

58.1, 33.8, 33.4, 31.5, 31.3, 30.7, 19.1, 13.7 ppm. HRMS (ESI+, m/z) [M+H+] 

calcd. for C24H33NO2 368.2584, found 368.2728. 

 

 

Butyl 4-((4-fluorophenyl)amino-4-phenylbutanoate 5c 

Following procedure 3.5.5.2 with 4-fluoroaniline (0.2 mmol, 19 µL), 

benzaldehyde (0.2 mmol, 20 µL), and n-butyl acrylate (0.4 mmol, 29 µL). 

The crude product was purified using flash column chromatography in 

a EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 47 %. 1H NMR (400 MHz, CDCl3) δ 

7.32-7.18 (m, 5H), 6.80-6.75 (m, 2H), 6.45-6.41 (m, 2H), 4.32-4.29 (t, J = 6.8 

Hz, 1H), 4.09-4.05 (t, J = 6.7 Hz, 2H), 2.41-2.38 (t, J = 6.9 Hz, 2H), 2.17-2.07 

(m, 2H), 1.61-1.57 (m, 2H), 1.38-1.33 (m, 2H), 0.94-0.90 (t, J = 7.4 Hz, 3H) 

ppm. 19F NMR (376 MHz, CDCl3) δ -128.22 ppm. 13C NMR (101 MHz, 

CDCl3) δ 173.7, 143.0, 128.8, 127.3, 126.4, 115.6, 115.4, 114.2, 114.1, 64.6, 

58.5, 33.3, 31.3, 30.7, 19.1, 13.7 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for 

C20H24NO2F 330.1864, found 330.1878. 
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Methyl 4-((4-butoxy-4-oxo-1-phenylbutyl)amino)benzoate 5d 

Following procedure 3.5.5.2 with methyl 4-aminobenzoate (0.2 mmol, 

30.2 mg), benzaldehyde (0.2 mmol, 20 µL), and n-butyl acrylate 

(0.4 mmol, 29 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 62 %. 1H 

NMR (400 MHz, CDCl3) δ 7.77 (d, J = 8.8 Hz, 2H), 7.38-7.27 (m, 4H), 7.25-

7.19 (m, 1H), 6.48 (d, J = 8.8 Hz, 2H), 4.87 (d, J = 5.9 Hz, 1H), 4.46 (dd, J = 

13.3, 6.2 Hz, 1H), 4.09 (t, J = 6.7 Hz, 2H), 3.81 (s, 3H), 2.41 (td, J = 6.9, 2.0 

Hz, 2H), 2.27-2.00 (m, 2H), 1.67-1.50 (m, 2H), 1.36 (dd, J = 15.0, 7.5 Hz, 

2H), 0.92 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 173.7, 

167.2, 151.0, 142.2, 131.4, 128.9, 127.5, 126.28, 118.6, 112.2, 64.7, 57.6, 51.5, 

32.9, 31.2, 30.7, 19.1, 13.7 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for 

C22H27NO4 370.2013, found 370.2016. 

 

 

Butyl 4-((4-(trifluoromethyl)phenyl)amino-4-phenylbutanoate 5e 

Following procedure 3.5.5.2 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL), benzaldehyde (0.2 mmol, 20 µL), and n-butyl acrylate (0.4 mmol, 

29 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 62%. 1H NMR 

(400 MHz, CDCl3) δ 7.34-7.21 (m, 7H), 6.51 (d, J = 8.5 Hz, 2H), 4.76 (s, 1H), 

4.41 (dd, J = 12.2, 5.7 Hz, 1H), 4.08 (t, J = 6.7 Hz, 2H), 2.41 (td, J = 6.9, 3.5 

Hz, 2H), 2.26-2.04 (m, 2H), 1.59 (dt, J = 14.6, 6.8 Hz, 2H), 1.43-1.27 (m, 2H), 
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0.92 (t, J = 7.4 Hz, 3H) ppm. 19F NMR (376 MHz, CDCl3) δ -61.11 ppm. 
13C NMR (101 MHz, CDCl3) δ 173.7, 149.7, 142.3, 128.9, 127.5, 126.5, 126.5, 

126.3, 119.1-118.8 (d, CF3), 112.5, 64.7, 57.7, 32.9, 31.2, 30.7, 19.1, 13.7 ppm. 

 

 

 

4-((4-Methoxyphenyl)amino)-4-phenylbutanenitrile 5f 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 26 µL). The 

crude product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 67%. 1H NMR (400 MHz, CDCl3) δ 

7.35-7.29 (m, 4H), 7.28-7.22 (m, 1H), 6.73-6.63 (m, 2H), 6.53 (dd, J = 9.6, 2.7 

Hz, 2H), 4.41 (t, J = 7.0 Hz, 1H), 3.68 (s, 3H), 2.49-2.25 (m, 2H), 2.23-1.95 

(m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 152.6, 141.9, 140.7, 129.0, 

127.8, 126.3, 119.4, 115.3, 114.9, 57.9, 55.7, 33.6, 14.5 ppm. 

 

 

4-((4-Ethynylphenyl)amino)-4-phenylbutanenitrile 5g 

Following procedure 3.5.5.2 with 4-ethynylaniline (0.2 mmol, 23.4 mg), 

benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 26 µL). The 

crude product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 34%. 1H NMR (400 MHz, CDCl3) δ 
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7.39-7.27 (m, 5H), 7.23 (m, 2H), 6.49 (d, J = 8.7 Hz, 2H), 4.51 (t, J = 6.7 Hz, 

1H), 4.19 (s, 1H), 2.92 (s, 1H), 2.52-2.29 (m, 2H), 2.26-2.00 (m, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ 146.9, 141.0, 133.4, 129.2, 128.1, 126.3, 119.1, 

113.3, 111.1, 84.3, 75.0, 56.8, 33.4, 14.5 ppm. 

 

 

4-(Mesitylamino)-4-phenylbutanenitrile 5h 

Following procedure 3.5.5.2 with 2,4,6-trimethylaniline (0.2 mmol, 28 µL), 

benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 26 µL). The 

crude product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 77%. 1H NMR (400 MHz, CDCl3) δ 

7.32-7.26 (m, 3H), 7.15 (dd, J = 7.7, 1.5 Hz, 2H), 6.75 (s, 2H), 4.11 (dt, J = 

6.5, 4.0 Hz, 1H), 2.49-2.38 (m, 1H), 2.33 (ddt, J = 18.3, 11.7, 4.7 Hz, 2H), 

2.19 (s, 3H), 2.18-2.11 (m, 1H), 2.09 (s, 6H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 141.9, 141.1, 131.7, 130.1, 129.6, 128.9, 127.9, 126.6, 119.4, 60.8, 

31.9, 20.5, 18.7, 14.9 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C19H22N2 

279.1856, found 279.1847. 

 

 

4-Phenyl-4-(p-tolylamino)butanenitrile 5i 

Following procedure 3.5.5.2 with p-toluidine (0.2 mmol, 21.4 mg), 

benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 26 µL). The 

crude product was purified using flash column chromatography in a 
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EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 67%. 1H NMR (400 MHz, CDCl3) δ 

7.39-7.28 (m, 4H), 7.29-7.19 (m, 1H), 6.92 (d, J = 8.2 Hz, 2H), 6.50 (d, J = 8.4 

Hz, 2H), 4.47 (t, J = 7.0 Hz, 1H), 2.53-2.30 (m, 2H), 2.26-2.05 (m, 5H) ppm. 
13C NMR (101 MHz, CDCl3) δ 144.3, 141.8, 129.8, 129.0, 127.8, 127.5, 126.3, 

119.3, 113.9, 57.3, 33.6, 20.3, 14.5 ppm.  

 

 

4-((4-Benzylphenyl)amino)-4-phenylbutanenitrile 5j 

Following procedure 3.5.5.2 with 4-benzylaniline (0.2 mmol, 36.7 mg), 

benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 26 µL). The 

crude product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 78%. 1H NMR (400 MHz, CDCl3) δ 

7.38-7.30 (m, 4H), 7.28 (d, J = 2.0 Hz, 1H), 7.23 (d, J = 7.5 Hz, 2H), 7.19-7.10 

(m, 3H), 6.93 (d, J = 8.5 Hz, 2H), 6.51 (d, J = 8.5 Hz, 2H), 4.46 (t, J = 7.0 Hz, 

1H), 4.00 (s, 1H), 3.82 (s, 2H), 2.50-2.27 (m, 2H), 2.24-2.02 (m, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ 144.8, 141.8, 141.7, 130.9, 129.7, 129.0, 128.8, 

128.4, 127.8, 126.3, 125.9, 119.3, 113.9, 57.2, 41.0, 33.6, 14.5 ppm. HRMS 

(ESI+, m/z) [M+H+] calcd. for C23H22N2 327.1856, found 327.1852. 

 

 

4-((4-Hydroxyphenyl)amino)-4-phenylbutanenitrile 5k 
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Following procedure 3.5.5.2 with 4-aminophenol (0.2 mmol, 21.8 mg), 

benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 26 µL). The 

crude product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 85%. 1H NMR (400 MHz, CDCl3) δ 

7.38-7.26 (m, 4H), 7.25-7.22 (m, 1H), 6.66-6.57 (m, 2H), 6.49 (dd, J = 9.4, 2.7 

Hz, 2H), 4.40 (t, J = 7.0 Hz, 1H), 4.07 (m, 2H), 2.51-2.29 (m, 2H), 2.23-2.00 

(m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 148.2, 141.8, 140.7, 129.0, 

127.8, 126.3, 119.4, 116.2, 115.5, 58.0, 33.6, 14.5 ppm. HRMS (ESI+, m/z) 

[M+H+] calcd. for C16H16N2O 253.1335, found 253.1335. 

 

 

4-Phenyl-4-(phenylamino)butanenitrile 5l 

Following procedure 3.5.5.2 with aniline (0.2 mmol, 18 µL), 

benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 26 µL). The 

crude product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 83%. 1H NMR (400 MHz, CDCl3) δ 

7.38-7.23 (m, 5H), 7.11 (dd, J = 8.4, 7.5 Hz, 2H), 6.69 (t, J = 7.3 Hz, 1H), 6.57 

(d, J = 7.7 Hz, 2H), 4.50 (t, J = 7.0 Hz, 1H), 4.00 (s, 1H), 2.55-2.27 (m, 2H), 

2.23-1.92 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 146.6, 141.6, 129.3, 

129.0, 127.8, 126.3, 119.3, 118.2, 113.7, 57.0, 33.6, 14.5 ppm.  

 

 

4-((4-(1H-Pyrrol-1-yl)amino)-4-phenylbutanenitrile 5m 
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Following procedure 3.5.5.2 with 4-(1H-pyrrol-1-yl)aniline (0.2 mmol, 

31.6 mg), benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 

26 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 56%. 
1H NMR (400 MHz, CDCl3) δ 7.41-7.26 (m, 5H), 7.13 (d, J = 8.7 Hz, 2H), 

6.91 (t, J = 2.0 Hz, 2H), 6.60 (d, J = 8.7 Hz, 2H), 6.26 (t, J = 2.0 Hz, 2H), 4.49 

(t, J = 7.0 Hz, 1H), 4.08 (s, 1H), 2.53-2.28 (m, 2H), 2.28-2.01 (m, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ 144.8, 141.4, 132.6, 129.1, 128.0, 126.3, 122.4, 

119.6, 119.2, 114.3, 109.4, 57.3, 33.6, 14.5 ppm. 

 

 

4-((3-Cyano-1-phenylpropyl)amino)benzonitrile 5n 

Following procedure 3.5.5.2 with 4-aminobenzonitrile (0.2 mmol, 

23.6 mg), benzaldehyde (0.2 mmol, 20 µL), and acrylonitrile (0.4 mmol, 

26 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 89%. 1H NMR 

(400 MHz, CDCl3) δ 7.44-7.31 (m, 7H), 6.58 (d, J = 8.8 Hz, 2H), 4.59 (dt, J = 

20.4, 6.7 Hz, 2H), 2.52-2.31 (m, 2H), 2.30-2.10 (m, 2H) ppm. 13C NMR (101 

MHz, CDCl3) δ 149.8, 140.2, 133.7, 129.4, 128.4, 126.2, 120.0, 118.9, 113.3, 

100.2, 56.6, 33.2, 14.5 ppm. 

 

 

Butyl 4-((4-fluorophenyl)-4-(phenylamino)butanoate 5o 
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Following procedure 3.5.5.2 with aniline (0.2 mmol, 18 µL), 4-

fluorobenzaldehyde (0.2 mmol, 21 µL), and n-butyl acrylate (0.4 mmol, 

29 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. For isolation, 4b (0.3 

mmol, 94.0 mg) was used as the photoreductant. Yield: 54%. 1H NMR 

(400 MHz, CDCl3) δ 7.30 (dd, J = 8.6, 5.4 Hz, 2H), 7.08 (dd, J = 8.4, 7.5 Hz, 

2H), 7.00 (t, J = 8.7 Hz, 2H), 6.64 (t, J = 7.3 Hz, 1H), 6.48 (d, J = 7.7 Hz, 2H), 

4.42-4.28 (t, J = 6.8 Hz, 1H), 4.26 (s, 1H), 4.07 (t, J = 6.7 Hz, 2H), 2.40 (t, J = 

7.5 Hz, 2H), 2.15-2.03 (m, 2H), 1.59 (dt, J = 14.7, 6.9 Hz, 2H), 1.35 (dt, J = 

14.6, 7.5 Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H) ppm. 19F NMR (376 MHz, CDCl3) 

δ -115.71 ppm. 13C NMR (101 MHz, CDCl3) δ 173.6, 160.7, 147.0, 138.9, 

129.1, 127.9, 127.8, 117.5, 115.7, 115.4, 113.3, 64.6, 57.2, 33.4, 31.2, 30.7, 19.1, 

13.7 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C20H24NO2F 330.1864, 

found 330,1878. 

 

 

Butyl 4-((4-methoxyphenyl)-4-(phenylamino)butanoate 5p 

Following procedure 3.5.5.2 with aniline (0.2 mmol, 18 µL), 4-

methoxybenzaldehyde (0.2 mmol, 24 µL), and n-butyl acrylate 

(0.4 mmol). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. For isolation, 4b (0.3 

mmol, 94.0 mg) was used as the photoreductant. Yield: 58%. 1H NMR 

(400 MHz, CDCl3) δ 7.25-7.23 (m, 2H), 7.07 (dd, J = 8.3, 7.5 Hz, 2H), 6.86-

6.84 (m, 2H), 6.64 -6.61(dt, J = 7.3 , 1.0 Hz, 1H), 6.52-6.50 (d, J = 7.7 Hz, 2H), 

4.34-4.31 (t, J = 6.8 Hz, 1H), 4.20 (s, 1H), 4.07-4.05 (t, J = 6.7 Hz, 2H), 3.77 

(s, 3H), 2.38 (t, J = 7.2 Hz, 2H), 2.20-1.98 (m, 2H), 1.65-1.48 (m, 2H), 1.43-

1.23 (m, 1H), 0.92 (t, J = 7.4 Hz, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 

173.7, 158.7, 147.3, 135.2, 129.1, 127.5, 117.3, 114.1, 113.3, 64.5, 57.2, 55.3, 
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33.3, 31.3, 30.7, 19.1, 13.7 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for 

C21H27NO3 342.2064, found 342.2071. 

 

 

4-(4-Fluorophenyl)-4-(p-tolylamino)butanenitrile 5q 

Following procedure 3.5.5.2 with p-toluidine (0.2 mmol, 22 µL), 4-

fluorobenzaldehyde (0.2 mmol, 21 µL), and acrylonitrile (0.4 mmol, 

26 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. For isolation, 4b (0.3 

mmol, 94.0 mg) was used as the photoreductant. Yield: 80%. 1H NMR 

(400 MHz, CDCl3) δ 7.32-7.26 (m, 1H), 7.02 (dd, J = 12.0, 5.3 Hz, 1H), 6.92 

(d, J = 8.2 Hz, 1H), 6.47 (d, J = 8.4 Hz, 1H), 4.46 (t, J = 7.0 Hz, 1H), 3.84 (s, 

1H), 2.51-2.29 (m, 1H), 2.19 (s, 1H), 2.09 (ddt, J = 32.5, 13.9, 7.0 Hz, 1H) 

ppm. 19F NMR (376 MHz, CDCl3) δ -114.54 ppm. 13C NMR (101 MHz, 

CDCl3) δ 163.4, 161.0, 144.1, 137.6, 137.6, 129.8, 127.9, 127.8, 127.7, 119.2, 

116.0, 115.8, 114.0, 56.6, 33.7, 20.3, 14.5 ppm. 

 

 

4-(4-Fluorophenyl)-4-((4-methoxyphenyl)amino)butanenitrile 5r 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 4-

fluorobenzaldehyde (0.2 mmol, 21 µL), and acrylonitrile (0.4 mmol, 26 

µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. For isolation, 4b (0.3 
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mmol, 94.0 mg) was used as the photoreductant. Yield: 77%. 1H NMR 

(400 MHz, CDCl3) δ 7.34-7.25 (m, 2H), 7.02 (t, J = 8.6 Hz, 2H), 6.70 (d, J = 

8.9 Hz, 2H), 6.51 (d, J = 8.9 Hz, 2H), 4.41 (t, J = 7.0 Hz, 1H), 3.70 (s, 3H), 

2.41 (ddt, J = 50.4, 17.0, 7.1 Hz, 2H), 2.24-1.97 (m, 2H) ppm. 19F NMR (376 

MHz, CDCl3) δ -114.50 ppm. 13C NMR (101 MHz, CDCl3) δ 163.4, 161.0, 

152.8, 140.4, 137.7, 137.6, 128.0, 127.9, 119.2, 116.0, 115.8, 115.4, 114.9, 57.3, 

55.7, 33.7, 14.5 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C17H17N2OF 

285.1398, found 285.1393. 

 

 

4-((4-Methoxyphenyl)amino)-4-(2,4,6-trimethoxyphenyl)butanenitrile 5s 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 2,4,6-

trimethoxybenzaldehyde (0.2 mmol, 39.2 mg), and acrylonitrile (0.4 

mmol, 26 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 90%. 
1H NMR (400 MHz, CDCl3) δ 6.70 (d, J = 8.9 Hz, 2H), 6.62 (d, J = 9.0 Hz, 

2H), 6.09 (s, 2H), 5.00 (t, J = 7.4 Hz, 1H), 4.52 (s, 1H), 3.84 (s, 6H), 3.76 (s, 

3H), 3.70 (s, 3H), 2.52-2.21 (m, 3H), 2.17-1.84 (m, 1H) ppm. 13C NMR (101 

MHz, CDCl3) δ 160.4, 159.0, 152.2, 142.0, 120.1, 115.3, 114.8, 109.6, 91.0, 

55.7, 55.7, 55.3, 48.8, 30.6, 14.8 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for 

C20H24N2O4 357.1809, found 357.1797. 
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4-([1,1’-Biphenyl]-4-yl)-4-((4-methoxyphenyl)amino)butanenitrile 5t 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 4-

phenylbenzaldehyde (0.2 mmol, 36.4 mg), and acrylonitrile (0.4 mmol, 26 

µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 57%. 1H NMR 

(400 MHz, CDCl3) δ 7.60-7.52 (m, 4H), 7.38 (qd, J = 14.9, 7.3 Hz, 5H), 6.78-

6.66 (m, 2H), 6.61-6.49 (m, 2H), 4.47 (t, J = 7.0 Hz, 1H), 3.74 (s, 1H), 3.70 (s, 

3H), 2.56-2.33 (m, 2H), 2.16 (dtd, J = 20.9, 14.0, 6.9 Hz, 2H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 152.7, 140.9, 140.7, 140.6, 140.5, 128.8, 127.7, 127.4, 

127.0, 126.8, 119.4, 115.3, 114.9, 57.6, 55.7, 33.6, 14.6 ppm. HRMS (ESI+, 

m/z) [M+H+] calcd. for C23H22N2O1 343.1805, found 343.1789. 

 

 

4-(4-Hydroxy-3,5-dimethoxyphenyl)-4-((4-

methoxyphenyl)amino)butanenitrile 5u 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

syringaldehyde (0.2 mmol, 36.4 mg), and acrylonitrile (0.4 mmol, 26 µL). 

The crude product was purified using flash column chromatography in 

a EtOAc/heptane eluent system. Yield: 77%. 1H NMR (400 MHz, CDCl3) 

δ 6.72 (d, J = 8.9 Hz, 2H), 6.55 (t, J = 4.4 Hz, 4H), 5.45 (s, 1H), 4.32 (t, J = 7.0 

Hz, 1H), 3.87 (s, 6H), 3.71 (s, 3H), 2.64-2.25 (m, 2H), 2.25-1.91 (m, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ 152.7, 147.5, 140.8, 134.2, 133.1, 119.4, 115.4, 
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114.9, 103.0, 58.4, 56.4, 55.7, 33.7, 14.5 ppm. HRMS (ESI+, m/z) [M+H+] 

calcd. for C19H22N2O4 343.1652, found 343.1644. 

 

 

 

 

 

4-(4-Methoxyphenyl)-4-((4-methoxyphenyl)amino)butanenitrile 5v 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 4-

methoxybenzaldehyde (0.2 mmol, 24 µL), and acrylonitrile (0.4 mmol, 26 

µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. For isolation, 4b (0.3 

mmol, 94.0 mg) was used as the photoreductant. Yield: 65%. 1H NMR 

(400 MHz, CDCl3) δ 7.23 (d, J = 8.6 Hz, 2H), 6.92-6.81 (m, 2H), 6.76-6.66 

(m, 2H), 6.54 (d, J = 8.9 Hz, 2H), 4.37 (t, J = 7.0 Hz, 1H), 3.78 (s, 3H), 3.70 

(s, 3H), 2.51-2.24 (m, 2H), 2.24-1.98 (m, 2H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 159.1, 152.6, 140.8, 133.8, 127.4, 119.4, 115.3, 114.9, 114.4, 57.4, 

55.7, 55.3, 33.6, 14.5 ppm. 

 

 

4-Cyclohexyl-4-((4-methoxyphenyl)amino)butanenitrile 5w 
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Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

cyclohexanecarbaldehyde (0.4 mmol, 48 µL), acrylonitrile (0.4 mmol, 26 

µL) and additional acetic acid (0.02 mmol, 1.1 µL). The crude product 

was purified using flash column chromatography in a EtOAc/heptane 

eluent system. Yield: 42%. 1H NMR (400 MHz, CDCl3) δ 6.76 (d, J = 8.9 

Hz, 2H), 6.56 (d, J = 8.9 Hz, 2H), 3.74 (s, 3H), 3.31-3.17 (m, 1H), 2.52-2.39 

(m, 2H), 2.09-1.91 (m, 1H), 1.74 (s, 3H), 1.66 (dd, J = 12.5, 5.1 Hz, 2H), 1.51 

(ddd, J = 11.7, 8.3, 4.6 Hz, 1H), 1.24-0.99 (m, 5H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 152.1, 142.2, 120.1, 115.1, 114.6, 58.1, 55.8, 42.1, 29.3, 29.0, 28.5, 

26.5, 26.3, 26.3, 14.6 ppm. 

 

 

 

 

 

Butyl 4-cyclohexyl-4-((4-methoxyphenyl)amino)butanoate 5x  

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

cyclohexanecarbaldehyde (0.4 mmol, 48 µL), n-butyl acrylate (0.4 mmol, 

29 µL) and additional acetic acid (0.02 mmol, 1.1 µL). The crude product 

was purified using flash column chromatography in a EtOAc/heptane 

eluent system. Yield: 25 %. 1H NMR (400 MHz, CDCl3) δ 6.73 (d, J = 8.8 

Hz, 2H), 6.50 (d, J = 8.7 Hz, 2H), 4.03 (t, J = 6.3 Hz, 2H), 3.73 (s, 3H), 3.19-

3.08 (m, 1H), 2.48-2.29 (m, 2H), 2.00-1.86 (m, 1H), 1.74 (d, J = 9.5 Hz, 3H), 

1.65 (d, J = 5.8 Hz, 2H), 1.58-1.46 (m, 4H), 1.32 (dt, J = 14.8, 7.5 Hz, 2H), 

1.11 (ddd, J = 35.8, 16.7, 7.4 Hz, 5H), 0.90 (t, J = 7.4 Hz, 3H) ppm. 13C NMR 
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(101 MHz, CDCl3) δ 174.2, 151.5, 142.8, 115.0, 114.0, 64.3, 58.5, 55.9, 42.1, 

31.7, 30.7, 29.2, 29.0, 27.4, 26.6, 26.5, 26.4, 19.1, 13.7 ppm. 

 

 

4-Cycloheptyl-4-((4-methoxyphenyl)amino)butanenitrile 5y 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

cycloheptanecarbaldehyde (0.4 mmol, 52 µL), acrylonitrile (0.4 mmol, 26 

µL) and additional acetic acid (0.02 mmol, 1.1 µL). The crude product 

was purified using flash column chromatography in a EtOAc/heptane 

eluent system. Yield: 34 %. 1H NMR (400 MHz, CDCl3) δ 6.77 (d, J = 8.9 

Hz, 2H), 6.57 (d, J = 8.9 Hz, 2H), 3.75 (s, 3H), 3.29 (dt, J = 10.2, 3.6 Hz, 1H), 

2.53-2.41 (m, 2H), 2.00-1.86 (m, 1H), 1.77-1.61 (m, 6H), 1.58-1.44 (m, 6H), 

1.34 (ddd, J = 19.4, 12.2, 5.6 Hz, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 

152.2, 141.8, 120.1, 115.1, 114.8, 59.0, 55.8, 42.3, 30.8, 29.6, 28.3, 28.1, 27.9, 

27.1, 26.4, 14.9 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C18H26N2O 

287.2118, found 287.2132. 

 

 

 

t-Butyl 4-((4-methoxyphenyl)amino)-5-methylhexanoate 5z 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 2-

methylpropanal (0.4 mmol, 36 µL), t-butyl acrylate (0.4 mmol, 29 µL) and 

additional acetic acid (0.02 mmol, 1.1 µL). The crude product was 
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purified using flash column chromatography in a EtOAc/heptane eluent 

system. Yield: 12 %. 1H NMR (400 MHz, CDCl3) δ 6.74 (d, J = 8.9 Hz, 2H), 

6.51 (d, J = 8.9 Hz, 2H), 3.73 (s, 3H), 3.23-3.06 (m, 1H), 2.40-2.23 (m, 2H), 

1.95-1.77 (m, 2H), 1.61 (m, 1H), 1.42 (s, 9H), 0.93 (d, J = 6.9 Hz, 2H), 0.89 

(d, J = 6.8 Hz, 2H)  ppm. 13C NMR (101 MHz, CDCl3) δ 173.4, 151.5, 142.8, 

115.0, 114.1, 80.2, 58.9, 55.9, 53.4, 32.8, 31.3, 28.1, 18.6, 18.0 ppm. 

 

 

5-Ethyl-4-((4-methoxyphenyl)amino)heptanenitrile 5aa 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 2-

ethylbutanal (0.4 mmol, 50 µL), acrylonitrile (0.4 mmol, 26 µL) and 

additional acetic acid (0.02 mmol, 1.1 µL). The crude product was 

purified using flash column chromatography in a EtOAc/heptane eluent 

system. Yield: 17 %. 1H NMR (400 MHz, CDCl3) δ 6.77 (d, J = 8.7 Hz, 2H), 

6.57 (s, 2H), 3.74 (s, 3H), 3.46 (s, 1H), 2.51-2.43 (m, 2H), 1.90 (m, 1H), 1.61 

(ddd, J = 16.1, 13.6, 6.5 Hz, 1H), 1.40 (dd, J = 13.7, 6.4 Hz, 3H), 1.29-1.16 

(m, 3H), 0.96 (t, J = 7.1 Hz, 3H), 0.89 (t, J = 7.2 Hz, 3H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 152.2, 141.9, 120.0, 115.1, 114.7, 55.8, 44.5, 29.7, 27.9, 

22.5, 22.0, 14.8, 12.1, 12.1 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for 

C16H24N2O 261.1961, found 261.1953. 
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Methyl 4-((4-methoxyphenyl)amino-4-phenylbutanoate 5ab 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and methyl acrylate (0.4 mmol, 36 µL). 

The crude product was purified using flash column chromatography in 

a EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 90%. 1H NMR (400 MHz, CDCl3) δ 

7.35-7.27 (m, 4H), 7.23-7.17 (m, 1H), 6.74-6.62 (m, 2H), 6.48 (m, , 2H), 4.30 

(t, J = 6.8 Hz, 1H), 3.95 (s, 1H), 3.68 (s, 3H), 3.60 (s, 3H), 2.40 (t, J = 7.2 Hz, 

2H), 2.26-1.87 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 174.0, 152.0, 

143.3, 141.4, 128.7, 127.2, 126.4, 114.8, 114.6, 58.6, 55.8, 51.7, 33.3, 31.0 ppm. 

 

 

Ethyl 4-((4-methoxyphenyl)amino-4-phenylbutanoate 5ac 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and ethyl acrylate (0.4 mmol, 43 µL). 

The crude product was purified using flash column chromatography in 

a EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 86%. 1H NMR (400 MHz, CDCl3) δ 

7.32-7.26 (m, 4H), 7.24-7.22 (m, 1H), 6.70-6.64 (m, 2H), 6.55-6.42 (m, 2H), 

4.32-4.28 (t, J = 6.9 Hz 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.97 (s, 1H), 3.68 (s, 3H), 

2.39 (t, J = 7.2 Hz, 2H), 2.21-1.94 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 173.6, 152.0, 143.4, 141.5, 128.7, 127.2, 126.5, 

114.8, 114.6, 60.5, 58.6, 55.8, 33.3, 31.3, 14.2 ppm. 
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t-Butyl 4-((4-methoxyphenyl)amino-4-phenylbutanoate 5ad 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and t-butyl acrylate (0.4 mmol, 29 µL). 

The crude product was purified using flash column chromatography in 

a EtOAc/heptane eluent system. For isolation, 4b (0.3 mmol, 94.0 mg) was 

used as the photoreductant. Yield: 64 %. 1H NMR (400 MHz, CDCl3) δ 

7.33-7.27 (m, 4H), 7.21 (ddd, J = 8.5, 5.5, 2.4 Hz, 1H), 6.73-6.60 (m, 2H), 

6.53-6.29 (m, 2H), 4.28 (dd, J = 7.4, 6.2 Hz, 1H), 4.04 (s, 1H), 3.68 (s, 3H), 

2.31 (dd, J = 10.7, 4.2 Hz, 2H), 2.18-1.94 (m, 2H), 1.44 (s, 9H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 173.0, 151.9, 143.6, 141.6, 128.6, 127.1, 126.5, 

114.8, 114.5, 80.5, 58.7, 55.8, 33.4, 32.5, 28.1 ppm. 

 

 

4-(3-((4-methoxyphenyl)amino)-3-phenylpropyl)benzonitrile 5ae 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and 4-vinylbenzonitrile (0.4 mmol, 
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48 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 36 %. 
1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 8.2 Hz, 2H), 7.38-7.28 (m, 5H), 

7.23 (d, J = 9.1 Hz, 2H), 6.73-6.58 (m, 2H), 6.45 (dd, J = 9.6, 2.8 Hz, 2H), 

4.24 (t, J = 6.8 Hz, 1H), 3.84 (s, 1H), 3.69 (s, 3H), 2.86-2.58 (m, 2H), 2.26-

1.74 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 152.2, 147.3, 143.5, 141.2, 

132.3, 129.2, 128.7, 127.3, 126.4, 119.0, 114.9, 114.7, 110.0, 58.3, 55.7, 39.6, 

32.8 ppm.  

  

 

 

4-Methoxy-N-(3-(perfluorophenyl)-1-phenylpropyl)aniline 5af 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and 2,3,4,5,6-pentafluorostyrene (0.4 

mmol, 55 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 48 %. 1H 

NMR (400 MHz, CDCl3) δ 7.32 (d, J = 4.3 Hz, 4H), 7.23 (m, 1H), 6.70 (d, J 

= 8.8 Hz, 2H), 6.50 (d, J = 8.7 Hz, 2H), 4.32 (t, J = 6.7 Hz, 1H), 3.69 (s, 3H), 

2.85 (dt, J = 15.2, 7.7 Hz, 1H), 2.78-2.64 (m, 1H), 2.06 (dd, J = 15.1, 7.6 Hz, 

2H) ppm. 19F NMR (376 MHz, CDCl3) δ -144.22, -157.60, -162.71 ppm. 13C 

NMR (101 MHz, CDCl3) δ 152.3, 143.0, 141.2, 128.8, 127.4, 126.4, 114.9, 

58.9, 55.7, 37.7, 19.7 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C22H18NOF5 

408.1381, found 408.1388. 
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Benzyl 4-phenyl-4-((4-(trifluoromethyl)phenyl)amino)butanoate 5ag 

Following procedure 3.5.5.5 with (E)-N-(4-(trifluoromethyl)phenyl)-1-

phenylmethanimine (0.2 mmol, 49.8 mg) and benzyl acrylate (0.4 mmol, 

59 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. For isolation, 4b (0.3 

mmol, 94.0 mg) was used as the photoreductant. Yield: 69 %. 1H NMR 

(400 MHz, CDCl3) δ 7.36-7.21 (m, 12H), 6.47 (d, J = 8.5 Hz, 2H), 5.12 (s, 

2H), 4.68 (s, 1H), 4.40 (t, J = 6.8 Hz, 1H), 2.55-2.38 (m, 2H), 2.30-2.03 (m, 

2H) ppm. 19F NMR (376 MHz, CDCl3) δ -61.11 ppm. 13C NMR (101 MHz, 

CDCl3) δ 173.4, 149.6, 142.2, 135.7, 128.9, 128.6, 128.4, 128.4, 128.2, 127.6, 

126.5, 126.5, 126.2, 112.5, 66.6, 57.6, 32.9, 31.2 ppm. 

 

 

1-Methylcyclopentyl 4-phenyl-4-((4-(trifluoromethyl)phenyl)amino)butanoate 

5ah 

Following procedure 3.5.5.5 with (E)-N-(4-(trifluoromethyl)phenyl)-1-

phenylmethanimine (0.2 mmol, 49.8 mg) and 1-methylcyclopentyl 

acrylate (0.4 mmol, 62 µL). The crude product was purified using flash 

column chromatography in a EtOAc/heptane eluent system. For isolation, 

4b (0.3 mmol, 94.0 mg) was used as the photoreductant. Yield: 67 %. 1H 

NMR (400 MHz, CDCl3) δ 7.36-7.26 (m, 6H), 7.24-7.22 (m, 1H), 6.50 (d, J 

= 8.5 Hz, 2H), 4.84 (s, 1H), 4.39 (dd, J = 7.8, 5.9 Hz, 1H), 2.40-2.27 (m, 2H), 
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2.09 (pd, J = 14.2, 7.1 Hz, 4H), 1.76-1.59 (m, 6H), 1.55 (s, 3H) ppm. 19F NMR 

(376 MHz, CDCl3) δ -61.09 ppm. 13C NMR (101 MHz, CDCl3) δ 173.2, 

149.7, 142.5, 128.9, 127.4, 126.5, 126.4, 126.3, 119.0-118.7 (d, CF3), 112.4, 

90.4, 57.9, 39.2, 39.2, 33.0, 32.3, 24.4, 23.8 ppm.  

 

 

Methyl 2-(bis(t-butoxycarbonyl)amino)-4-((4-methoxyphenyl)amino)-4-

phenylbutanoate 5ai 

Following procedure 3.5.5.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and methyl 2-(bis(t-

butoxycarbonyl)amino)but-3-enoate (0.4 mmol, 120 mg). The crude 

product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 29 %. 1H NMR (400 MHz, CDCl3) δ 

7.39 (d, J = 7.4 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 7.24-7.17 (m, 1H), 6.67 (d, J 

= 8.8 Hz, 2H), 6.47 (d, J = 8.8 Hz, 2H), 5.05-4.96 (m, 1H), 4.50 (dd, J = 8.9, 

4.6 Hz, 1H), 3.72 (s, 3H), 3.68 (s, 3H), 2.86-2.73 (m, 1H), 2.05 (ddd, J = 14.5, 

9.0, 5.4 Hz, 1H), 1.47 (s, 18H) ppm. 13C NMR (101 MHz, CDCl3) δ 171.2, 

152.2, 151.9, 143.7, 141.7, 128.7, 127.1, 126.4, 114.8, 114.6, 83.4, 56.8, 56.0, 

55.8, 52.3, 40.6, 28.0 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C28H38N2O7 

515.2752, found 515.2751. 

Following procedure 1.6.2 with p-anisidine (0.2 mmol, 24.6 mg), 

benzaldehyde (0.2 mmol, 20 µL), and 2-(bis(t-

butoxycarbonyl)amino)but-3-enoate (0.4 mmol, 120 mg). The crude 

product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 22 %. 1H NMR (400 MHz, CDCl3) δ 

7.33-7.28 (m, 4H), 7.21-7.16 (m, 1H), 6.68-6.62 (m, 2H), 6.47 (d, J = 6.1 Hz, 

2H), 5.16 (dd, J = 7.7, 5.4 Hz, 1H), 4.38 (dd, J = 10.3, 3.9 Hz, 1H), 3.73 (s, 
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3H), 3.67 (s, 3H), 2.60 (ddd, J = 15.4, 10.3, 5.3 Hz, 1H), 2.28 (ddd, J = 14.9, 

7.8, 4.0 Hz, 1H), 1.42 (s, 18H) ppm. 13C NMR (101 MHz, CDCl3) δ 171.8, 

152.0, 151.9, 143.7, 141.3, 128.7, 127.1, 126.2, 114.8, 114.8, 83.3, 56.5, 56.2, 

55.8, 52.4, 39.9, 27.9 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C28H38N2O7 

515.2752, found 515.2751. 

 

 

Admantan-1-yl 4-phenyl-4-((4-(trifluoromethyl)phenyl)amino)butanoate 5aj 

Following procedure 3.5.5.5 with (E)-N-(4-(trifluoromethyl)phenyl)-1-

phenylmethanimine (0.2 mmol, 49.8 mg) and adamantan-1-yl acrylate 

(0.4 mmol, 76 µL). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. For isolation, 4b (0.3 

mmol, 94.0 mg) was used as the photoreductant. Yield: 70 %. 1H NMR 

(400 MHz, CDCl3) δ 7.31 (h, J = 7.7 Hz, 6H), 7.23 (dd, J = 5.7, 2.8 Hz, 1H), 

6.50 (d, J = 8.5 Hz, 2H), 4.84 (s, 1H), 4.39 (t, J = 6.7 Hz, 1H), 2.49-2.20 (m, 

2H), 2.17 (s, 3H), 2.11-2.00 (m, 8H), 1.67 (s, 6H) ppm. 19F NMR (376 MHz, 

CDCl3) δ -61.1 ppm. 13C NMR (101 MHz, CDCl3) δ 172.8, 149.8, 142.6, 

128.8, 127.4, 126.5, 126.4, 126.2, 118.9-118.6 (d, CF3), 112.4, 81.1, 57.9, 41.4, 

36.2, 33.0, 32.6, 30.9 ppm.  
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2-(2-Ethoxyethoxy)ethyl 4-phenyl-4-((4-

(trifluoromethyl)phenyl)amino)butanoate 5ak 

Following procedure 3.5.5.2 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL), benzaldehyde (0.2 mmol, 20 µL), and 2-(2-ethoxyethoxy)ethyl 

acrylate (0.4 mmol, 74 µL). The crude product was purified using flash 

column chromatography in a EtOAc/heptane eluent system. Yield: 34 %. 
1H NMR (400 MHz, CDCl3) δ 7.37-7.26 (m, 7H), 6.52 (d, J = 8.5 Hz, 2H), 

4.75 (d, J = 5.2 Hz, 1H), 4.42 (dd, J = 13.0, 6.0 Hz, 1H), 4.30-4.19 (m, 2H), 

3.71-3.67 (m, 2H), 3.65-3.60 (m, 2H), 3.58-3.54 (m, 2H), 3.50 (q, J = 7.0 Hz, 

2H), 2.53-2.38 (m, 2H), 2.26-2.04 (m, 2H), 1.19 (t, J = 7.0 Hz, 3H) ppm. 19F 

NMR (376 MHz, CDCl3) δ -61.1 ppm. 13C NMR (101 MHz, CDCl3) δ 173.5, 

149.7, 142.3, 128.9, 127.5, 126.5, 126.5, 126.3, 119.0-118.8 (d, CF3), 112.5, 

70.7, 69.8, 69.1, 66.7, 63.9, 57.7, 33.0, 31.2, 15.1 ppm. HRMS (ESI+, m/z) 

[M+H+] calcd. for C23H28NO4F3 440.2043, found 440.2033. 

 

 

4'-(di-p-tolylamino)-[1,1'-biphenyl]-4-yl 4-phenyl-4-((4-

(trifluoromethyl)phenyl)amino)butanoate 5al 

Following procedure 3.5.5.2 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL), benzaldehyde (0.2 mmol, 20 µL), and 4'-(di-p-tolylamino)-[1,1'-

biphenyl]-4-yl acrylate (0.4 mmol, 167.8 mg). The crude product was 

purified using flash column chromatography in a EtOAc/heptane eluent 

system. Yield: 43 %. 1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 8.6 Hz, 2H), 

7.38 (d, J = 8.6 Hz, 2H), 7.35 (d, J = 3.9 Hz, 3H), 7.31 (d, J = 8.5 Hz, 2H), 7.05 

(ddd, J = 21.3, 10.6, 6.3 Hz, 14H), 6.55 (d, J = 8.5 Hz, 2H), 4.69 (s, 1H), 4.52 

(t, J = 6.6 Hz, 1H), 2.69 (td, J = 6.9, 2.7 Hz, 2H), 2.31 (s, 6H), 2.30 – 2.17 (m, 
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2H) ppm. 19F NMR (376 MHz, CDCl3) δ -61.1 ppm. 13C NMR (101 MHz, 

CDCl3) δ 172.3, 149.6, 149.4, 147.8, 145.2, 142.1, 138.8, 133.1, 132.7, 130.0, 

129.9, 129.0, 127.7, 127.6, 126.6, 126.5, 126.3, 124.8, 124.6, 122.5, 121.6, 112.6, 

57.6, 35.5, 32.8, 31.3, 20.8 ppm. 

 

 

13-Methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a] 

phenantren-2-yl 4-phenyl-4-((4-(trifluoromethyl)phenyl)amino)butanoate 5am 

Following procedure 3.5.5.2 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL), benzaldehyde (0.2 mmol, 20 µL), and estrone acrylate (0.24 mmol, 

77.9 mg). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 50 %. 1H 

NMR (400 MHz, CDCl3) δ 7.36 (t, J = 5.0 Hz, 2H), 7.33-7.22 (m, 5H), 6.81 

(dd, J = 8.5, 2.4 Hz, 1H), 6.74 (d, J = 1.8 Hz, 1H), 6.54 (d, J = 8.6 Hz, 2H), 

4.70 (d, J = 5.4 Hz, 1H), 4.51 (dd, J = 12.8, 6.1 Hz, 1H), 3.02-2.79 (m, 2H), 

2.66 (tt, J = 11.1, 5.7 Hz, 2H), 2.51 (dd, J = 18.8, 8.6 Hz, 1H), 2.44-2.35 (m, 

1H), 2.34-1.97 (m, 7H), 1.69-1.41 (m, 7H), 0.91 (s, 3H) ppm. 19F NMR (376 

MHz, CDCl3) δ -61.08 ppm. 13C NMR (101 MHz, CDCl3) δ 172.5, 149.6, 

148.4, 142.1, 138.2, 137.6, 129.2, 129.0, 127.7, 126.6, 126.5, 126.5, 126.3, 125.7, 

121.5, 121.2, 119.3, 118.9, 118.6, 112.6, 57.6, 50.5, 47.9, 44.2, 38.0, 35.9, 32.8, 

31.6, 31.3, 29.4, 26.3, 25.8, 21.6, 13.8 ppm. 
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2,5,7,8-Tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl 4-phenyl-4-((4-

(trifluoromethyl)phenyl)amino)butanoate 5an 

Following procedure 3.5.5.2 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL), benzaldehyde (0.2 mmol, 20 µL), and ⍺-tocopherol acrylate (0.24 

mmol, 116.4 mg). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 37 %. 1H 

NMR (400 MHz, CDCl3) δ 7.37-7.33 (m, 4H), 7.29 (dd, J = 10.0, 6.4 Hz, 3H), 

6.54 (d, J = 8.5 Hz, 2H), 4.82 (d, J = 6.1 Hz, 1H), 4.54 (dd, J = 13.0, 6.3 Hz, 

1H), 2.81-2.65 (m, 2H), 2.58 (t, J = 6.7 Hz, 2H), 2.38-2.18 (m, 2H), 2.09 (s, 

3H), 1.97 (s, 3H), 1.93 (s, 3H), 1.78 (ddq, J = 19.8, 13.2, 6.7 Hz, 2H), 1.59-

1.46 (m, 2H), 1.38 (d, J = 4.8 Hz, 3H), 1.26 (t, J = 8.7 Hz, 12H), 1.18-1.06 (m, 

7H), 0.89-0.84 (m, 12H) ppm. 19F NMR (376 MHz, CDCl3) δ -61.12 ppm. 
13C NMR (101 MHz, CDCl3) δ 172.6, 149.6, 142.2, 140.4, 129.0, 127.6, 126.5, 

126.5, 126.3, 124.8, 123.2, 117.5, 112.6, 75.2, 57.7, 39.4, 37.4, 37.3, 32.8, 30.8, 

29.7, 28.0, 24.8, 24.5, 22.7, 22.6, 21.1, 20.6, 19.8, 19.7, 13.0, 12.2, 11.9 ppm. 

HRMS (ESI+, m/z) [M+H+] calcd. for C46H64N1O3F3 736.4911, found 

736.4942. 

 

 

(2S,3R,4R,5S,6S)-2-(Acetoxymethyl)-6-(2-((4-phenyl-4-((4-

(trifluoromethyl)phenyl)amino)butanoyl)oxy)ethoxy)tetrahydro-2H-pyran-

3,4,5-triyl triacetate 5ao 

Following procedure 3.5.5.2 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL), benzaldehyde (0.2 mmol, 20 µL), and β-D-galactose pentaacetate 

acrylate (0.24 mmol, 107.1 mg). The crude product was purified using 

flash column chromatography in a EtOAc/heptane eluent system. Yield: 

80 %. 1H NMR (400 MHz, CDCl3) δ 7.37-7.29 (m, 6H), 7.24 (d, J = 2.9 Hz, 
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1H), 6.53 (d, J = 8.5 Hz, 2H), 5.40-5.33 (m, 1H), 5.19 (dd, J = 13.2, 5.1 Hz, 

1H), 5.01 (ddd, J = 10.5, 3.4, 1.8 Hz, 1H), 4.78 (s, 1H), 4.49 (dd, J = 7.9, 3.2 

Hz, 1H), 4.42 (t, J = 6.6 Hz, 1H), 4.28-4.20 (m, 2H), 4.18-4.07 (m, 2H), 4.02-

3.96 (m, 1H), 3.91-3.84 (m, 1H), 3.79-3.69 (m, 1H), 2.43 (t, J = 7.0 Hz, 2H), 

2.25-2.09 (m, 5H), 2.04 (s, 3H), 2.01-1.94 (m, 6H) ppm. 19F NMR (376 MHz, 

CDCl3) δ -61.1 ppm. 13C NMR (101 MHz, CDCl3) δ 173.3, 173.2, 170.4, 

170.2, 170.1, 169.4, 149.7, 142.2, 142.2, 128.9, 127.6, 126.5, 126.5, 126.3, 112.5, 

101.3, 70.8, 68.7, 67.3, 67.0, 63.5, 61.2, 57.6, 57.5, 32.9, 31.1, 31.1, 20.7, 20.7, 

20.6, 20.6 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C33H38NO12F3 698.2419, 

found 698.2387. 

 

 

2-(t-Butyl)-6-(3-(t-butyl)-2-hydroxy-5-methylbenzyl)-4-methylphenyl 4-

phenyl-4-((4-(trifluoromethyl)phenyl)amino)butanoate 5ap 

Following procedure 3.5.5.2 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL), benzaldehyde (0.2 mmol, 20 µL), and Irganox @3052 acrylate (0.24 

mmol, 94.7 mg). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 58 %. 
1H NMR (400 MHz, CDCl3) δ 7.31 (t, J = 6.2 Hz, 4H), 7.27-7.24 (m, 1H), 

7.20 (d, J = 8.4 Hz, 2H), 7.08 (s, 1H), 7.04 (s, 1H), 6.74 (d, J = 1.2 Hz, 1H), 

6.66 (s, 1H), 6.49 (d, J = 8.5 Hz, 2H), 5.11 (s, 1H), 4.74 (d, J = 25.3 Hz, 1H), 

4.55 (s, 1H), 3.56 (d, J = 14.2 Hz, 2H), 2.78 (s, 2H), 2.27 (m, 5H), 2.20 (s, 3H), 

1.38 (s, 9H), 1.30 (s, 9H) ppm. 19F NMR (376 MHz, CDCl3) δ -61.1 ppm. 
13C NMR (101 MHz, CDCl3) δ 173.6, 151.0, 149.5, 145.2, 142.0, 141.1, 136.7, 

135.9, 131.6, 130.0, 129.0, 128.6, 127.9, 127.6, 127.1, 126.6, 126.5, 126.4, 126.4, 

126.3, 126.2, 124.4, 123.6, 119.2, 118.9, 112.6, 57.6, 35.5, 34.7, 34.6, 32.7, 32.4, 
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31.9, 30.6, 29.8, 29.0, 26.5, 26.4, 22.9, 22.7, 21.2, 20.8, 14.1 ppm. HRMS (ESI+, 

m/z) [M+H+] calcd. for C40H46NO3F3 646.3503, found 646.3517. 

 

 

 

(10S,13R,16S)-10,13-dimethyl-3-oxohexadecahydro-1H-

cyclopenta[a]phenanthren-16-yl 4-phenyl-4-((4-

(trifluoromethyl)phenyl)amino)butanoate 5aq 

Following procedure 3.5.5.2 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL), benzaldehyde (0.2 mmol, 20 µL), and stanolone acrylate (0.24 

mmol, 82.7 mg). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 47 %. 1H 

NMR (400 MHz, CDCl3) δ 7.41-7.29 (m, 7H), 6.53 (d, J = 8.2 Hz, 2H), 4.78 

(d, J = 5.4 Hz, 1H), 4.65 (dd, J = 12.2, 4.7 Hz, 1H), 4.44 (dd, J = 12.8, 6.2 Hz, 

1H), 2.49-1.98 (m, 10H), 1.78-1.64 (m, 4H), 1.51-1.31 (m, 7H), 1.24-1.14 (m, 

3H), 1.03 (s, 3H), 0.97-0.85 (m, 3H), 0.77 (d, J = 13.0 Hz, 2H) ppm. 19F NMR 

(376 MHz, CDCl3) δ -61.1 ppm. 13C NMR (101 MHz, CDCl3) δ 211.8, 173.7, 

158.8, 149.7, 142.4, 128.9, 127.5, 126.5, 126.3, 119.0-118.8 (d, CF3), 112.5, 

83.2, 57.8, 57.7, 53.8, 50.6, 46.7, 44.7, 42.8, 38.5, 38.1, 36.9, 35.7, 35.2, 33.0, 

31.4, 31.2, 28.8, 27.6, 23.5, 20.9, 12.2, 11.5 ppm.  

 

 

Methyl 2-((2S)-1-(phenylamino)-2,3-dihydro-1H-inden-2-yl)acetate 7a 
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Following procedure 3.5.5.3 with aniline (0.2 mmol, 18 µL) and methyl 

(E)-4-(2-formylphenyl)but-2-enoate (0.2 mmol, 40.8 mg). The crude 

product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 61 %. 1H NMR (400 MHz, CDCl3) δ 

7.29 (d, J = 7.4 Hz, 1H), 7.19 (ddd, J = 12.1, 11.6, 4.2 Hz, 5H), 6.74 (t, J = 7.8 

Hz, 3H), 4.74 (d, J = 7.3 Hz, 1H), 3.91 (s, 1H), 3.66 (s, 3H), 3.22 (dd, J = 18.9, 

10.7 Hz, 1H), 2.79 (dd, J = 14.8, 4.8 Hz, 1H), 2.72-2.63 (m, 2H), 2.56 (dd, J 

= 14.8, 7.9 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 173.2, 148.0, 144.4, 

141.5, 129.4, 127.9, 126.8, 124.9, 124.2, 117.6, 113.0, 63.4, 51.6, 45.2, 37.7, 

36.3 ppm.  

 

 

 

Methyl 2-((2S)-1-((4-methoxyphenyl)amino)-2,3-dihydro-1H-inden-2-

yl)acetate 7b 

Following procedure 3.5.5.3 with p-anisidine (0.2 mmol, 24.6 mg) and 

methyl (E)-4-(2-formylphenyl)but-2-enoate (0.2 mmol, 40.8 mg). The 

crude product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 67 %. 1H NMR (400 MHz, CDCl3) δ 

7.27 (s, 1H), 7.21 (d, J = 4.0 Hz, 2H), 7.15 (td, J = 8.0, 4.1 Hz, 1H), 6.79 (d, J 

= 8.9 Hz, 2H), 6.68 (d, J = 8.8 Hz, 2H), 4.63 (d, J = 7.2 Hz, 1H), 3.76 (s, 3H), 

3.64 (s, 3H), 3.20 (dd, J = 18.8, 10.6 Hz, 1H), 2.76 (dd, J = 14.8, 4.7 Hz, 1H), 

2.68-2.60 (m, 2H), 2.52 (dd, J = 14.8, 7.9 Hz, 1H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 173.2, 152.3, 144.7, 142.2, 141.5, 127.8, 126.8, 124.8, 124.2, 115.1, 

114.5, 64.4, 55.8, 51.6, 45.0, 37.8, 36.2 ppm. HRMS (ESI+, m/z) [M+H+] calcd. 

for C19H21NO3 312.1594, found 312.1580. 
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Methyl 2-((2S)-1-((4-(trifluoromethyl)phenyl)amino)-2,3-dihydro-1H-inden-2-

yl)acetate 7c 

Following procedure 3.5.5.3 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL) and methyl (E)-4-(2-formylphenyl)but-2-enoate (0.2 mmol, 40.8 

mg). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 51 %. 
1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 1.2 Hz, 

2H), 7.23-7.16 (m, 1H), 6.75 (d, J = 8.5 Hz, 2H), 4.80 (d, J = 6.2 Hz, 1H), 4.30 

(s, 1H), 3.66 (s, 3H), 3.25 (q, J = 10.3 Hz, 1H), 2.79-2.66 (m, 3H), 2.65-2.56 

(m, 1H) ppm. 19F NMR (376 MHz, CDCl3) δ -61.1 ppm. 13C NMR (101 

MHz, CDCl3) δ 173.0, 150.5, 143.4, 141.4, 128.2, 127.0, 126.9, 126.8, 126.8, 

126.8, 126.3, 125.0, 124.0, 123.6, 119.3, 119.0, 112.1, 63.0, 51.7, 45.0, 37.6, 

36.2 ppm. 

 

 

 

 

t-Butyl 2-((2S)-1-(phenylamino)-2,3-dihydro-1H-inden-2-yl)acetate 7d 

Following procedure 3.5.5.3 with aniline (0.2 mmol, 18 µL) and t-butyl 

(E)-4-(2-formylphenyl)but-2-enoate (0.2 mmol, 49.3 mg). The crude 

product was purified using flash column chromatography in a 
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EtOAc/heptane eluent system. Yield: 55 %. 1H NMR (400 MHz, CDCl3) δ 

7.29 (d, J = 7.4 Hz, 1H), 7.25-7.12 (m, 5H), 6.79-6.68 (m, 3H), 4.73 (d, J = 7.6 

Hz, 1H), 3.96 (s, 1H), 3.21 (dd, J = 14.5, 6.4 Hz, 1H), 2.78-2.57 (m, 3H), 2.52-

2.39 (m, 1H), 1.46 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 172.0, 148.1, 

144.6, 141.7, 129.4, 127.8, 126.7, 124.8, 124.1, 117.5, 113.0, 80.6, 63.4, 45.4, 

39.2, 36.1, 28.1 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C21H25NO2 

324.1958, found 324.1967. 

 

 

t-Butyl 2-((2S)-1-((4-methoxyphenyl)amino)-2,3-dihydro-1H-inden-2-

yl)acetate 7e 

Following procedure 3.5.5.3 with p-anisidine (0.2 mmol, 24.6 mg) and t-

butyl (E)-4-(2-formylphenyl)but-2-enoate (0.2 mmol, 49.3 mg). The crude 

product was purified using flash column chromatography in a 

EtOAc/heptane eluent system. Yield: 46 %. 1H NMR (400 MHz, CDCl3) δ 

7.29 (s, 1H), 7.22 (d, J = 4.1 Hz, 2H), 7.18-7.11 (m, 1H), 6.81 (d, J = 8.9 Hz, 

2H), 6.70 (d, J = 8.9 Hz, 2H), 4.63 (d, J = 7.6 Hz, 1H), 3.77 (s, 3H), 3.20 (dd, 

J = 14.6, 6.4 Hz, 1H), 2.66 (ddt, J = 16.0, 13.6, 6.5 Hz, 3H), 2.44 (dd, J = 14.8, 

8.4 Hz, 1H), 1.45 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 172.1, 152.2, 

144.9, 142.4, 141.7, 127.7, 126.7, 124.8, 124.1, 115.1, 114.5, 80.5, 64.5, 55.8, 

45.3, 39.3, 36.1, 28.1 ppm. HRMS (ESI+, m/z) [M+H+] calcd. for C22H27NO3 

354.2064, found 354.2080. 
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t-Butyl 2-((2S)-1-((4-(trifluoromethyl)phenyl)amino)-2,3-dihydro-1H-inden-2-

yl)acetate 7f 

Following procedure 3.5.5.3 with 4-(trifluoromethyl)aniline (0.2 mmol, 

25 µL) and t-butyl (E)-4-(2-formylphenyl)but-2-enoate (0.2 mmol, 49.3 

mg). The crude product was purified using flash column 

chromatography in a EtOAc/heptane eluent system. Yield: 61 %. 

1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 8.5 Hz, 2H), 7.27-7.20 (m, 3H), 

7.22-7.09 (m, 1H), 6.74 (d, J = 8.5 Hz, 2H), 4.77 (t, J = 7.6 Hz, 1H), 4.32 (d, 

J = 8.4 Hz, 1H), 3.30-3.08 (m, 1H), 2.81-2.57 (m, 3H), 2.55-2.40 (m, 1H), 1.44 

(s, 9H) ppm. 19F NMR (376 MHz, CDCl3) δ -61.0 ppm. 13C NMR (101 MHz, 

CDCl3) δ 171.8, 150.6, 143.7, 141.6, 128.1, 126.9, 126.9, 126.8, 126.8, 126.7, 

126.3, 125.0, 124.0, 123.6, 119.2, 118.9, 112.1, 80.8, 63.1, 45.1, 39.1, 36.1, 28.1 

ppm. 

 

 

(E)-N-(4-(Trifluoromethyl)phenyl)-1-phenylmethanimine 

Following procedure 3.5.5.6 with 4-(trifluoromethyl)aniline (2.0 mmol, 

0.25 mL) and benzaldehyde (2.0 mmol, 0.20 mL). 1H NMR (400 MHz, 

CDCl3) δ 8.42 (s, 1H), 7.93-7.87 (m, 2H), 7.64 (d, J = 8.3 Hz, 2H), 7.55-7.40 

(m, 3H), 7.25 (t, J = 4.0 Hz, 2H). 
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Chapter 4 

Red light-mediated 

sulfonyltrifluoromethylation of alkenes 

ABSTRACT: In this study, we successfully designed an efficient and 

selective method for the sulfonyltrifluoromethylation of olefins under 

the irradiation of red-light. The key elements of this strategy encompass 

an osmium photocatalyst, sodium sulfinate salts, and an electrophilic 

CF3 source, trifluoromethyl thianthrenium triflate. Through this 

approach, we achieved the synthesis of sulfonyltrifluoromethylated 

products with high yields, while manifesting exceptional tolerance 

towards diverse functional groups. Mechanistic investigations 

elucidated a sequential process, involving radical generation, followed 

by Cu-catalyzed cross-coupling reactions. 
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4.1 Introduction 

4.1.1 Importance of trifluoromethyl and sulfonyl functional group 

The facile incorporation of functional groups remains an ongoing 

interest in organic synthesis.1 Among various functional groups, the 

incorporation of the trifluoromethyl group (CF3) and the sulfonyl 

fragment (SO2R) presents significant challenges and therefore, holds high 

demand.2-7 These functional groups, CF3 and SO2R, find widespread utility 

in pharmaceutical compounds, as exemplified by CJ-17493, an NK-1 

receptor antagonist, and eletriptan, a medication for migraine headaches, 

etc. (Figure 4.1).8 The favourable attributes of these groups include 

stability, membrane permeability, and metabolism characteristics.9 To 

date, no reported reaction systems can simultaneously introduce both the 

CF3 and SO2R functional groups in a single step. However, the 

difunctionalization of olefins offers a highly atom-economical approach to 

achieve this objective.10 

 

Figure 4.1. Representative -CF3/-SO2R-containing drugs and bioactive 

compounds. 
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4.1.2 Literature for the β-CF3-difunctionalized olefins  

In the domain of difunctionalization of olefins, a significant focus lies 

in introducing a CF3 group. Frequently, this CF3 group is utilized as an 

initiator, adding to the terminal (β) position of the olefin. Subsequently, 

coupling with other functional groups, such as chloro, chlorosulfonyl, 

trifluoromethyl, cyano, or carboxylic groups, are performed to achieve the 

desired products (Figure 4.2).11  

 

Figure 4.2. Selected examples β-CF3-difunctionalized olefins 
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In 2015, Reiser et al. developed a visible-light-mediated photocatalytic 

system for the trifluoromethylchlorosulfonylation of unactivated alkenes 

with triflyl chloride (CF3SO2Cl) (Figure 4.2a).11a In this reaction, 

[Cu(dap)2]Cl was chosen as the unique photocatalyst and its photoexcited 

state [Cu(dap)2]Cl* can efficiently reduce the CF3SO2Cl to generate CF3 

radical, followed by the addition reaction to the olefins. The remaining 

SO2Cl anion species would be coordinated with Cu center, preventing the 

extrusion of SO2, which cannot be realized by [Ru]- or [Ir]-based 

photocatalysts. Therefore, this approach provide the opportunity to 

incorprate both CF3 and SO2Cl functional groups to olefins, where CF3 

radical was utilized as an initiator. 

In the same year, Yang et al. reported a copper-mediated approach for 

1,2-bis(trifluoromethylation) of alkenes (Figure 4.2b).11b The sodium 

trifluoromethanesulfinate (CF3SO2Na) was selected as the CF3 radical 

precursor, which would activated the alkenes to generate the carbon-

centered radical via the radical addition reaction. To promote the followed 

radical cross-coupling, the stoichiometric amount of CuCl (1 equiv.) was 

used to suppress undesired competitive reactions such as dimerization or 

elimination (side products in dashed box). It also should be noted that the 

amount of CF3SO2Na was also excess, as the chemoselectivities observed 

in radical trifluoromethylation were markedly influenced by the 

concentration of the initiator. 

In 2016, Wang et al. developed a Cu-mediated catalytic strategy for 

enantioselective cyanotrifluoromethylation of alkenes (Figure 4.2c).11c In 

this method, Togni’s reagent I  was chosen as the CF3 radical precursor, 

which was initially activated by Cu(CH3CN)4PF6 via SET process to give 

the CF3 radical. The released CF3 radical readily added to styrene, leading 

to the formation of a benzylic radical. Subsequently, this benzylic radical 

was trapped by a chiral Cu(II) cyanide species, provideing the targeted 

alkylnitriles with good enantioselectivity.  
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In 2017, Yatham et al. reported a photocatalytic system for 

dicarbofunctionalization of styrenes with CO2 and various radical 

precursors involving CF3 functional group (Figure 4.2d).11d The candidates 

of radical precursors such as sulfinates, trifluoroborates and oxalates were 

required to generate the radical via an oxidation process, which can 

provide not only the radical initiators and also the reduced photocatalyst 

PC•−. Upon the initiators adding to styrene, the resulting benzylic radical 

would be reduced by PC•− to the benzylic anion, followed by trapping CO2 

to the desired carboxylated product. 

   

4.1.3 Literature for the α-CF3-difunctionalized olefins  

Conversely, the synthetic approach for α-CF3-difunctionalized olefins 

remains relatively scarce. From the discussion of the aforementioned 

literatures, to install the -CF3 functional group at α position of olefins, CF3 

radical cannot be the initiator, as it would easily add to the olefins and 

provide the resulting β-CF3-difunctionalized olefins. Therefore, the -CF3 

source and the radical initiator need to be carefully selected to realize the 

desired α-CF3-difunctionalized olefins. In 2019, the Li group introduced 

an elegant catalytic approach which involved Copper/N-

fluorobenzenesulfonimide (NFSI) for the synthesis of 

aminotrifluoromethylated olefins. In this approach, the N-centered 

radical derived from the electrophilic NFSI served as the initiator, 

facilitating addition to the β position of the olefin substrate. The 

(bpy)Zn(CF3)2 complex was employed as a nucleophilic CF3 reagent, 

leading to the formation of the desired α-CF3-difunctionalized olefin 

product (Figure 4.3).3d 



228 
 

 

Figure 4.3. Copper/NFSI catalytic system for the synthesis of 

aminotrifluoromethylated olefins.  

4.1.4 Obstacle and solution for photocatalyzed 

sulfonyltrifluoromethylation of alkenes 

Recently, photocatalysis has emerged as a powerful technique for 

introducing CF3 groups in organic synthesis.2,4b To the best of our 

knoweldge, there are currently no documented protocols by utilizing 

photocatalysis for the synthesis of α-CF3-difunctionalized olefins. Our 

objective is to address this research gap and make significant 

contributions in this field. 

In photocatalysis, a major challenge arises concerning site selectivity 

when dealing with the coupling of two functional groups. The reaction 

system proposed by Li group, involving a single radical, obviated the 

requirement to consider selectivity issues. However, while introducing 

two radicals simultaneously as coupling partners, it became crucial to 



229 
 

address regioselectivity concerns. Specifically, when both CF3 and SO2R 

radicals coexist, the CF3 radical exhibits a higher preference for adding to 

the olefins first. This preference for CF3 group addition accounts for its 

frequent use as an initiator. To overcome this obstacle, it is essential to 

ensure two main conditions: 1) the formation of the CF3 radical occurs 

subsequent to that of the SO2R radical, which can readily initiate the 

addition to olefins; 2) to utilize copper to capture the free CF3 radical, as 

copper can simultaneously facilitate cross-coupling reactions involving 

the CF3 radical.2d,2e 

To fulfill the aforementioned requirements, the photocatalyst PC, 

along with sulfinate salts (I) and electrophilic CF3 source (IV), is required 

to undergo the chemical transformation through pathway B, as illustrated 

in Figure 4.4.12 The formed sulfonyl radical (II) participates in an addition 

reaction with the alkene, generating a carbon-centered radical (III). 

Simultaneously, CF3 radical (V) is formed through the reduction of IV by 

the PC•− species. The desired product (VI) can be obtained by subjecting 

radical (III) and radical V to a Cu-catalyzed cross-coupling reaction, 

where the Cu catalyst could lower the energy barrier of cross-coupling 

reaction. 
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Figure 4.4. Design of sulfonyltrifluoromethylation of olefins via photocatalysis. 

In our preliminary investigations, we employed conventional 

photocatalysts, commercially available -CF3 reagents, and sulfinate salts 

under the irradiation of blue light to achieve the desired product. 

However, this photocatalytic process led to the formation of not only the 

desired product but also additional trifluoromethylated byproducts. 

Despite extensive optimizations, the yield of the desired product could 

only be enhanced to 42 % (details are in  4.3.1). 

4.1.5 Literature for the red light-mediated organic synthesis 

Inspired by the excellent work of the Rovis group,13 our focus shifted 

towards exploring a novel 'red light system' for promoting reactions in 

organic synthesis. It is important to highlight that red light-mediated 

organic synthesis in this context are still in their early stages of 

development.14  
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Figure 4.5. Dual nickel/photoredox catalyzed C−N cross-coupling reaction. 

In 2022, Rovis et al. has developed a nickel/photoredox catalytic system 

for facilitating C−N cross-coupling reactions with red light (Figure 4.5).13d 

The use of red light provided the deeper penetration of light into the 

reaction media compared to blue light, facilitating the upscaling reaction 

in batch. Furthermore, the mild conditions of red light extended the 

substrate scope, as the photosensitive functional groups were tolerant 

under the conditions. This approach has demonstrated the promise of 

employing low-energy light coupled with metal catalysts in organic 

synthesis. 
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Figure 4.6. Red light-mediated ruthenium-catalyzed olefin metathesis. 

Recently, group of Rovis has developed a red light-mediated 

ruthenium (Ru)-catalyzed olefin metathesis with Os(phen)3(PF6)2, which 

was directly activated from its ground state to its triplet state via spin-

forbidden excitation (Figure 4.6).13e This strategy provided not only the 

spatiotemporal control for the metathesis, but also the advantages of red 

light photocatalysis, namely good functional tolerance and efficient scale-

up reaction in batch. It should be noted that this approach can be used for 

ring-opening metathesis polymerization (ROMP), which is highly robust 

and offers mechanically strong polymers. The method has paved new 

directions for metathesis and polymerization via low-energy-light-

mediated photoredox. 
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4.2 Objective 

 

Figure 4.7. Concept of red light-mediated sulfonyltrifluoromethylation of 

alkenes. 

Inspired by the inherent advantages of red light-mediated 

photocatalysis, we were drawn to this field since this offers a narrower 

redox window, enabling better reaction control and leading to enhanced 

selectivity. Motivated by these promising features of the 'red light system', 

we aimed to meticulously designed a red light-mediated photocatalytic 

system that exhibited remarkable regioselectivity for the 

sulfonyltrifluoromethylation of alkenes (Figure 4.7).15 As aforementioned 

concept, appropriate photocatalysts, sulfinates and electrophilic CF3 

reagent would be selected. After the optimization of reaction conditions, 

substrate scope and the application of this strategy will be evaluated. 

Finally, the mechanism of this approach will also be analyzed. 
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4.3 Results and Discussion 

4.3.1 Optimization of reaction conditions with blue light 

4.3.1.1 Screening of the photocatalyst 

 

 

To firstly evaluate the concept of the reaction, 4-vinyl-1,1'-biphenyl, 

Umemoto’s reagent and sodium benzenesulfinate (NaSO2Ph) were 

initially chosen based on their redox potentials as the model substrate, 

electrophilic CF3 source and sulfinate, respectively. Several commercially 

available Ru- and Ir-based photocatalysts and organic dye, 4-CzIPN, were 

investigated and all of them offered the desired product in 18-41% yield. 
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4.3.1.2 Screening of CF3-sources 

 

 

Since the [Ru(bpz)3](PF6)2 has provided the best result, we continuously 

used it as the photocatalyst and further examined the CF3 source. Various 

electrophilic CF3 sources such as Mes-Umemoto’s reagent, Togni reagent 

I/II and Cu(CF3)3bpy were utilized under the conditions, however, none 

of them offered the better yield. The Mes-Umemoto’s reagent has more 

negative reduction potential compared to that of Umemoto’s reagent, 

therefore, the reduction process of CF3 source was probably not efficient 

by [Ru(bpz)3](PF6)2. It is worth noting that both Togni’s reagents are able 

to react with Cu-salts (here was CuCl2) to form the Cu−CF3 complexes, 

which can directly proceed the addition reaction with olefins. Therefore, 

main side-products were β-CF3-difunctionalized products. The use of 

complex bpyCu(CF3)3 did not show any conversion of the substrate under 

this conditions. 
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4.3.1.3 Screening of co-catalysts 

 

X Yield (%) 

CuCl2 41 

CuCl 30 

Cu(CH3CN)PF6 0 

Cu(OTf)2 0 

CuCN 31 

FeCl2 0 

MnCl2 0 

 

Based on previous work of CF3-functionalizations, Cu-salts also played 

the crucial role since it can capture the CF3 free radical and further 

facilitate the cross-coupling reactions involving the CF3 radical. Therefore, 

various Cu-salts with different counter anions were examined under the 

conditions. The results showed that only CuClx (X = 1, 2) and CuCN 

provided the product in 31-41 % yield. Other Cu salts such as 

Cu(CH3CN)PF6 and Cu(OTf)2 offered no desired product. To investigate 

the potential of alternative metal catalysts in promoting the reaction, iron 

or manganese chloride were also evaluated under conditions, however, 

both were not efficient in this reaction. 



237 
 

4.3.1.4 Screening of solvents 

 

X Yield (%) 

MeCN 34 

DMSO trace 

DCM 41 

1,2-DCE 28 

DMF 0 

Acetone trace 

EtOAc 27 

DCM (0.1 M) 42 

 

The solvent is sometimes an elusive component in the reaction. We 

have evaluated several solvents, which were reported in literatures 

related to CF3 functionalization. We firstly evaluated the most common 

solvents used in photochemical reactions, namely acetonitrile (MeCN), 

dimethyl sulfoxide (DMSO) and dichloromethane (DCM). To our delight, 

both MeCN and DCM showed acceptable yields of the desired product. 

Since 1,2-dichloroethene (1,2-DCE) as one of the organochlorine 

compounds is similar to DCM, we also carried out the reaction with 1,2-

DCE, which provided slightly lower yield of the product compared to 

DCM. Dimethylformamide (DMF) and acetone classified as dipolar 

aprotic solvent were also tested under the conditions, however, none of 

them provided the product. Ethyl acetate (EtOAc) as one of the candidates 
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was evaluated and it gave the product in 27 % yield, albeit lower than the 

yield of reaction with DCM. At last, the reaction was carried out in the 

concentrated reaction mixture, the yield of product was slightly increased 

from 41% to 42%. After comparing all these solvents, DCM (0.1 M) was 

chosen as the optimized solvent for this reaction. 

4.3.2 Optimization of reaction conditions with red light 

4.3.2.1 Comparison of ‘blue light’ and ‘red light’ system 

After intensive optimizations of the reaction conditions under the 

irradiation of blue light, the highest yield of the desired product only 

reached to 42% and this low yield could be attributed to the formation of 

various trifluoromethylated side-products. To increase the selectivity and 

efficiency of this reaction, we carried out the reaction with an Os-

photocatalyst under the irradiation of red light. Since the redox potentials 

of the catalyst, CF3 reagent and the sulfinate source should be matched 

well according to the aforementioned requirements (Figure 4.4), we have 

chosen the combination of Os(bptpy)2(PF6)2, S-

(trifluoromethyl)thianthrenium triflate (TT-CF3+OTF-) and NaSO2Ph as the 

photocatalyst, the CF3 reagent and sulfiante salts, respectively. As 

expected, the performance of our 'red light system' was excellent, 

demonstrating negligible generation of trifluoromethylated side products 

and significantly higher yields of the desired product (Figure 4.8).  
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Figure 4.8. Comparison in 19F NMR spectra for initial investigation of the 

reactions under blue and red light with respective photocatalysts.  

4.3.2.2 Screening of the amount of components 

 

 

Entry Variations Yield (%)a 

1 none 76(73b) 

2 1.5 equiv. CF3-reagent 66 

3 2 equiv. NaSO2Ph 50 

4 DCM (0.05 M) 43 

5 30 mol% bpy ligand 0 

6 30 mol% 1,10-phen ligand 0 

aYield was determined by 19F NMR with trifluorotoluene as internal standard. bIsolated 

yields. 
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Later, we conducted an exhaustive screening of various reaction 

conditions based on the 'red light’ system. The amount of each of the 

component was evaluated: Lower concentration or equivalent of CF3 

reagent and sulfinate salts provided comparably lower yield of product, 

which can be attributed to the kinetic effect. In general, the reactions 

involving the installation of CF3 functional groups required excess 

amount of CF3 reagents to accelerate the reaction rate.2b In this reaction, it 

is also necessary to use the excess amount of sulfinate salts, ensuring  the 

fast oxidation process of sulfinate salts to the -SO2R radical. In addition, 

due to the low solubility in DCM, the use of the excess amount of sulfinate 

salts could also accelerate the reaction rate. Compared to the reaction 

mediated by the blue light, the concentrated reaction mixture dramatically 

improved the yield of product around 30%. Since the presence of Cu salts, 

common used ligands such as 2,2 ′ -bipyridine (bpy) and 1,10-

phenanthroline (1,10-phen) were added in the reactions, however, both 

ligands provided no products. Therefore, it is of significance to 

underscore that an excess of ligands exerted deleterious effects on the 

reaction. We assumed that the presence of ligands occupied the 

coordination sites for CF3 radical or hindered the binding of CF3 radical to 

Cu center due to the steric effect. 

 

 

 

 

 



241 
 

4.3.2.3 Screening of CF3-sources 

 

Entry Variations Yield (%)a 

1 2.0 equiv. Togni I trace 

2 2.0 equiv. Togni II 8 

3 2.0 equiv. Umemoto reagent 20 

4 2.0 equiv. Mes-Umemoto reagent trace 

5 2.0 equiv. bpyCu(CF3)3 0 

aYield was determined by 19F NMR with trifluorotoluene as internal standard. bIsolated 

yields. 

 

Our rationale for selecting CF3 sources based on the redox potentials. 

When exploring alternative electrophilic CF3 sources such as Togni 

reagents, Umemoto reagents, and Cu(CF3)3bpy, we observed substantially 

lower or negligible yields of the desired product. For Togni reagents, Cu-

salts would directly react with them to form the Cu−CF3 complexes, which 

cause the low selectivity and activity of the reaction. When using 

Umemoto reagent as the CF3 source, the Os catalyst at excited state could 

directly reduce it to the corresponding CF3 radical, which generated the 

free CF3 radical in advance and caused the formation of side products, β-

trifluoromethylated products. Compared to Umemoto reagent, Mes-

Umemoto reagent is more difficult to be reduced by the Os catalyst. 

Therefore, only trace product can be detected. At last, Cu(CF3)3bpy was 

also tested and no product can be obtained. From the 19F NMR spectra, 

Cu(CF3)3bpy was intact under this reaction conditions. 
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4.3.2.4 Screening of Cu-salts and solvents 

 

 

Entry Variations Yield (%)a 

1 20 mol% CuCl 51 

2 20 mol% Cu powder 0 

3 MeCN (0.1 M) 26 

4 EtOAc (0.1 M) 30 

5 6 h 61 

aYield was determined by 19F NMR with trifluorotoluene as internal standard. bIsolated 

yields. 

 

Furthermore, an investigation was conducted to find out whether 

variations in the Cu valence state, specifically involving CuI salts (such as 

CuCl) and Cu0 in the form of fresh copper powder, have an influence on 

the reaction. The results indicated that the presence of CuCl promoted the 

reaction to obtain the product, albeit resulting in a slightly reduced yield 

of approximately 20%. We assumed that the concentration of chloride is 

also crucial for achieving high photocatalytic activity (More details could 

be found in 4.3.5.2). However, Cu powder was not efficient under this 

conditions, giving no product. Additionally, two of the best solvent for the 

reaction mediated by blue light, namely MeCN and EtOAc, were also 

evaluated, however, no improvement was found. At last, to further 

increase the yield of product, we prolonged the reaction time to 6 hours, 

however, it revealed that extending the reaction time resulted in a 

marginal reduction in yield. 
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4.3.2.5 Control experiments 

 

 

Entry Variations Yield (%)a 

1 No CuCl2 0 

2 No [Os] 0 

3 No light 0 

4 40 W NIR Kessil lamp (740 nm) 24 

aYield was determined by 19F NMR with trifluorotoluene as internal standard. bIsolated 

yields. 

 

To assess the necessity of the photocatalyst, Cu salts, and light, a series 

of control experiments were meticulously conducted, elucidating their 

necessity in propelling the reaction. In addition, to verify the significance 

of the light wavelength, one 40 W NIR Kessil lamp (740 nm, near infrared) 

instead of 650 nm red LED light was utilized. This substitution resulted in 

a diminished product yield. 
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4.3.3 Substrate scope evaluation 

 

Figure 4.9. Scope of the sulfonyltrifluoromethylation of olefinsa. 

With the optimized reaction conditions in hand, we focused on the 

scope of the sulfonyltrifluoromethylation of alkenes. As depicted in 

Figure 4.9, a diverse array of para-substituted styrenes, containing both 

electron-donating (EDGs) and electron-withdrawing groups (EWGs), 

furnished the corresponding sulfonyltrifluoromethylated products with 

moderate to excellent yields (Figure 4.9, 1-8). Notably, 4-bromostyrene 

and 4-chlorostyrene exhibited tolerance under the reaction conditions, 

affording the desired products (6 and 7), indicating the potential for 

subsequent functionalization. Moreover, the reaction displayed 
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compatibility with 2- and 3-substituted styrenes (10-13), yielding products 

satisfactorily, regardless of the presence of -EDGs or -EWGs. In contrast, 

electron-deficient alkenes (9 and 14) exhibited reduced efficiency, 

however, the use of p-chlorophenyl sulfinate improved the reaction. 

Ordinarily, β-substituted styrenes pose challenges for difunctionalization 

due to steric effects.3d Nonetheless, we were pleased to observe that (E)-β-

methylstyrene (15) and indene (16) substrates were also applicable to our 

system, yielding products with satisfactory yields. Unfortunately, the 

unactivated olefins do not work under this reaction conditions. Aliphatic 

olefins such as 4-phenyl-1-butene (F1) and cycloalkenes such as 

cyclohexene (F2) could not provide the desired 

sulfonyltrifluoromethylated products but β-trifluoromethylated side 

products.  

Subsequently, the efficacy of sulfinate salts was evaluated within the 

framework of a model reaction. Diverse p-substituted phenyl sulfinate 

compounds, containing methyl, chloro, bromo, nitro, and cyano 

substituents (17-21), were found to be well-tolerated, yielding the desired 

products in notable yields. Moreover, aliphatic sulfinates (22 and 23) 

demonstrated compatibility under the conditions. Notably, sulfinates 

containing biphenyl, cyclopropane, and thiophene groups exhibited 

smooth reactivity under red light irradiation, resulting in product yields 

ranging from 35 - 93% (24-26). To investigate the applicability of this 

methodology to complex molecules, several existing pharmaceuticals and 

derivatives of natural products were employed as candidates (27-32). 

Remarkably, these reactions yielded the desired products in 66 - 88% 

yields, indicating the method's high efficiency and potential for 

constructing more intricate sulfonyltrifluoromethylated molecules. 
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4.3.4 Industrial applications 

 

Figure 4.10. Post-functionalization of the sulfonyltrifluoromethylated product. 

To further explore the potential industrial applications, a gram-scale 

reaction was conducted, which proceeded smoothly within 4 hours and 

yielded approximately 0.85 grams of the product (Figure 4.10a). The 

synthetic utility of these sulfonyltrifluoromethylated alkenes was 

demonstrated by achieving the elimination of the -sulfonyl group through 

a straightforward strategy, resulting in the production of α-

trifluoromethyl styrene (33) with a promising yield of 90% (Figure 

4.10b).12b Moreover, the obtained α-trifluoromethyl styrenes, as valuable 

compounds, exhibited the potential to undergo further transformations 

into gem-difluoroalkenes, 34, with a high yield of 86%. These fluorinated 

compounds hold promise as ketone mimics in pharmaceutical agents.16 

Furthermore, our methodology offered a pathway to generate a key 

intermediate, 35, which enabled the synthesis of apinocaltamide (37), a T-

type calcium channel blocker, from a simple starting material, 4-

bromostyrene (Figure 4.10c).17 
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4.3.5 Mechanistic studies 

4.3.5.1 Quenching and radical probe experiments 

 

Figure 4.11. Mechanism studies of the sulfonyltrifluoromethylation. 

To validate the proposed mechanism, a series of experiments were 

performed. Initially, (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) 
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was utilized as a radical quenching reagent under model reaction 

conditions. As expected, only a negligible product was obtained, and 

carbon-centered radical (III) was captured by TEMPO and identified 

using high-resolution mass spectrometry (HRMS) (Figure 4.11a). To 

further prove the involvement of radicals in the sulfonyl radical addition 

reaction, a radical probe experiment was conducted under model reaction 

conditions, wherein styrene (39) yielded the ring-opening product, 40 

(Figure 4.11b). Additionally, fluorescence quenching experiments were 

conducted, revealing that the sodium sulfinate salt exhibited the highest 

potential as a quencher for the excited state of the Os-photocatalyst which 

was also supported by the electrochemical measurements for redox 

potentials (Figure 4.11c, SI section 4.5.4.1).13a This finding provided 

evidence for our designed approach where the generation of the sulfonyl 

radical preceded the formation of the CF3 radical.  
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4.3.5.2 Investigation of Cu-CF3 active species 

 

Figure 4.12. 19F NMR analysis of the reaction in the absence of styrene in 1 and 4 

hours. 

We also investigated the form of the Cu-CF3 active species. Initially, we 

attempted to detect the active species in the absence of any styrenes. While 

no new peak corresponding to CuII-CF3 was observed, we did observe the 

presence of the CuIII(CF3)4 anion peak (Figure 4.12 and 4.17b).  
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Figure 4.13. 19F NMR analysis of the reaction in the absence of styrene and adding 

2,2'-bipyridine (bpy) ligand. 

To capture the active species, the 2,2'-bipyridine (bpy) ligand was 

added into the system. Unfortunately, only peak of TTCF3+OTF- was 

observed in 19F NMR (Figure 4.13 and 4.17c). Therefore, it was necessary 

to examine whether the CuIII(CF3)4 anion complex is the active species.  
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Figure 4.14. 19F NMR analysis of the reaction with Me4NCuIII(CF3)4 complex  

instead of CuCl2. 

The styrene was added to system after the formation of CuIII(CF3)4 

anion complex, however, no desired sulfonyltrifluoromethylated product 

was obtained. To further examine the CuIII(CF3)4 anion complex, we 

synthesized one stable Me4NCuIII(CF3)4 complex according to the 

reference.18 As expected, no product was obtained by using 

Me4NCuIII(CF3)4 complex instead of CuCl2 (Figure 4.14 and 4.17d).  
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Figure 4.15. 19F NMR analysis of the reaction with fresh Cu0 powder instead of 

CuCl2. 

Fresh Cu0 powder was also used as catalyst instead of CuCl2, and no 

product could be found in the system (Figure 4.15 and 4.17e).  
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Figure 4.16. Top: 19F NMR analysis of the model reaction. Middle: 19F NMR 

analysis of the reaction with CuCl instead of CuCl2. Bottom: 19F NMR analysis of 

the reaction with CuCl with 50 mol% LiCl instead of CuCl2. 

As elucidated in the optimization table, the introduction of CuCl 

instead of CuCl2 resulted in a decrease in yield by approximately 20%. As 

expected, if CuI effectively captured the CF3 radical to form the active 

species, the yield should have been comparable to that obtained with CuII 

salts, which can generate CuI in situ. We hypothesized that the 

concentration of chloride anion(Cl-)  might also play a crucial role in the 

reaction, as reported in the literature.2e 

Consequently, the addition of 50 mol% of LiCl was incorporated as an 

additive to the system, resulting in an increased yield comparable to that 

of the model reaction. 
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Figure 4.17. The comprehensive analysis of Cu-CF3 complexes. 

Based on these analysis, we can conclude that CuII-CF3 (VI) was the 

possible active species for conducting the desired product via cross-

coupling with III.  
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Combining all these experimental observation, the proposed reaction 

mechanism is illustrated. The excited state of the photocatalyst [OsII]* 

underwent exclusive reduction by I to form the sulfonyl radical (II, Path 

A) rather than oxidation by IV to generate the CF3 radical (V, Path B). The 

formed sulfonyl radical (II) was then added to the alkene to generate 

carbon-centered radical (III). The CuI effectively captured the CF3 radical 

(V), which was generated by the reduction of IV by using [OsI] as a 

reactant. This interaction led to the formation of the CuII−CF3 complex VI. 

At last, the cross-coupling reaction between III and VI facilitated the 

delivery of the final product VII. 

 

4.4 Conclusion 
In summary, we have successfully developed a groundbreaking 

protocol by utilizing red light-mediated photocatalysis for the 

sulfonyltrifluoromethylation of olefins. The thoughtfully designed 

reaction system has effectively surmounted challenges related to radical 

regioselectivity. The impressive breadth of substrate compatibility and 
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outstanding performance on intricate molecules underscore the high 

efficiency and excellent functional group tolerance of these reactions. 

Post-functionalization studies further emphasize the substantial 

industrial potential of the sulfonyltrifluoromethylated product, thus 

validating the significance of our reaction system. Through 

comprehensive mechanistic investigations, we have elucidated a 

sequential process involving radical generation followed by Cu-catalyzed 

cross-coupling reactions. We firmly believe that our innovative strategy 

will advance regioselective functionalization through red light-mediated 

photocatalysis, thereby catalyzing the development of additional methods 

in this field. 
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4.5 Supporting Information 

4.5.1. Chemicals and solvents 

All reagents and solvents were purchased from certified chemical vendors 

and used without prior purification. Demineralized water was obtained 

through deionization of tap water using a EUROTEC L4 reverse osmosis 

installation. This instrument filters out salts by means of a semi-permeable 

membrane. Water that was used never exceeded a conductivity of 0.5 

µS/cm. Gases were purchased in high-pressured cylinders (200 bar) and 

converted to the desired pressure by means of a pressure regulator. 

4.5.2. Analysis 

4.5.2.1. Nuclear magnetic resonance 
1H NMR (400 MHz) and 13C NMR (101 MHz) spectra were recorded using 

a Bruker Avance III Fourier Transform NMR spectrometer at 300 K unless 

explicitly stated otherwise, using deuterated solvents as internal standard 

(1H: δ 7.26 ppm and 13C {1H}: δ 77.2 ppm in CDCl3; 1H: δ 2.50 ppm and 13C 

{1H}: δ 39.52 in DMSO-d6). Chemical shifts (δ) were expressed in ppm and 

coupling constants (J) in Hertz (Hz). Splitting patterns are reported as: s 

(singlet), d (doublet), t (triplet), q (quadruplet), p (pentuplet), m (multiplet) 

or combinations thereof. Integration of the signals is presented as the 

number of hydrogen atoms. 

4.5.2.2. Chromatography 

Thin-layer chromatography was performed using a heptane/ethyl acetate 

(EtOAc) solvent system as mobile phase and a 0.20 mm silica gel on an 

aluminium plate (Machery-Nagel Precoated TLC sheets Alugram® SIL 

G/UV254) as stationary phase. Visualization of the ‘spots’ was enhanced 

by illumination with UV-light (254 nm). 

Flash chromatography was performed using an automatic 

chromatographic system (Biotage® or Combiflash®) with on-line UV-
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detection (254 nm and 280 nm unless explicitly stated otherwise). A 

heptane/EtOAc solvent system was used as mobile phase and commercial 

silica cartridges (12-80 g, Grace®) as stationary phase.  

4.5.3. General procedure and optimizations 

A dried 8 mL reaction vial with magnetic stirring bar was charged with 

photocatalyst, CF3-source, co-catalyst, sodium sulfinate salts (RSO2Na) 

and 4-vinylbiphenyl (0.05 mmol, 1 equiv.) after which the vessel was 

evacuated using Schlenk techniques and flushed with N2 three times. Dry 

DCM were added using a syringe flushed with inert gas. The resulting 

mixture was stirred for 3-4 h under irradiation of blue LED (40 W, 456 nm) 

or red light (EvoluChemTM LED 650PF, 650 nm, 20 mW/cm2) with  the 

EvoluChem PhotoRedOx Box at room temperature. After 3-4 h, 

trifluorotoluene (prepared in stock solution) was added as internal 

standard. After shaking the vial, the mixture was filtered by celite and 

submit to the NMR to determine the yield through 19F NMR.   

4.5.4. Mechanism investigation 

4.5.4.1. Electrochemical measurements 

The electrochemical redox potentials were obtained using a Metrohm 

Autolab potentiostat-galvanostat PGSTAT204 fitted with a glassy carbon 

(GC) working electrode (diameter = 3 mm), an Ag/AgCl (3 M KCl) 

reference electrode and a Pt-foil counter electrode, attached to a PC using 

Nova v2.1.5 software. 0.1 mmol samples were dissolved in 15 mL 0.1 M 

tetra-n-butylammonium hexafluorophosphate (nBu4NPF6) in dry, 

degassed DCM. Reductions were measured by scanning potentials in the 

negative direction and oxidations in the positive direction. The obtained 

value was referenced to Ag/AgCl (3 M KCl).  
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Figure 4.10. Redox potential analysis of [Os] catalyst via cyclic voltammetry. 

 

Figure 4.11. Redox potential analysis of TT-CF3+OTf− catalyst via cyclic 

voltammetry. 

The redox potentials of Os photocatalyst and TTCF3+OTF- were 

measured in DCM (0.1 M). The Eox and Ered of [Os] are 1.05 V and -0.82 V 

vs. Ag/AgCl (3 M KCl), respectively. Although the solvent is different 

from the refenrece, those values are consistent with the reference.13a 
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Therefore, the redox potential of excited state would be estimated same as 

the reference. The reduction potential of TTCF3+OTF- is ca. -0.69 V vs. 

Ag/AgCl (3 M KCl). 

According to these redox potentials, we can demonstrate that the 

excited state of catalyst [OsII]* can exclusively undergo reduction by I to 

form the sulfonyl radical II (Path A) rather than oxidation by IV to 

generate the free CF3 radical V (Path B).  We highlight the aspect of mechanism 

we have verified in this part. 

 

4.5.4.2. Quenching experiment and radical probe experiment 
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Figure 4.12. HRMS analysis of carbon-centered radical III trapped by TEMPO. 

The quenching experiment was carried out with 2 equiv. TEMPO and 

the carbon-centered radical III was captured by TEMPO, which was 

detected in HRMS. 
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The radical probe experiment and Stern-Volmer analysis were also 

carried out. These results verified the the excited state of catalyst [OsII]* 

was quenched by sulfinate anion and the following steps involved radical 

process. We highlight the aspect of mechanism we have verified in this part. 
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4.5.5. Experiments 

4.5.5.1. Photocatalytic reaction setup 

The reaction was carried out with the red 

LED light (EvoluChem™ LED 650PF 

HCK1012-XX-014 650 nm 20 mW/cm²) in 

the EvoluChem PhotoRedOx Box. In the 

box, it contains an electric fan to cool down 

the reaction. The reaction holder could 

support 8 reaction vials at the same time. 

The reaction mixture was stirred using a 

magnetic stirring plate and stirring bar at 

800 rpm on average. 
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4.5.5.2. Procedure for synthesis of TT-CF3+OTF- 

 

The S-(trifluoromethyl)thianthrenium triflate was prepared according 

to the literature.15 A dried 250 mL round-bottom flask with magnetic 

stirring bar was charged with thianthrene (40 mmol, 1 equiv.) and DCM 

(100 mL, 0.4 M) under an ambient atmosphere. Subsequently, triflic 

anhydride (44 mmol, 1.1 equiv.) was added in one portion. The reaction 

mixture was stirred at 35 °C for 22 h. Subsequently, a saturated aqueous 

NaHCO3 solution (50 mL) was added carefully. The organic layer was 

separated and concentrated in vacuo.  Et2O (50 mL) was added to the 

residue and the suspension was stirred vigorously at room temperature 

for 30 min. The mixture was allowed to stand for 5 minutes, and  the 

solvent was decanted carefully. The resulting yellow slurry was 

concentrated to dryness in vacuo and TT-CF3+OTF- salts can be used 

without further purification. 

 

4.5.5.3. Procedure for synthesis of Os(bptpy)2(PF6)2 

 

A dried 50 mL pressure tube with magnetic stirring bar was charged 

with OsCl3 (1 equiv.) and bptpy ligand (2.5 equiv.), followed by addition 

of anhydrous ethylene glycol (0.075 M) in glovebox. The tube was sealed 

and heated at 230 °C in a sand bath. (Caution: a blast shield is required for 

all sealed tube reactions since pressure develops in the tube.) After 48 h, 
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the reaction was allowed to cool to 60 °C. Then,  NH4PF6 (10 equiv.) was 

added to the flask under an ambient atmosphere, followed by adding 

equal volume of distilled water. After 45 minutes, a dark precipitate 

collected on filter paper was washed with water, methanol, DCM and 

Et2O to obtain pure catalyst. The catalyst was dried under vacuum and 

can be used without further purification.13a 

 

4.5.5.4. Procedure for synthesis of olefins from phenols 

 

The olefin substrates were synthesized according to a reported 

procedure.19 A dried Schlenk flask with magnetic stirring bar was charged 

with phenol (1.0 mmol, 1.0 equiv), after which the vessel was evacuated 

using Schlenk techniques and flushed with N2 three times. Under nitrogen 

atmosphere, DCM (5.0 mL, 0.20 M) and pyridine (2.0 mmol, 2.0 equiv) was 

added. The resulting mixture was cooled to 0 °C. Subsequently, Tf2O (1.5 

mmol, 1.5 equiv) was added dropwise over 5 minutes. The reaction 

mixture was warmed to room temperature and stirred for 5 hours. After 

5 h, the reaction mixture was quenched by adding distilled water (15 mL).  

The organic phase was extracted by DCM  (3 × 20 mL) and concentrated 

in vacuo. Purification proceeded to obtain triflate substrate via flash 

column chromatography. 

A dried two-necked flask with stirring bar was charged with triflate 

substrate (0.5 mmol, 1.00 equiv) from previous step, potassium 

vinyltrifluoroborate (0.6 mmol, 1.2 equiv), PdCl2 (0.01 mmol, 2.00 mol%), 

PPh3 (0.03 mmol, 6.00 mol%) and Cs2CO3 (1.5 mmol, 3.00 equiv), after 

which the vessel was evacuated using Schlenk techniques and flushed 
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with N2 three times. Distilled THF (2.00 mL) and degassed distilled water 

(0.25 mL) were added. After stirring at 80 °C for 22 h, the reaction mixture 

was quenched by adding DCM (15.0 mL) and water (20.0 mL). The layers 

were separated, and the aqueous layer was extracted with DCM (3 × 15 

mL). The organic phase was extracted and concentrated in vacuo. The 

residue was purified by flash column chromatography. 

 

4.5.5.5. Procedure for synthesis of olefins from acids 

 

These olefins were prepared following reported literature procedure.20 

A dried two-necked flask with stirring bar was charged with acid (2 mmol, 

1 equiv.), DMAP (0.2 mmol, 10 mol%) and EDCI•HCl (5 mmol, 2.5 equiv.), 

after which the vessel was evacuated using Schlenk techniques and 

flushed with N2 three times. Under nitrogen gas flow, 4-vinylphenol (2 

mmol, 1 equiv.) and DCM (0.1 M) were added using a syringe flushed 

with inert gas. The mixture was stirred at room temperature under N2 

until the reaction was complete by TLC monitoring. The mixture was 

diluted with water and the organic layer was separated, dried over 

anhydrous Na2SO4 and concentrated. Purification proceeded via flash 

column chromatography. 
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4.5.5.6. Procedure for sulfonyltrifluoromethylation of olefins 

 

A dried reaction vial with magnetic stirring bar was charged with 

Os(bptpy)2(PF6)2 (0.0008 mmol, 0.8 mol%),  CuCl2 (0.02 mmol, 20 mol%), 

TT-CF3+OTF- (0.2 mmol, 2 equiv.) and sadium sulfinate  (0.3 mmol, 3 

equiv.), after which the vessel was evacuated using Schlenk techniques 

and flushed with N2 three times. Under nitrogen gas flow, olefin (0.1 

mmol, 1 equiv.) (if liquid, otherwise added before flushing cycle) and dry 

DCM (0.1 M) were added using a syringe flushed with inert gas. The 

resulting mixture was stirred for 3-4 h under irradiation of red LED light 

(EvoluChem™ LED 650PF HCK1012-XX-014 650 nm 20 mW/cm²) in the 

EvoluChem PhotoRedOx Box. After completion of reaction, the reaction 

mixture was quenched by adding distilled water (2 mL). The organic 

phase was extracted and concentrated in vacuo. 1,1,1-Trifluorotoluene 

was added as internal standard to determine the NMR yield of the 

functionalised product through 19F NMR. Purification proceeded via flash 

column chromatography. 
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4.5.6. Characterization 

 

 

1H NMR (400 MHz, CDCl3) δ 8.58 (dd, J = 8.1, 1.2 Hz, 1H), 7.93 – 7.87 (m, 

1H), 7.82 (dd, J = 8.0, 1.3 Hz, 1H), 7.79 – 7.74 (m, 1H). 

19F NMR (376 MHz, CDCl3) δ -51.11 (s), -78.39 (s). 

13C NMR (101 MHz, CDCl3) δ 136.90, 136.81, 136.65, 130.33, 129.41, 124.43 

(q, J = 337.2 Hz), 120.68 (q, J = 320.3 Hz), 108.95. 

 

 

1H NMR (400 MHz, DMSO) δ 9.40 (s, 4H), 8.97 (d, J = 8.2 Hz, 4H), 8.27 (d, 

J = 8.5 Hz, 4H), 7.88 (d, J = 8.5 Hz, 4H), 7.81 (t, J = 7.8 Hz, 4H), 7.31 (d, J = 

5.6 Hz, 4H), 7.09 (t, J = 6.5 Hz, 4H). 

19F NMR (376 MHz, DMSO) δ -70.18 (d, J = 711.2 Hz). 

13C NMR (101 MHz, DMSO) δ 160.12, 155.18, 152.96, 152.75, 138.30, 135.09, 

132.58, 130.43, 128.47, 125.49, 124.64, 120.10. 
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1H NMR (400 MHz, CDCl3) δ 7.21 (dd, J = 17.6, 8.2 Hz, 2H), 7.12 (s, 1H), 

6.68 – 6.55 (m, 1H), 5.69 (d, J = 17.6 Hz, 1H), 5.18 (d, J = 10.9 Hz, 1H), 2.90 

(dd, J = 8.6, 3.9 Hz, 2H), 2.44 (ddd, J = 17.4, 16.0, 6.8 Hz, 2H), 2.25 (dd, J = 

13.6, 7.1 Hz, 1H), 2.19 – 1.89 (m, 4H), 1.67 – 1.33 (m, 6H), 0.89 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 220.9, 139.57, 136.64, 136.57, 135.24, 126.90, 

125.55, 123.64, 113.16, 50.55, 47.98, 44.47, 38.20, 35.86, 31.65, 29.41, 26.53, 

25.76, 21.62, 13.88. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.80 – 7.69 (m, 3H), 7.50 (dd, J = 8.5, 1.9 Hz, 

1H), 7.40 – 7.31 (m, 2H), 7.16 (dt, J = 7.2, 2.4 Hz, 2H), 7.00 – 6.88 (m, 2H), 

6.67 (dd, J = 17.6, 10.9 Hz, 1H), 5.67 (dd, J = 17.6, 0.8 Hz, 1H), 5.21 (dd, J = 

10.9, 0.7 Hz, 1H), 4.09 (q, J = 7.1 Hz, 1H), 3.93 (s, 3H), 1.69 (d, J = 7.1 Hz, 

3H). 

13C NMR (101 MHz, CDCl3) δ 173.10, 157.80, 150.42, 135.91, 135.31, 135.14, 

133.85, 129.33, 129.03, 127.38, 127.07, 126.15, 126.13, 121.45, 119.11, 113.93, 

105.67, 55.34, 45.61, 18.52. 
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1H NMR (400 MHz, CDCl3) δ 7.41 – 7.34 (m, 2H), 7.32 – 7.23 (m, 2H), 7.15 

(d, J = 8.1 Hz, 2H), 6.99 – 6.93 (m, 2H), 6.68 (dd, J = 17.6, 10.9 Hz, 1H), 5.68 

(dd, J = 17.6, 0.7 Hz, 1H), 5.22 (dd, J = 10.9, 0.6 Hz, 1H), 3.93 (q, J = 7.1 Hz, 

1H), 2.48 (d, J = 7.2 Hz, 2H), 1.97 – 1.79 (m, 1H), 1.61 (d, J = 7.2 Hz, 3H), 

0.92 (d, J = 6.6 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 173.16, 150.47, 140.83, 137.24, 135.94, 135.27, 

129.51, 127.22, 127.07, 121.46, 113.90, 45.29, 45.07, 30.18, 22.39, 18.53. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.47 – 7.37 (m, 2H), 7.15 – 7.06 (m, 2H), 6.71 

(dd, J = 17.6, 10.9 Hz, 1H), 5.72 (dd, J = 17.6, 0.5 Hz, 1H), 5.27 (d, J = 10.9 

Hz, 1H), 2.57 (ddd, J = 13.5, 10.8, 4.3 Hz, 1H), 2.20 (ddd, J = 13.6, 9.3, 4.6 Hz, 

1H), 1.99 (ddd, J = 13.2, 10.8, 4.6 Hz, 1H), 1.77 (ddd, J = 13.4, 9.4, 4.3 Hz, 

1H), 1.16 (d, J = 7.6 Hz, 6H), 1.11 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 177.79, 166.08, 149.49, 135.71, 127.31, 121.36, 

114.49, 90.83, 54.91, 54.68, 30.78, 28.99, 16.89, 9.73. 
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1H NMR (400 MHz, CDCl3) δ 7.74 – 7.62 (m, 2H), 7.55 – 7.45 (m, 2H), 7.41 

– 7.35 (m, 2H), 7.04 (ddd, J = 11.2, 6.9, 2.5 Hz, 3H), 6.91 (d, J = 9.0 Hz, 1H), 

6.75 – 6.62 (m, 2H), 5.69 (dd, J = 17.6, 0.6 Hz, 1H), 5.24 (dd, J = 10.9, 0.5 Hz, 

1H), 3.90 (s, 2H), 3.84 (s, 3H), 2.46 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 169.24, 168.31, 156.18, 150.26, 139.37, 136.22, 

135.83, 135.52, 133.88, 131.21, 130.90, 130.52, 129.16, 127.16, 121.44, 115.03, 

114.15, 112.00, 111.85, 101.28, 55.75, 30.59, 13.42. 

 

 

1H NMR (400 MHz, CDCl3) δ 8.78 (s, 1H), 8.20 (d, J = 8.6 Hz, 1H), 8.01 (dd, 

J = 23.4, 9.1 Hz, 3H), 7.83 (d, J = 8.5 Hz, 1H), 7.62 (s, 1H), 7.57 (d, J = 8.4 Hz, 

1H), 7.50 (d, J = 7.6 Hz, 1H), 7.24 (d, J = 8.4 Hz, 2H), 7.01 (d, J = 8.5 Hz, 1H), 

6.75 (dd, J = 17.7, 10.8 Hz, 1H), 5.75 (d, J = 17.5 Hz, 1H), 5.28 (d, J = 10.8 Hz, 

1H), 3.92 (d, J = 1.1 Hz, 3H), 2.20 (s, 6H), 2.11 (s, 3H), 1.81 (s, 6H). 



272 

 

13C NMR (101 MHz, CDCl3) δ 165.37, 159.05, 150.69, 141.83, 139.10, 136.31, 

136.01, 135.45, 132.48, 131.72, 131.27, 129.84, 128.46, 127.29, 126.68, 126.23, 

126.02, 125.82, 125.77, 124.78, 121.85, 114.03, 112.18, 55.19, 40.66, 37.26, 

37.16, 29.15. 

 

 

 

 

 

1H NMR (400 MHz, CDCl3) δ 7.61 – 7.57 (m, 2H), 7.52 – 7.42 (m, 5H), 7.40 

– 7.35 (m, 3H), 7.34 – 7.28 (m, 2H), 7.17 (d, J = 8.2 Hz, 2H), 4.08 – 3.98 (m, 

1H), 3.80 (qd, J = 14.7, 6.8 Hz, 2H). 

19F NMR (376 MHz, CDCl3) δ -69.95 (d, J = 9.1 Hz). 

13C NMR (101 MHz, CDCl3) δ 141.84, 140.18, 139.12, 133.47, 129.84, 129.56, 

129.04, 128.88, 127.88, 127.72, 127.42, 127.02, 126.80, 55.48, 45.67 (q, J = 28.6 

Hz). 

HRMS (ESI+, m/z) [M+H+] calcd. for C21H17SO2F3 391.0974, found 391.0976. 
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1H NMR (400 MHz, CDCl3) δ 7.62 – 7.48 (m, 3H), 7.43 – 7.30 (m, 2H), 7.11 

(d, J = 8.5 Hz, 2H), 6.96 – 6.86 (m, 2H), 4.08 – 3.92 (m, 1H), 3.74 (m, 2H), 

2.29 (s, 3H). 

19F NMR (376 MHz, CDCl3) δ -70.06 (d, J = 9.0 Hz).  

13C NMR (101 MHz, CDCl3) δ 168.81, 151.11, 138.91, 133.84, 130.16, 129.24, 

128.49, 127.77, 126.66, 121.95, 55.50, 45.39 (q, J = 29.0 Hz), 21.10. 

HRMS (ESI+, m/z) [M+H+] calcd. for C17H15SO4F3 373.0716, found 373.0718.  

 

 

1H NMR (400 MHz, CDCl3) δ 7.59 – 7.52 (m, 2H), 7.48 – 7.39 (m, 1H), 7.33 

– 7.22 (m, 2H), 7.20 – 7.08 (m, 2H), 6.99 (d, J = 8.3 Hz, 2H), 3.96 (pd, J = 9.2, 

3.3 Hz, 1H), 3.85 – 3.68 (m, 2H), 1.27 (s, 9H). 

19F NMR (376 MHz, CDCl3) δ -70.14 (d, J = 9.1 Hz). 

13C NMR (101 MHz, CDCl3) δ 151.77, 139.13, 133.45, 128.92, 128.74, 127.87, 

127.75, 126.86, 125.64, 55.38, 45.54 (q, J = 28.5 Hz), 34.49, 31.20. 

HRMS (ESI+, m/z) [M+H+] calcd. for C19H21SO2F3 371.1287, found 371.1292. 

[M+Na+] 393.1107, found 393.1114. 
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1H NMR (400 MHz, CDCl3) δ 7.62 – 7.58 (m, 2H), 7.50 (ddd, J = 8.7, 2.4, 1.2 

Hz, 1H), 7.38 – 7.32 (m, 2H), 7.25 – 7.17 (m, 3H), 7.13 (d, J = 7.4 Hz, 2H), 

3.98 (pd, J = 9.1, 3.9 Hz, 1H), 3.83 – 3.69 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -70.02 (d, J = 9.1 Hz). 

13C NMR (101 MHz, CDCl3) δ 139.07, 133.65, 131.10, 129.12, 129.08, 128.91, 

128.77, 127.85, 126.80, 55.42, 45.86 (q, J = 28.7 Hz). 

HRMS (ESI+, m/z) [M+H+] calcd. for C15H13SO2F3 315.0661, found 315.0668. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.65 – 7.58 (m, 1H), 7.57 – 7.46 (m, 1H), 7.41 

– 7.29 (m, 1H), 7.03 – 6.98 (m, 2H), 3.93 (pt, J = 8.4, 4.1 Hz, 1H), 3.81 – 3.65 

(m, 1H), 2.31 – 2.25 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -70.16 (d, J = 9.1 Hz). 

13C NMR (101 MHz, CDCl3) δ 139.16, 138.79, 133.45, 129.44, 129.01, 128.98, 

128.06, 127.88, 124.07, 55.54, 45.44 (q, J = 28.6 Hz), 21.04. 

HRMS (ESI+, m/z) [M+H+] calcd. for C16H15SO2F3 329.0818, found 329.0827.  
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1H NMR (400 MHz, CDCl3) δ 7.62 – 7.52 (m, 3H), 7.45 – 7.36 (m, 2H), 7.35 

– 7.29 (m, 2H), 7.00 (d, J = 8.4 Hz, 2H), 4.04 – 3.87 (m, 1H), 3.78 – 3.64 (m, 

2H). 

19F NMR (376 MHz, CDCl3) δ -70.04 (d, J = 9.0 Hz). 

13C NMR (101 MHz, CDCl3) δ 138.99, 133.74, 131.97, 130.76, 130.03, 129.22, 

127.81, 126.47, 123.34, 55.25, 45.40. 

HRMS (ESI+, m/z) [M+H+] calcd. for C15H12SO2F3Br 392.9766, found 

392.9778. [M+Na+] 414.9586, found 414.9603. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.67 – 7.50 (m, 1H), 7.45 – 7.33 (m, 1H), 7.22 

– 7.13 (m, 1H), 7.07 (d, J = 8.4 Hz, 1H), 4.03 – 3.89 (m, 1H), 3.72 (d, J = 7.0 

Hz, 1H). 

19F NMR (376 MHz, CDCl3) δ -70.07 (d, J = 8.9 Hz). 

13C NMR (101 MHz, CDCl3) δ 139.01, 135.17, 133.76, 130.47, 129.55, 129.20, 

129.01, 127.82, 126.55, 55.31, 45.30. 

HRMS (ESI+, m/z) [M+H+] calcd. for C15H12SO2F3Cl 349.0271, found 

349.0275. [M+Na+] 371.0091, found 371.0099. 
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1H NMR (400 MHz, CDCl3) δ 7.60 – 7.55 (m, 2H), 7.55 – 7.49 (m, 1H), 7.45 

(d, J = 8.2 Hz, 2H), 7.34 (dd, J = 10.8, 4.9 Hz, 2H), 7.27 (m, 2H), 4.07 (pd, J = 

8.9, 4.9 Hz, 1H), 3.83 – 3.71 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -63.05, -69.78 (d, J = 8.8 Hz). 

13C NMR (101 MHz, CDCl3) δ 138.88, 134.96, 134.06, 133.91, 129.68, 129.22, 

127.76, 125.73, 125.69, 123.65, 55.08, 45.75 (d, J = 28.8 Hz). 

HRMS (ESI+, m/z) [M+Na+] calcd. for C16H12SO2F6 405.0354, found 405.0351. 

 

 

 

 

1H NMR (400 MHz, CDCl3) δ 7.93 – 7.86 (m, 2H), 7.56 – 7.48 (m, 2H), 7.35 

– 7.29 (m, 2H), 7.22 (d, J = 8.2 Hz, 2H), 4.04 (pd, J = 8.8, 5.0 Hz, 1H), 3.93 (s, 

3H), 3.80 – 3.69 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -69.68 (d, J = 8.8 Hz).  

13C NMR (101 MHz, CDCl3) δ 166.12, 140.90, 137.26, 135.70, 130.97, 130.01, 

129.50, 129.32, 126.41, 126.13, 55.29, 52.32, 45.77 (d, J = 29.0 Hz). 
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HRMS (ESI+, m/z) [M+H+] calcd. for C17H14SO4F3Cl 407.0326, found 

407.0330. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.60 – 7.52 (m, 2H), 7.51 – 7.44 (m, 1H), 7.36 

– 7.28 (m, 2H), 7.11 (ddd, J = 11.3, 9.2, 4.5 Hz, 2H), 6.90 (dt, J = 7.9, 4.4 Hz, 

2H), 4.40 (pd, J = 9.1, 3.5 Hz, 1H), 3.79 (qd, J = 14.7, 6.8 Hz, 2H), 2.45 (s, 3H). 

19F NMR (376 MHz, CDCl3) δ -69.97 (d, J = 9.0 Hz). 

13C NMR (101 MHz, CDCl3) δ 139.20, 138.15, 133.55, 130.82, 129.46, 129.00, 

128.65, 127.54, 127.17, 127.05, 126.27, 55.69, 40.38 (d, J = 29.8 Hz), 19.84. 

HRMS (ESI+, m/z) [M+H+] calcd. for C16H15SO2F3 329.0818, found 329.0821.  

 

 

1H NMR (400 MHz, CDCl3) δ 7.68 (dt, J = 8.6, 1.6 Hz, 2H), 7.57 – 7.48 (m, 

1H), 7.41 – 7.36 (m, 2H), 7.28 – 7.21 (m, 1H), 7.14 (t, J = 7.4 Hz, 1H), 7.04 – 

6.98 (m, 1H), 6.97 – 6.88 (m, 1H), 4.36 – 4.25 (m, 1H), 3.87 (dd, J = 14.7, 10.9 

Hz, 1H), 3.71 (dd, J = 14.7, 2.6 Hz, 1H). 

19F NMR (376 MHz, CDCl3) δ -70.04 (dd, J = 8.9, 6.0 Hz), -115.26. 
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13C NMR (101 MHz, CDCl3) δ 162.31, 159.83, 138.56, 133.89, 130.91/130.83, 

129.95, 129.18, 127.94, 124.49/ 124.45, 118.48/118.36, 116.13/115.91, 54.11, 

39.19 (q, J = 30.0 Hz). 

HRMS (ESI+, m/z) [M+H+] calcd. for C15H12SO2F4 333.0567, found 333.0572. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.54 – 7.46 (m, 2H), 7.38 – 7.31 (m, 2H), 7.26 

(ddd, J = 8.0, 1.9, 1.1 Hz, 1H), 7.17 (t, J = 7.8 Hz, 2H), 7.09 – 6.97 (m, 2H), 

4.00 – 3.87 (m, 1H), 3.80 – 3.66 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -69.93 (d, J = 8.8 Hz). 

13C NMR (101 MHz, CDCl3) δ 140.89, 137.21, 134.87, 132.62, 130.14, 129.43, 

129.22, 127.59, 126.38, 123.59, 55.13, 45.67 (q, J = 29.0 Hz). 

HRMS (ESI+, m/z) [M+Na+] calcd. for C15H11SO2F3Cl2 404.9701, found 

404.9704. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.49 – 7.38 (m, 2H), 7.25 (dt, J = 4.4, 1.9 Hz, 

2H), 7.12 – 7.03 (m, 2H), 6.92 (d, J = 7.2 Hz, 1H), 6.76 (s, 1H), 3.98 – 3.84 (m, 

1H), 3.82 – 3.70 (m, 2H), 2.21 (s, 3H). 

19F NMR (376 MHz, CDCl3) δ -70.07 (d, J = 8.9 Hz). 
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13C NMR (101 MHz, CDCl3) δ 140.36, 138.57, 137.44, 130.47, 130.25, 129.66, 

129.60, 129.26, 129.11, 128.76, 126.51, 55.38, 45.98 (dd, J = 57.6, 28.9 Hz), 

21.10. 

HRMS (ESI+, m/z) [M+Na+] calcd. for C16H14SO2F3Cl 385.0247, found 

385.0253.  

 

 

1H NMR (400 MHz, CDCl3) δ 7.82 – 7.76 (m, 1H), 7.67 (ddd, J = 19.1, 9.4, 

6.0 Hz, 2H), 7.57 – 7.47 (m, 3H), 7.39 – 7.32 (m, 2H), 7.14 (d, J = 7.9 Hz, 1H), 

7.00 – 6.89 (m, 2H), 4.20 – 4.05 (m, 1H), 3.86 (ddd, J = 17.9, 14.8, 6.9 Hz, 2H). 

19F NMR (376 MHz, CDCl3) δ -69.75 (d, J = 8.9 Hz). 

13C NMR (101 MHz, CDCl3) δ 140.35, 137.35, 133.18, 132.81, 129.69, 129.48, 

129.19, 129.10, 128.95, 128.80, 127.71, 127.55, 127.09, 126.89, 125.51, 55.46, 

46.24. 

HRMS (ESI+, m/z) [M+H+] calcd. for C19H14SO2F3Cl 399.0428, found 

399.0427. [M+Na+] 421.0247, found 421.0248. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.35 – 7.30 (m, 2H), 7.18 (m, 6H), 4.19 (d, J = 

9.8 Hz, 1H), 3.51 – 3.34 (m, 1H), 1.79 (d, J = 7.0 Hz, 3H). 
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19F NMR (376 MHz, CDCl3) δ -68.40 (d, J = 8.0 Hz). 

13C NMR (101 MHz, CDCl3) δ 140.16, 136.74, 132.67, 130.08, 129.73, 129.02, 

128.71, 128.61, 71.43, 40.82 (dd, J = 52.3, 26.1 Hz), 30.89, 12.84. 

HRMS (ESI+, m/z) [M+Na+] calcd. for C16H14SO2F3Cl 385.0247, found 

385.0252. 

 

 

 

 

1H NMR (400 MHz, CDCl3) δ 7.84 – 7.80 (m, 2H), 7.54 – 7.48 (m, 2H), 7.35 

– 7.17 (m, 4H), 4.32 (qd, J = 9.0, 2.4 Hz, 1H), 4.06 – 4.01 (m, 1H), 3.57 – 3.43 

(m, 2H). 

19F NMR (376 MHz, CDCl3) δ -70.74 (d, J = 9.1 Hz). 

13C NMR (101 MHz, CDCl3) δ 141.19, 141.06, 135.24, 133.52, 130.29, 129.71, 

129.56, 127.70, 125.84, 124.68, 63.55, 50.96 (q, J = 29.5 Hz), 33.20, 29.69. 

HRMS (ESI+, m/z) [M+H+] calcd. for C16H12SO2F3Cl 361.0271, found 

361.0278.  
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1H NMR (400 MHz, CDCl3) δ 7.53 – 7.43 (m, 2H), 7.29 – 7.18 (m, 3H), 7.13 

(dd, J = 7.6, 4.2 Hz, 4H), 3.94 (pd, J = 9.1, 4.2 Hz, 1H), 3.80 – 3.65 (m, 2H), 

2.37 (s, 3H). 

19F NMR (376 MHz, CDCl3) δ -70.03 (d, J = 9.0 Hz). 

13C NMR (101 MHz, CDCl3) δ 150.45, 144.76, 136.04, 131.31, 130.00, 129.70, 

129.14, 128.71, 127.91, 55.48, 45.85, 21.53. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.52 – 7.42 (m, 2H), 7.32 – 7.24 (m, 3H), 7.20 

(dd, J = 10.3, 4.8 Hz, 2H), 7.10 (d, J = 7.6 Hz, 2H), 3.96 (pd, J = 9.1, 4.5 Hz, 

1H), 3.84 – 3.68 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -70.05 (d, J = 9.1 Hz). 

13C NMR (101 MHz, CDCl3) δ 140.50, 137.44, 130.81, 129.31, 129.16, 128.97, 

128.85, 126.69, 123.90, 55.50, 45.98 (q, J = 28.6 Hz). 

HRMS (ESI+, m/z) [M+Na+] calcd. for C15H12SO2F3Cl 371.0091, found 

371.0097. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.46 – 7.36 (m, 4H), 7.31 – 7.26 (m, 1H), 7.23 

– 7.17 (m, 2H), 7.09 (d, J = 7.6 Hz, 2H), 3.95 (pt, J = 8.0, 3.9 Hz, 1H), 3.82 – 

3.68 (m, 2H). 
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19F NMR (376 MHz, CDCl3) δ -70.05 (d, J = 9.0 Hz). 

13C NMR (101 MHz, CDCl3) δ 137.95, 132.32, 130.78, 129.34, 129.16, 129.10, 

128.95, 128.87, 126.68, 55.49, 45.97 (q, J = 28.7 Hz). 

HRMS (ESI+, m/z) [M+H+] calcd. for C15H12SO2F3Br 392.9766, found 

392.9759. [M+Na+] 414.9586, found 414.9589. 

 

 

1H NMR (400 MHz, CDCl3) δ 8.12 – 8.07 (m, 2H), 7.71 – 7.66 (m, 2H), 7.24 

(dt, J = 2.6, 1.7 Hz, 1H), 7.18 – 7.13 (m, 2H), 7.08 (d, J = 7.6 Hz, 2H), 4.07 – 

3.94 (m, 1H), 3.90 – 3.77 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -70.02 (d, J = 8.8 Hz). 

13C NMR (101 MHz, CDCl3) δ 150.47, 144.52, 130.43, 130.41, 129.31, 129.26, 

128.92, 126.52, 123.98, 55.56, 46.05 (q, J = 29.0 Hz). 

 

 

1H NMR (400 MHz, CDCl3) δ 7.65 – 7.52 (m, 4H), 7.30 – 7.23 (m, 1H), 7.21 

– 7.14 (m, 2H), 7.07 (d, J = 7.6 Hz, 2H), 3.99 (pd, J = 8.9, 4.8 Hz, 1H), 3.89 – 

3.75 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -70.03 (d, J = 8.8 Hz). 
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13C NMR (101 MHz, CDCl3) δ 143.10, 132.59, 130.44, 129.24, 129.21, 128.93, 

128.53, 126.54, 123.75, 117.30, 116.84, 55.45, 46.02 (q, J = 28.9 Hz). 

 

 

1H NMR (400 MHz, CDCl3) δ 7.47 – 7.38 (m, 5H), 4.13 – 3.93 (m, 1H), 3.69 

– 3.53 (m, 2H), 2.36 (s, 3H). 

19F NMR (376 MHz, CDCl3) δ -69.61 (d, J = 9.0 Hz). 

13C NMR (101 MHz, CDCl3) δ 129.62, 129.49, 129.30, 129.20, 127.14, 54.94, 

46.13 (d, J = 28.9 Hz), 42.27. 

HRMS (ESI+, m/z) [M+Na+] calcd. for C10H11SO2F3 275.0324, found 275.0326. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.34 (m, 5H), 4.12 (pd, J = 9.4, 3.1 Hz, 

1H), 3.51 (qd, J = 13.6, 6.4 Hz, 2H), 1.38 (s, 9H). 

19F NMR (376 MHz, CDCl3) δ -69.53 (d, J = 9.3 Hz). 

13C NMR (101 MHz, CDCl3) δ 132.64, 129.08, 129.00, 128.91, 124.49, 60.03, 

45.61, 44.14, 23.24. 

HRMS (ESI+, m/z) [M+Na+] calcd. for C13H17SO2F3 317.0794, found 317.0793. 
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1H NMR (400 MHz, CDCl3) δ 7.66 – 7.62 (m, 2H), 7.58 – 7.45 (m, 7H), 7.27 

– 7.13 (m, 5H), 4.02 (pd, J = 9.1, 3.4 Hz, 1H), 3.82 (qd, J = 14.7, 6.7 Hz, 2H). 

19F NMR (376 MHz, CDCl3) δ -70.03 (d, J = 9.0 Hz). 

13C NMR (101 MHz, CDCl3) δ 146.63, 139.09, 137.40, 131.09, 129.20, 129.11, 

128.77, 128.75, 128.73, 128.38, 127.67, 127.31, 126.80, 55.48, 45.98 (q, J = 28.7 

Hz). 

HRMS (ESI+, m/z) [M+H+] calcd. for C21H17SO2F3 391.0974, found 391.0980.  

 

 

1H NMR (400 MHz, CDCl3) δ 7.45 – 7.36 (m, 5H), 4.12 – 3.95 (m, 1H), 3.65 

(ddd, J = 17.6, 14.7, 6.8 Hz, 2H), 1.71 – 1.58 (m, 1H), 1.20 – 1.11 (m, 1H), 1.08 

– 0.97 (m, 1H), 0.82 – 0.63 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -69.77 (d, J = 9.0 Hz). 

13C NMR (101 MHz, CDCl3) δ 132.16, 129.37, 129.32, 129.15, 126.95, 53.79, 

45.79, 30.95, 5.51, 5.33. 

HRMS (ESI+, m/z) [M+H+] calcd. for C12H13SO2F3 301.0481, found 301.0485. 
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1H NMR (400 MHz, CDCl3) δ 7.57 (dd, J = 5.0, 1.3 Hz, 1H), 7.33 – 7.16 (m, 

6H), 6.91 (dd, J = 4.9, 3.8 Hz, 1H), 4.08 – 3.93 (m, 1H), 3.93 – 3.79 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -70.00 (d, J = 8.9 Hz). 

13C NMR (101 MHz, CDCl3) δ 139.88, 134.71, 134.49, 131.22, 129.07, 128.97, 

128.84, 127.78, 126.75, 56.8,  46.11 (q, J = 28.6 Hz). 

HRMS (ESI+, m/z) [M+H+] calcd. for C13H11S2O2F3 321.0225, found 321.0231. 

[M+Na+] 343.0045, found 343.0053. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.44 – 7.37 (m, 2H), 7.23 – 7.18 (m, 2H), 7.09 

(2d, J = 8.1 Hz, 1H), 6.88 (2d, J =  8.1 Hz, 1H), 6.62 (2s, 1H), 3.95 – 3.83 (m, 

1H), 3.80 – 3.66 (m, 2H), 2.82 – 2.46 (m, 3H), 2.43 – 2.30 (m, 1H), 2.25 – 1.93 

(m, 5H), 1.70 – 1.33 (m, 6H), 0.95 (2s, 3H). 

19F NMR (376 MHz, CDCl3) δ -70.12 (d, J = 8.8 Hz), -70.17 (d, J = 8.8 Hz). 

13C NMR (101 MHz, CDCl3) δ 220.38, 140.92/140.87, 139.96/139.90, 

137.66/137.63, 136.91/136.89, 129.72, 129.31/129.29, 129.06, 128.86, 

127.67/127.56, 127.21, 126.55, 125.83/125.81, 55.29/55.15, 53.40, 50.53/50.52, 
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47.94/47.89, 45.74 (q, J = 28.8 Hz), 44.30/44.24, 37.99/37.97, 35.80, 31.58/31.56, 

29.20/29.18, 26.24, 25.74/25.58, 21.56, 14.01/13.90. 

HRMS (ESI+, m/z) [M+H+] calcd. for C27H28SO4F3Cl 525.1473, found 

525.1482. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.81 – 7.69 (m, 3H), 7.49 (dt, J = 8.6, 1.6 Hz, 

1H), 7.44 – 7.37 (m, 2H), 7.33 – 7.26 (m, 2H), 7.20 – 7.12 (m, 2H), 7.03 (d, J = 

8.6 Hz, 2H), 6.87 – 6.79 (m, 2H), 4.16 – 4.04 (m, 1H), 4.00 – 3.86 (m, 4H), 

3.76 – 3.61 (m, 2H), 1.71 (d, J = 7.1 Hz, 3H). 

19F NMR (376 MHz, CDCl3) δ -70.13 (d, J = 8.8 Hz). 

13C NMR (101 MHz, CDCl3) δ 172.59, 157.86, 151.40, 140.63, 137.34, 134.86, 

134.81, 133.91, 130.09, 129.52, 129.32, 129.15, 129.02, 128.05, 127.43, 126.17, 

126.06, 126.04, 121.87, 119.18, 105.68, 55.56, 55.35, 45.56, 18.36. 

HRMS (ESI+, m/z) [M+H+] calcd. for C29H24SO5F3Cl 577.1058, found 

577.1053. 
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1H NMR (400 MHz, CDCl3) δ 7.48 – 7.38 (m, 2H), 7.30 (ddd, J = 6.9, 4.6, 1.7 

Hz, 4H), 7.15 (d, J = 7.9 Hz, 2H), 7.04 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 8.5 Hz, 

2H), 4.02 – 3.87 (m, 2H), 3.76 – 3.65 (m, 2H), 2.48 (d, J = 7.2 Hz, 2H), 1.87 

(dp, J = 13.5, 6.7 Hz, 1H), 1.62 (d, J = 7.2 Hz, 3H), 0.92 (d, J = 6.6 Hz, 6H). 

19F NMR (376 MHz, CDCl3) δ -70.13 (dd, J = 8.9, 4.9 Hz). 

13C NMR (101 MHz, CDCl3) δ 172.63, 151.44, 140.96, 140.64, 138.40, 137.37, 

137.35, 136.97, 136.93, 130.08, 129.54, 129.15, 127.97, 127.20, 121.87, 55.59, 

45.26, 45.06, 30.18, 22.38, 18.39. 

HRMS (ESI+, m/z) [M+H+] calcd. for C28H28SO4F3Cl 553.1422, found 

553.1413. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 8.7 Hz, 2H), 7.34 (dd, J = 8.5, 1.4 

Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 7.00 (d, J = 8.6 Hz, 2H), 4.07 – 3.92 (m, 1H), 

3.75 (m, 2H), 2.63 – 2.50 (m, 1H), 2.20 (dddd, J = 13.6, 9.3, 4.5, 2.2 Hz, 1H), 

2.06 – 1.94 (m, 1H), 1.78 (ddd, J = 13.4, 9.3, 4.2 Hz, 1H), 1.17 (d, J = 5.7 Hz, 

6H), 1.11 (s, 3H). 

19F NMR (376 MHz, CDCl3) δ -70.06 (d, J = 8.8 Hz). 

13C NMR (101 MHz, CDCl3) δ 177.68, 165.67/165.64, 150.46, 140.65, 137.43, 

137.40, 130.41, 129.58, 129.21, 128.93, 121.79, 90.70, 55.50, 54.92, 54.72, 45.89, 

45.60, 45.31, 45.02, 30.82/30.78, 28.96, 16.89/16.86, 9.72. 

HRMS (ESI+, m/z) [M+H+] calcd. for C25H24SO6F3Cl 545.1007, found 

545.1004. 
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1H NMR (400 MHz, CDCl3) δ 7.73 – 7.65 (m, 2H), 7.51 – 7.41 (m, 4H), 7.33 

– 7.28 (m, 2H), 7.07 (dd, J = 12.2, 5.5 Hz, 3H), 6.96 – 6.84 (m, 3H), 6.71 (dd, 

J = 9.0, 2.5 Hz, 1H), 3.96 (ddd, J = 15.8, 7.8, 4.5 Hz, 1H), 3.91 (s, 2H), 3.85 (s, 

3H), 3.71 (m, 2H), 2.47 (s, 3H). 

19F NMR (376 MHz, CDCl3) δ -70.08 (d, J = 8.9 Hz). 

13C NMR (101 MHz, CDCl3) δ 168.67, 168.30, 156.19, 151.22, 140.64, 139.44, 

137.38, 136.35, 133.81, 131.21, 130.91, 130.46, 130.20, 129.55, 129.19, 128.37, 

121.89, 115.04, 111.72, 101.39, 55.78, 55.55, 45.40 (d, J = 29.0 Hz), 30.52, 13.38. 

HRMS (ESI+, m/z) [M+H+] calcd. for C34H26NSO6F3Cl2 704.0883, found 

704.0882. 
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1H NMR (400 MHz, CDCl3) δ 8.79 (d, J = 10.8 Hz, 1H), 8.19 (dd, J = 8.6, 1.7 

Hz, 1H), 8.02 (dd, J = 20.9, 9.2 Hz, 3H), 7.85 (dd, J = 8.5, 1.7 Hz, 1H), 7.63 

(d, J = 2.3 Hz, 1H), 7.57 (dd, J = 8.4, 2.3 Hz, 1H), 7.53 – 7.49 (m, 2H), 7.43 – 

7.38 (m, 2H), 7.21 – 7.13 (m, 4H), 7.02 (d, J = 8.5 Hz, 1H), 4.10 – 3.98 (m, 1H), 

3.92 (s, 3H), 3.79 (d, J = 6.9 Hz, 2H), 2.20 (d, J = 2.4 Hz, 6H), 2.12 (s, 3H), 

1.82 (s, 6H). 

19F NMR (376 MHz, CDCl3) δ -70.01 (d, J = 8.9 Hz). 

13C NMR (101 MHz, CDCl3) δ 164.80, 159.09, 152.14, 151.71, 141.99, 140.74, 

139.13, 137.45, 136.39, 132.40, 131.83, 131.24, 130.31, 129.86, 129.63, 129.27, 

128.57, 126.78, 126.01, 125.86, 125.78, 125.71, 124.78, 122.31, 112.19, 55.19, 

40.66, 37.26, 37.15, 29.70, 29.14. 

HRMS (ESI+, m/z) [M+Na+] calcd. for C43H38SO5F3Cl 781.1973, found 

781.1963. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.61 – 7.55 (m, 4H), 7.52 (d, J = 8.2 Hz, 2H), 

7.43 (t, J = 7.5 Hz, 2H), 7.34 (t, J = 7.3 Hz, 1H), 5.95 (d, J = 1.1 Hz, 1H), 5.79 

(d, J = 1.6 Hz, 1H). 

19F NMR (376 MHz, CDCl3) δ -64.78. 

13C NMR (101 MHz, CDCl3) δ 141.90, 140.30, 138.67 (q, J = 30.0 Hz), 132.51, 

128.91, 127.78, 127.73, 127.30, 127.11, 123.46 (q, J = 274.1 Hz), 120.20 (q, J = 

5.8 Hz). 

GCMS (EI, m/z) [M+] calcd. for C15H11F3 248.0807, found 248.0804. 
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1H NMR (400 MHz, CDCl3) δ 7.64 – 7.57 (m, 4H), 7.48 – 7.40 (m, 4H), 7.40 

– 7.30 (m, 1H), 2.02 (t, J = 3.4 Hz, 3H). 

19F NMR (376 MHz, CDCl3) δ -89.82 (dq, J = 42.9, 3.3 Hz), 90.20 (dq, J = 42.8, 

3.3 Hz). 

13C NMR (101 MHz, CDCl3) δ 153.59 (dd, J = 290.7, 286.3 Hz), 140.60, 139.88, 

133.84 (t, J = 4.2 Hz), 128.81, 127.83 (dd, J = 4.7, 3.4 Hz), 127.38, 127.04, 

127.01, 87.23 (dd, J = 22.6, 14.1 Hz), 13.15 (t, J = 1.8 Hz). 

GCMS (EI, m/z) [M+] calcd. for C15H12F2 230.0902, found 230.0899. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.56 – 7.50 (m, 2H), 7.32 (d, J = 8.4 Hz, 2H), 

5.98 (q, J = 1.3 Hz, 1H), 5.78 (q, J = 1.6 Hz, 1H). 

19F NMR (376 MHz, CDCl3) δ -64.95 (s). 

13C NMR (101 MHz, CDCl3) δ 138.28 (q, J = 30.5 Hz), 132.67, 131.95, 129.16,  

123.54, 122.04 (q, J = 273.9 Hz), 121.03 (q, J = 5.7 Hz). 

GCMS (EI, m/z) [M+] calcd. for C9H6F3Br 251.9579, found 251.9577. 
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1H NMR (400 MHz, CDCl3) δ 7.59 (dd, J = 8.9, 2.1 Hz, 2H), 7.37 (m, 4H), 

7.31 – 7.27 (m, 4H), 7.15 – 7.11 (m, 2H), 6.95 – 6.88 (m, 2H), 5.78 (t, J = 7.4 

Hz, 1H), 4.26 (s, 2H), 3.49 – 3.37 (m, 1H), 2.98 – 2.88 (m, 1H), 2.84 – 2.73 (m, 

1H). 

19F NMR (376 MHz, CDCl3) δ -69.30 (d, J = 9.2 Hz). 

13C NMR (101 MHz, CDCl3) δ 140.48, 140.17, 137.35, 133.53, 130.29, 129.85, 

129.18, 128.98, 128.92, 128.86, 128.48, 128.36, 128.20, 127.55, 126.37, 57.90, 

49.77, 29.23. 

HRMS (ESI+, m/z) [M+H+] calcd. for C24H20SO2F3Cl 465.0897, found 

465.0911. 
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17. (a) Bezençon, O.; Heidmann, B.; Siegrist, R.; Stamm, S.; Richard, S.; 

Pozzi, D.; Corminboeuf, O.; Roch, C.; Kessler, M.; Ertel, E. A.; 

Reymond, Is.; Pfeifer, T.; de Kanter, R.; Toeroek-Schafroth, M.; Moccia, 

L. G.; Mawet, J.; Moon, R.; Rey, M.; Capeleto, B.; Fournier, E. Discovery 

of a Potent, Selective T-type Calcium Channel Blocker as a Drug 

Candidate for the Treatment of Generalized Epilepsies. J. Med. Chem. 



 
 

297 

2017, 60, 9769–9789. (b) Phelan, J. P.; Lang, S. B.; Compton, J. S.; Kelly, 

C. B.; Dykstra, R.; Gutierrez, O.; Molander, G. A. Redox-Neutral 

Photocatalytic Cyclopropanation via Radical/Polar Crossover. J. Am. 

Chem. Soc. 2018, 140, 8037–8047.  

18. Romine, A. M.; Nebra, N.; Konovalov, A. I.; Martin, E.; Benet-Buchholz, 

J.; Grushin, V. V. Easy Access to the Copper(III) Anion [Cu(CF3)4]─. 

Angew. Chem. Int. Ed. 2015, 54, 2745–2749. 

19. Ratushnyy,   M.; Kamenova,  M.; Gevorgyan, V. A mild light-induced 

cleavage of the S–O bond of aryl sulfonate esters enables efficient 

sulfonylation of vinylarenes. Chem. Sci. 2018, 9, 7193–7197.  

20. Tan, G.; Das, M.; Kleinmans, R.; Katzenburg, F.; Daniliuc, C.; Glorius, 

F. Energy transfer-enabled unsymmetrical diamination using 

bifunctional nitrogen-radical precursors. Nat. Catal. 2022, 5, 1120–1130. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



298 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

299 

Chapter 5 

Visible light-mediated photocatalysis for the 

conversion of biomass into formic acids 

 

ABSTRACT: Formic acid (FA) holds strong promise as both a 

prospective hydrogen reservoir and a valuable substrate for industrial 

domains such as textiles and pharmaceuticals. The present worldwide 

FA demand, quantified at 1.137 million metric tons per annum, 

mandates the innovation of sustainable methodologies to anticipate 

forthcoming requisites. In response, we propose a solar-energy-

mediated strategy for the generation of formic acid directly from 

biomass. This intricate process harnesses atmospheric oxygen's 

potential as an oxidizing agent to transform biomass like sugars, 

cellulose, and hemicellulose into formic acid. Our catalytic framework 

realizes the successful conversion of cellulose-abundant ubiquitous 

materials such as discarded paper and oak cork stoppers of wine 

bottles into formic acid through a sequence of controlled flow 

experiments. To comprehensively unravel the reaction's mechanism, 

we have conducted meticulous mechanistic inquiries, including 

density functional theory (DFT) calculations, aimed at gaining insights 

into the reaction pathways. 
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5.1 Introduction 

5.1.1. Importance of renewable energies 

Current scientific pursuits are significantly directed towards the 

exploration of renewable energy sources, including solar irradiation, 

wind power, hydropower, and non-consumable organic resources.1-2 

Within those sources, hydrogen emerges as a preeminent energy carrier, 

distinguished for its environmental purity and adaptable attributes. Its 

salient feature lies in its potential to operate within fuel cell frameworks, 

facilitating the generation of electricity, power, and heat while 

generating only water as a byproduct.3-4 Contemporary applications of 

hydrogen predominantly lie within the spheres of petroleum refinement 

and fertilizer synthesis, whereas the realms of transportation and utilities 

are undergoing transformative developments as nascent sectors.5 

However, to accelerate the implementation of this ecologically benign 

energy carriers, additional endeavours are imperative to tackle the 

difficulties linked with the storage and conveyance of generated 

hydrogen (Figure 5.1).6 

 

Figure 5.1. Hydrogen as a renewable energy source used in fuel cell. 

Currently, there has been extensive discourse concerning diverse 

strategies for hydrogen storage, approached through physical and 

chemical perspectives. It is worth noting that the extensively investigated 
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techniques involve the confinement of hydrogen within high-pressure 

vessels, achieving pressures of up to 700 bar, or within cryogenic 

reservoirs, maintained at temperatures as extreme as -253°C.7 

Additionally, alternative methodologies have been proposed, entailing 

the utilization of low-temperature adsorption and desorption procedures 

employing materials characterized by considerable internal surface areas, 

including metal-organic frameworks (MOFs), polymers of intrinsic 

microporosity (PIMs), zeolites, and carbon nanotubes.8 Furthermore, 

organic compounds are acknowledged as prospective candidates for 

hydrogen storage. Notably, liquid hydrogen carriers (LOHCs), 

exemplified by carbazole, exhibit intriguing properties, rendering them 

particularly appealing for storage and conveyance purposes (Figure 

5.2).9 

 

Figure 5.2. Recent methods for the storage of hydrogen. 

5.1.2. Advantages of FA as hydrogen carrier 

In addition to aforementioned hydrogen carrier, formic acid (FA) as a 

kinetically stable liquid at room temperature has garnered significant 

attention in the field of hydrogen storage.10 Significantly, the utilization 

of FA demonstrates high atom efficiency due to the complete accessibility 

of all stored hydrogen for catalytic storage and dehydrogenation (DH) to 

H2, and the thermodynamic feasibility of the conversion to CO2 is 

evidenced by a negative standard Gibbs free energy change (ΔG°) of -

32.9 kJ mol-1 at ambient temperature.10 Moreover, FA as a valuable 
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chemical finds widespread applications across diverse sectors such as 

pharmaceuticals, textiles, food, and agriculture. It is worth noting that 

the present global demand necessitates an annual supply of 1.137 million 

metric tons of FA. Consequently, there exists a significant imperative to 

develop sustainable methods to produce FA in order to meet the future 

energy requirements (Figure 5.3).9-11 

 

Figure 5.3. Formic acid as a hydrogen carrier and strategies for the formation of 

formic acid. 

5.1.3. Literature for FA generation from CO2 

The hydrogenation of CO2 into FA represents a prevalent pathway, 

nevertheless, this process necessitates elevated temperatures, pressures, 

and costly metal catalysts or their associated ligands.12 Alternatively, the 

utilization of photocatalytic or electrocatalytic processes for the 

conversion of CO2 to FA has gained attention, yet it remains distant from 

achieving the ultimate goal.13  
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Figure 5.4. The semi-artificial photosynthetic tandem PEC cell for water 

oxidation and CO2 reduction to formate.  

In 2018, Reisner group has reported a semi-artificial 

photoelectrochemical (PEC) tandem cell that converted CO2 to formate 

in conjunction with enzymes formate dehydrogenase (FDH) and 

photosystem II (PSII) (Figure 5.4).14a As elucidated in Figure 5.4, water 

was oxidized by oxygen-evolving complex (Mn4Ca) in PSII to generate 

oxygen and protons. Simultaneously, the electrons were transferred to 

cathode through the exrternal circuit. The migration of electrons from the 

CB of titanium dioxide (TiO2) to iron-sulfur clusters, tetranuclear iron-

sulfur clusters (Fe4S4). These clusters serve as conduits, establishing a 

connection between the active site of formate dehydrogenase (FDH) and 

the surface of the material. The transferred electrons arrived at [WSe]-

active site at the end, where CO2 was reduced to formate with 2.22 µmol 

cm-2. 
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Figure 5.5. Photocatalytic CO2 reduction to formate mediated by FDH 

immobilized on a-CD-NHMe2+. 

Since FDH serves as the prototypical enzymatic electrocatalyst 

employed in the process of electrochemical reduction of CO2 into formate, 

Reisner group continuously developed a photocatalytic CO2 reduction 

system for formate generation (Figure 5.5).14b The FDH was immobilized 

on photoluminescent carbon dots (CDs) with NHMe2+ linker. The 

photogenerated electrons were transferred to [WSe]-active site for CO2 

reduction to formate. The oxidized CDs were regenerated by the 

sacrificial electron donor (SED). The generation of formate can reach to 

4.18 µmol for 24 hours. 
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Figure 5.6. Mn-pincer complex-catalyzed hydrogenation of carbon dioxide to 

FA in the presence of lysine. 

In the context of the previously discussed photocatalytic enzyme-

mediated systems for CO2 reduction, it remains a challenge that the 

production of formate or formic acid (FA) following the acidification 

process does not yet attain an industrial-scale yield. In 2022, Beller group 

has developed the lysine-promoted reversible hydrogenation of CO2 to 

FA with a Mn-pincer complex (Figure 5.6).12 Utilizing this precisely 

characterized manganese complex, a highly efficient conversion of CO2 

into FA was achieved (92% yield and 230000 TON). It is imperative to 

underscore that the identical system exhibits efficiency in facilitating the 

converse reaction, namely, the generation of H2 from FA (>99 % yield and 

29400 TON).  

5.1.4. Literature for FA generation from biomass 

In addition to the hydrogenation of CO2, the utilization of biomass as 

a prospective source of FA is under consideration owing to its abundant 

availability and cost-effectiveness.15 Indeed, the production of FA from 

biomass through processes like catalytic oxidation and electrocatalysis 

has been explored. However, these approaches are inadequate in 

meeting the required quantity of FA and are hindered by challenges like 

substantial capital investment, substantial energy consumption, elevated 

operational expenses, or stringent operational requirements (Figure 

5.7).16  
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Figure 5.7. Catalytic transformation of biomass to FA mediated by vanadium 

catalysts. 

In 2011, group of Wasserscheid firstly reported that H5PV2Mo10O40, a 

Keggin-type heteropoly acid, could effectively convert biobased 

carbohydrates to FA (Figure 5.7a).16b Various water soluble mono- and 

disaccharides were carried out under the conditions to generate FA  in 

33-50 % yield. The strategy is also named by OxFA process. 

In 2012, group of Wasserscheid further optimized the reaction system 

for the conversion of cellulose feedstock to FA (Figure 5.7b).16d In this 

approach, organic acids, such as p-toluenesulfonic acid (p-TsOH), 

functioned as efficient solubility promoters and catalysts for the reaction 

involving biomass that is insoluble in water. For instance, water-
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insoluble xylan and cellulose offered FA in 53% and 22% yield under this 

conditions, respectively. 

To further improve the photocatalytic efficency of the conversion of 

biomass to FA, Zhang et al. has analyzed a series of vanadium-

substituted phosphomolybdic acids for converting cellulose into FA 

(Figure 5.7c).17a After examining those catalysts, H4PVMo11O40 was the 

best candidate, providing FA in 67.8% yield at 180 °C. 

Recently, group of Liang has reported a vanadium-acid catalytic 

system for biomass conversion to FA (Figure 5.7d).17b In the presence of 

2 wt% sulfuric acid, cellulose was efficiently decomposed and converted 

to FA with NaVO3 in 57.7 % yield at 170 °C. Importantly, not only the 

catalytic system was improved, but also the complete mechanism of the 

cellulose OxFA process has been investigated. In the cleavage-oxidation 

pathway of each carbon-carbon bond, the aldehyde group and the 

carboxyl group were the direct precursor of FA and the precursor of the 

by-product CO2, respectively. Therefore, this cellulose OxFA mechanism 

has explained the selectivity of FA and CO2 in the decomposition of 

biomass, which also would provide a theoretical framework for further 

enhancing the efficient conversion of biomass into FA. 
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5.1.5. Photocatalytic formation of formic acid from biomass 

 

Figure 5.8. Photocatalytic formation of formic acid from biomass. 

In 2017, a novel method involving UV-light photocatalysis with nano 

TiO2 has been successfully implemented by the group of Jin for the 

conversion of glucose into formate (Figure 5.8a).18a Due to the strong 

oxidation ability of TiO2, glucose was completely decomposed and 

converted into formate in 35% yield in the presence of 0.06 M NaOH. 

Later, Sagawa group also reported silver (Ag)-doped TiO2 nanofibers for 

glucose conversion to FA (Figure 5.8b).18b The nanofibers provided FA in 

25.8 % yield and ensure at least four times uses.  

As described in the reaction conditions, both systems required high-

energy mercury lamps to activated TiO2, which was energy consuming 

and costly. To avoid high-energy light sources, Reisner group developed 

a TiO2-CotpyP photocatalyst for the transformation of cellulose into 
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formate (Figure 5.8c).18c By employing TiO2-CotpyP photocatalyst, 

glucose and insoluble cellulose were converted into FA under the 

irradiation of simulated solar-light. However, the yield of FA generated 

through this approach, was comparably lower. 

Recently, based on the previous work, group of Reisner reported a 

semi-artificial biohybrid photocatalyst consisting of immobilized FDH 

on TiO2 (TiO2|FDH) for the transformation of cellulose to formate 

(Figure 5.8d).18d This sunlight-driven system simultaneously proceeded 

towards the oxidation of cellulose feedstock and CO2 reduction with 

good reactivity and selectivity. Although the yield of formate cannot 

meet the industrial requirement so far, this approach has paved the 

direction for the decomposition of cellulose  to valuable chemicals by 

using biohybrid photocatalysts.  
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5.2 Objective 
As elucidated within reported literatures, the transformation of 

biomass necessitated substantial power output from expensive light 

source, costly catalyst, or excessive quantity of alkali.19-20 Therefore, it is 

imperative to develop a visible-light-mediated method to efficiently 

convert carbohydrate-based biomass into FA, while minimizing energy 

consumption. Hence, by leveraging the fundamental process of 

photosynthesis, the proficient conversion of biomass into FA holds great 

potential to significantly contribute to the enhancement of sustainable 

approach around the globe.21-22 Herein, we aim to develop a visible light-

mediated transformation of biomass to FA with a metal-free 

photocatalyst under ambient temperature and pressure (Figure 5.9). 

 

Figure 5.9. Visible light-mediated transformation of biomass to FA with a 

metal-free photocatalyst. 
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5.3 Results and discussion 

5.3.1. Optimization of reaction conditions 

Table 5.1. Initial optimization of reaction conditions for photocatalytic 

production of FA. 

 

Entr

y 
Catalyst Solvent (mL) Base (M) Lighta (W) Yieldb (%) 

1 Riboflavin n-Butanol (0.5) NaOH (2.5) 12 40 

2 - n-Butanol (0.5) NaOH (2.5) 12 8 

3 Riboflavin n-Butanol (0.5) - 12 n.ob. 

d4 Riboflavin n-Butanol (0.5) NaOH (2.5) 12 n.ob. 

e5 Riboflavin n-Butanol (0.5) NaOH (2.5) 12 4 

Reaction conditions: substrate (36 mg), Photocatalyst (5 mol%), 20 h. aHome-made 

blue LED (456 nm). bFormate was acidified to FA with 2 M HCl and yields were 

determined by 1H NMR with trimesic acid as internal standard. cKessil Lamp (456 

nm). dUnder N2. eNo glucose. 

 

Glucose was chosen as the model substrate to optimize the reaction 

conditions (Table 5.1). To investigate the concept of transformation of 

glucose into formic acid (FA) under the irradiation of visible light, 

riboflavin was at first utilized as photocatalyst in a solution of glucose 

and n-butanol in the presence of base under O2 atmosphere. To our 

delight, FA was obtained in 40% yield in 20 h under the irradiation of 12 
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W household blue LED (Entry 1). To verify the essentiality of each 

component, a series of control experiments were conducted, revealing 

the pivotal involvement of the catalyst, base, and oxygen in the 

functioning of this photocatalytic system (Entry 2−4). Interestingly, trace 

amount of FA was also observed in the absence of starting material, 

namely glucose (Entry 5). The occurrence of unforeseen FA was ascribed 

to the alcohol oxidation process, subsequently leading to C−C bond 

cleavage, resulting in FA formation.  

Table 5.2. Optimization of light sources. 

 

Entr

y 
Catalyst Solvent (mL) Base (M) Lighta (W) Yieldb (%) 

1 Riboflavin H2O (1) NaOH (2.5) 12 45 

2 Riboflavin H2O (1) NaOH (2.5) 24 43 

3 Riboflavin H2O (1) NaOH (2.5) 40c 43 

4 Riboflavin H2O (1) NaOH (2.5) 20c 26 

5 Riboflavin H2O (1) NaOH (2.5) 10c 29 

Reaction conditions: substrate (36 mg), Photocatalyst (5 mol%), 20 h. aHome-made 

blue LED (456 nm). bFormate was acidified to FA with 2 M HCl and yields were 

determined by 1H NMR with trimesic acid as internal standard. cKessil Lamp (456 

nm). dUnder N2. eNo glucose. 

In order to mitigate excessive FA generation from alcohol, pure water 

as a solvent was employed, yielding an enhanced FA production of up 

to 45% (Table 5.2, Entry 1). The photocatalyst riboflavin can be activated 

under the irradiation of blue light. Therefore, the household blue LED 

was utilized as the light source. Additionally, more powerful light 
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sources were also investigated to increase the yield, however, no 

improvement was obtained by adjusting the lights (Entry 2−5).  

Table 5.3. Optimization of the concentration of base. 

 

Entr

y 
Catalyst Solvent (mL) Base (M) Lighta (W) Yieldb (%) 

1 Riboflavin H2O (1) NaOH (2) 12 43 

2 Riboflavin H2O (1) NaOH (1.5) 12 40 

3 Riboflavin H2O (1) NaOH (1) 12 35 

4 Riboflavin H2O (1) NaOH (3) 12 33 

5 Riboflavin H2O (1) NaOH (5) 12 17 

6 Rose Bengal H2O (1) NaOH (2) 12 25 

Reaction conditions: substrate (36 mg), Photocatalyst (5 mol%), 20 h. aHome-made 

blue LED (456 nm). bFormate was acidified to FA with 2 M HCl and yields were 

determined by 1H NMR with trimesic acid as internal standard. cKessil Lamp (456 

nm). dUnder N2. eNo glucose. 

In response to the growing demand for environmentally sustainable 

reaction conditions, reducing the usage of a base is consistently 

considered a favourable objective, provided that the reaction system 

remains unaffected. In pursuit of this goal, investigations were 

conducted by using lower concentrations of sodium hydroxide. The 

results revealed a clear trend: as the concentration of the base decreased, 

the yield of FA was also decreased (Table 5.3, Entry 1−3). Moreover, we 

expected higher yield of FA based on this trend, however, less FA was 

generated which was attributed to the limited solubility of sodium 

hydroxide in a small quantity of water (Entry 4−5). According to these 

optimizations, we determined Entry 1 in Table 5.3 as the model reaction 
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condition. In addition, we explored the use of rose bengal as a 

homogeneous photocatalyst under the optimized conditions. However, 

it exhibited inferior photocatalytic performances in the generation of FA. 

(Entry 6). 

5.3.2. Investigation of various saccharides 

 

Figure 5.10. Photocatalytic production of FA from biomass. Formate was 

acidified to FA with 2 M HCl and yields were determined by 1H NMR with 

trimesic acid as internal standard. aCellulose was pretreated and dissolved in 

water by using freezing-thawing method. 
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With the best reaction conditions in hand, we revisited our initial 

focus which pertained to the photocatalytic conversion of saccharides 

into FA (Figure 5.10). Initially, the substrate scope was expanded by 

systematically evaluating numerous monosaccharides, including D-

xylose, D(-)-fructose, D(-)-Ribose, D(-)-arabinose, D-galactose and L-(-)-

sorbose, most of which can be obtained from natural products and 

biomass. The sugars underwent successful transformation into FA with 

moderate to good yields through the implementation of optimized 

photocatalytic reactions. Furthermore, various disaccharides were also 

employed as substrates, each demonstrating favourable yields. In 

contrast to monosaccharides, the conversion of disaccharides 

necessitated longer reaction times. As a polysaccharide, cellulose was 

subjected to evaluation, revealing that even with an extended reaction 

time, the yield of FA obtained was comparatively lower. The diminished 

photocatalytic performance was attributed to cellulose's limited 

solubility in water, which served as a crucial limiting factor. Nevertheless, 

a significant improvement in cellulose solubility was achieved through a 

pre-treatment by employing the freezing-thawing method, resulting in a 

notable FA yield of 38%. 

5.3.3. Upscaling reaction with flow setup 

In the realm of photocatalysis, the challenges of extended reaction 

time and scaling up processes pose notable obstacles. Inspired by our 

previous work, to enhance the efficiency of the developed photosystems, 

it was plausible to explore the implementation of reactions conducted 

within a flow system.23 Following a systematic examination of the oxygen 

and sample rates within the flow setup, the optimized conditions for flow 

reactions were ultimately determined (See details of optimizations in 

Table 5.7). Polysaccharides, namely cellulose and xylan, were capable of 

generating FA with the production rates of 0.60 and 0.61 mmol/h, 

respectively (Table 5.4, Entries 1−2). Lignin, a group of intricate organic 

polymers, could also provide FA under our conditions with the 
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production rates of 0.37 mmol/h (Table 5.4, Entry 3). Remarkably, the 

valorisation of daily waste materials such as wastepaper and oak plugs 

demonstrated the capability to produce valuable FA at promising 

production rates through a well-designed flow system (Table 5.4, Entries 

4−5).24 

Table 5.4. Evaluation of various biomass-materials from daily life. 

 

Entry  Substrate O2 flow rate  Sample rate  Production rate 

1 Cellulose 1 mL/h 0.3 mL/h 0.60 mmol/h 

2 Xylan 1 mL/h 0.3 mL/h 0.61 mmol/h 

3 Lignin  1 mL/h 0.3 mL/h 0.37 mmol/h 

4 
Pre-treated 

waste paper 
1 mL/h 0.3 mL/h 0.18 mmol/h 

5 
Pre-treated 

oak plug 
1 mL/h 0.3 mL/h 0.24 mmol/h 

Reaction conditions: substrate (135 mg), riboflavin (5 mol%), NaOH (2 M), 

H2O (15 mL), 2x lamp kessil (40 W, 427 nm). The volumn of tube under the 

irradiation is 4 mL. Formate was acidified to FA with 2 M HCl and yields 

were determined by 1H NMR with trimesic acid as internal standard. 
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5.4 Mechanistic studies 

5.4.1. Quenching experiments 

To elucidate the mechanistic pathway, a series of quenching 

experiments were conducted (Table 5.5). Specifically, radical scavengers, 

namely BHT (Butylated hydroxytoluene) and TEMPO ((2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl), were introduced into the reaction 

system. While BHT exhibited negligible impact on the yield, the addition 

of TEMPO significantly reduced the formation of FA. Similarly, 9,10─

diphenylanthracene and copper(II) chloride (CuCl2) were incorporated 

as scavengers for singlet oxygen and single electron transfer (SET) 

process, respectively. The results demonstrated that singlet oxygen 

adversely affected the production of FA, as evidenced by an obviously 

lower yield when CuCl2 was present in the system. Moreover, 

tris(hydroxymethyl)aminomethane and benzoquinone were used as 

quenchers for hydroxyl radical and superoxide radical, respectively, 

leading to a reduced yield of FA.  

Table 5.5. Quenching experiments. 

 

Entry Quencher Be quenched aYield (%) 

1 BHT Radical 44 

2 TEMPO Radical 25 

3 9,10─Diphenylanthracene 1O2 49 

4 CuCl2 SET 15 

5 Tris(hydroxymethyl)aminomethane OH radical 8 

6 Benzoquinone O2•− 22 
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Reaction conditions: substrate (36 mg), riboflavin (5 mol%), NaOH (2 M), H2O 

(1 mL), 12 W blue LED. aFormate was acidified to FA with 2 M HCl and yields 

were determined by 1H NMR with trimesic acid as internal standard. 

5.4.2. Investigation of potential intermediates  

To investigate potential intermediates formed during the conversion 

of glucose to FA, diverse substrates were subjected to our experimental 

conditions (Table 5.6). The results in Table 5.6 demonstrated that glycol, 

glycolaldehyde, and DL-glyceraldehyde exhibited comparatively 

satisfactory yields of FA, albeit glycol exhibited low conversion. 

Conversely, other substrates, including glycolic acid, glyoxylic acid, and 

glyoxal, achieved 100% conversion, albeit with lower production yields 

of FA. Based on these findings, we hypothesize that glycol, 

glycolaldehyde, and DL-glyceraldehyde were the most plausible 

candidates for the intermediates in this transformation process. 

Table 5.6. Identification of possible intermediates. 

 

Entry Substrate aConversion (%) bYield (%) 

1 Glycol  42 29.68 

2 Glycolaldehyde 100 33.46 

3 Glycolic acid Cannot determine 13.57 

4 Glyoxylic acid 100 19.05 

5 Glyoxal 100 4.28 

6 DL-Glyceraldehyde 100 31.28 

7 1,3-Dihydroxyacetone Cannot determine 22.26 

Reaction conditions: substrate (0.2 mmol), riboflavin (5 mol%), 20 h, NaOH (2 mM), 

H2O (1 mL), 12 W Home-made blue LED (456 nm). aConversions of substrates were 
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determined by 1H NMR with trimesic acid as internal standard. bFormate was 

acidified to FA with 2 M HCl and yields were determined by 1H NMR with trimesic 

acid as internal standard.  

 

 

5.4.3. Theoretical calculations 

According to the quenching experiments and investigation of possible 

intermediates, we proposed the possible reactions step by step. To 

validate our assumption, the theoretical calculations further 

substantiated the exothermic nature of the free Gibbs free energies 

involved in the formation of glycol, glycolaldehyde, and DL-

glyceraldehyde, as well as the subsequent generation of FA. The energies 

of each step were also included in the proposed mechanism in Figure 

5.11. 
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5.5 Proposed mechanism 

In summary, we have presented the hypothetical sequence of reaction 

steps for the conversion of glucose, elucidating its potential 

transformation pathways (Figure 5.11). The hydrogen atom of glucose A 

was extracted by the hydroxyl radical (•OH), which was produced 

through the reductive quenching of the photocatalytic cycle, leading to 

the formation of the oxygen-centered radical B. Subsequently, a C−C 

bond cleavage occurred, resulting in the formation of the carbon-

centered radical C and glyoxal. It is worth noting that the carbon-

centered radical B1 is more thermodynamically favourable based on the 

gibbs free energy change (ΔG). However, compared to radical B, the 

pathway from radical B1 to radical C was difficult to be rationalized. The 

possible pathway is via 1,2-hydrogen atom (H) shift, which is not 

favourable since the bond dissociation energy of O−H is higher than the 

C−H. Therefore, we proposed that radical B was directly formed from A 

via a HAT process, followed by the generation of radical C. Following the 

formation of C, three distinct pathways have been elucidated through 

mechanistic investigations: Path I involved the subsequent cleavage of 

radical C, resulting in the formation of radical D, which subsequently 

reacted with •OH, leading to the production of one of the possible 

intermediates glycolaldehyde (H). In the alternative pathways, radical C 

directly reacted with •OH, leading to the formation of DL-

glyceraldehyde (F) along with either the oxygen-centered radical E or the 

carbon-centered radical G, which can undergo further reaction with 

•OH resulting in the generation of FA. Based on the analysis of the 

intermediate species (Table 5.4), it was postulated that compounds D, H, 

and F underwent subsequent reactions with •OH, ultimately yielding 

the desired FA, along with the by-products CO2 and H2O. 
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Figure 5.11. Proposed mechanism for sequential reaction steps of 

transformation of the glucose. 

5.6 Conclusion  

In summary, we have developed a visible light-mediated 

photocatalytic system for the transformation of biomass to valuable 

product formic acid. Notably, our approach operates under mild reaction 

conditions, effectively circumventing the need for high temperature and 

high pressure conditions that are commonly associated with such 

transformations. Furthermore, the implementation of a metal-free 

photocatalyst, as opposed to noble metal catalysts such as palladium-

based catalysts, is employed for the reduction of the capital investment. 

Significantly, it is worth noting that everyday waste materials, like waste 

paper and oak plugs, can be effectively valorised to yield high-valued 

products, aligning with the principles of green chemistry. We believe 

that our strategy will contribute to the transformation of biomass-

materials through visible -light-mediated photocatalysis and promote 

the advancement of supplementary methodologies in this field. 
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5.7 Supporting Information  

5.7.1 Materials 

NaOH, BHT (butylated hydroxytoluene), TEMPO (2,2,6,6-

Tetramethylpiperidine-1-oxyl), 9,10-diphenylanthracene, CuCl2, Tert-

butanol and Benzoquinone were purchased from Sigma Aldrich; 

DABCO (1,4-diazabicyclo [2.2.2] octane), Et3N (N, N-Diethylethanamine), 

Na2CO3, K3PO4 were purchased from TCI. Riboflavin was purchased 

from Alfa Aesar. 

5.7.2 Freeze-thaw method 

Lignocellulose is Earth’s most abundant form of biomass, which is 

mainly comprised of cellulose (>40 % in wood stems), surrounded by the 

less crystalline polymers hemicellulose and lignin.  Among them, 

cellulose is a polymer that is widely found in nature and constitutes the 

main component of plant cell walls.25 Due to its complex and highly 

bound structure, dissolving cellulose is not as easy as the normal 

dissolution process. Although, there are a number of methods that can 

be used to dissolve cellulose so that it forms a solution under specific 

conditions, such as dissolution of cellulose with ionic liquids26 and 

gasification, pyrolysis and pre-treatment hydrolysis/fragmentation 

steps,27 it either needs very expensive ionic liquids as solvents or needs 

high temperature and high pressure, the most effective method is freeze-

thaw treatment.28-29  

Cellulose and stirring bar were put inside the 2M NaOH solution, then 

the suspensions were kept in a freezer at -20 °C for 4 h. Then, the formed 

frozen solids were thawed at room temperature with strong stirring. In 

the end, a clear and transparent cellulose solution was collected. 
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Figure 5.4. Comparison of the dissolution effects of cellulose using ordinary 

stirring and freezing-thawing methods. 

Other compounds of Lignocellulose, such as hemicellulose, also can 

be extracted by using freeze-thaw assisted alkali treatment.30 

5.7.3 Photocatalytic experiments 

5.7.3.1 Experimental procedure in batch reactor 

In a 28 mL schlenk tube containing glucose (36 mg), Photocatalyst 

Riboflavin (5 mol%) and stirring bar capped with rubber septum 

followed by vacuum (3 minutes) and O2 flow provided by O2 balloon (30 

seconds) to make pure O2 atmosphere inside the tube. This process is 

repeated for three times. After that the O2 balloon was kept in this schlenk 

tube where needle is above on the solution, then1 mL 2 M NaOH solution 

was added into the schlenk tube. At the end, the solution was irradiated 

at Home-made blue LED (24 W, 456 nm) with vigorous stirring at 30 oC 

temperature for 20 hr. The liquid product formate was first acidified to 

FA with 2 M HCl and then the yields were determined by 1H NMR with 

trimesic acid as internal standard. 

5.7.3.2 Experimental procedure in in flow photoreactor 

In order to verify the industrial production potential of this method, 

we conducted large-scale experiment using flow setup.  
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In a 28 mL schlenk tube containing photocatalyst Riboflavin (5 mol%) 

and stirring bar capped with rubber septum followed by vacuum (3 

minutes) and O2 flow provided by O2 balloon (30 seconds) to make pure 

O2 atmosphere inside the tube. This process is repeated for three times. 

After that the O2 balloon was kept in this schlenk tube where needle is 

above on the solution, then cellulose solution (9 mg/mL, 15 mL) that 

prepared by using Freeze-thaw method was added into the schlenk tube.  

First of all, in order to make pure O2 atmosphere inside the flow setup 

system, the O2 cylinder should be opened for around 20 minutes to flush 

the whole tubes by using a high O2 flow rate. After that, further 

investigations were conducted out in the flow photoreactor on a fixed O2 

gas flow rate and sample flow rate respectively. At the light irradiation 

side, the solution was irradiated at 2 lamp kessil (40W, 427 nm). For light 

set up contains two lights where two lamps were placed up and down 

and on either side of the reaction tube. 

At the end, the liquid product formate was first acidified to formic 

acid with 2 M HCl and then the yields were determined by 1H NMR with 

trimesic acid as internal standard. 
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5.7.4 Equipment Installation Diagram 

5.7.4.1 Schematic representation of flow photoreactor system 

 

Figure 5.5. Schematic of flow reactor system. 

5.7.4.2 Picture of flow photoreactor system 

 

Figure 5.6. Pictures of flow reactor system. 

Specific parameters： 

[1] Total volume of reaction tube under the irradiation is 4 mL 

[2] The distance between lamp and reactor is 3 cm. 
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5.7.5 Optimization of reaction conditions  in flow reactor system 

Table 5.7. Flow experiment optimization for cellulose oxidation to FA. 

 

Entry Amount of Substrate O2 flow Rate Sample flow rate Yield % 

1 18 mg/mL 5 mL/h 3 mL/h 13 

2 18 mg/mL 2 mL/h 1 mL/h 29.30 

3 18 mg/mL 1 mL/h 0.5 mL/h 32.38 

4 9 mg/mL 0.7 mL/h 0.5 mL/h 34.05 

4 9 mg/mL 1 mL/h 0.5 mL/h 43.33 

5 9 mg/mL 1 mL/h 0.5 mL/h 31.43 

6 9 mg/mL 1 mL/h 0.3 mL/h 50 

7 9 mg/mL 1.25 mL/h 0.25 mL/h 39.52 

8 9 mg/mL 1 mL/h 0.25 mL/h 45.24 

9 9 mg/mL 0.75 mL/h 0.25 mL/h 41.90 

Following a systematic examination of the oxygen and sample rates within the flow 

setup, the optimized conditions for flow reactions were ultimately determined as 

entry 6 in Table 5.5. Reaction conditions: substrate, riboflavin (5 mol%), NaOH (2.0 

M), H2O (15 mL), 2 lamp kessil (40 W, 427 nm), 1 mL/h O2 flow rate and 0.3 mL/h 

sample flow rate. 
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5.7.6 Fluorescence Quenching Studies 

 

 

Figure 5.7. Stern-Volmer plot for riboflavin with base, O2 and glucose as 

potential quenchers. 
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In the fluorescence quenching studies, there is no decrease in the 

emission intensity with O2 or glucose, but the emission intensity 

decreases with the increase of the alkali concentration. It is proved that 

the hydroxide anion (OH−) rather than O2 or glucose is the quencher for 

the excited state of riboflavin. 

5.7.7 Evaluation of various bases 

Table 5.8. Evaluation of diverse bases with optimized conditions. 

 

Entry Substrate Base (2M) Time Yield % 

1 Glucose K3PO4 20h 31 

2 Glucose Na2CO3 20h 5 

3 Glucose Et3N 20h 21 

4 Glucose DABCO 20h 4 

5 Glucose NaOH 20h 43 

6 Formic acid NaOH 20h 100 

 

We can clarified from entries 1−5, the externally added hydroxide ions 

play a key role in biomass degradation and the resulting formate remains 

stable in this reaction system and is not futher converted (Entry 6). 

5.7.8 Theoretical calculation 

All calculations were performed with the AMS2022 suite.31-33 The PBE 

functional34 was chosen, combined with the TZ2P basis set35-36 (small 

frozen core). All geometries were optimized, and frequency 

calculations37-38 were performed to characterize the nature of the 
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stationary point (no imaginary frequencies for minima, 1 imaginary 

frequency for transistion states). The thermochemical data were 

calculated at T=298K, and P=1 atm. For radicals, unrestricted DFT 

calculations were performed, while for the closed-shell species restricted 

calculations were performed. 
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Summary and Outlook 
 

Broadly, this thesis is primarily focused on the reactions mediated by 

visible light, which could show the advantage and utility of 

photochemistry. In Chapter 1, the brief history, importance, and 

advantages of photoredox/catalytic reactions have been discussed. Low 

energy consumption, sustainability and facile application as the merits 

inspire us to explore more methodologies based on photochemistry. In 

the realm of reaction system design, it is of paramount significance to 

apprehend the redox processes between catalysts and substrates. This 

comprehension provides the potentials to not only optimize reaction 

conditions but also predict and expand the scope of substrate 

applicability. Therefore, three redox pathways of homogeneous 

photocatalysis have been described with the corresponding examples. 

Simultaneously, the stability and facile separability proficiency of 

heterogeneous catalysts have drawn immensely attention in 

photocatalysis. In this thesis, metal oxides and metal-free 

semiconductors including covalent organic framework (COF) and 

polymeric carbon nitrides (PCN) have been discussed. As ‘no one is 

perfect’, each material or catalyst has its shortcoming. To overcome the 

obstacle, various modifications of catalysts, particularly for PCN, are 

required and introduced along with selected examples in Chapter 1. 

Furthermore, photochemistry driven by noncovalent interactions 

(NCIs) has shown its importance in biological and organic synthetic 

domains. NCIs including hydrogen bonding, π-interactions, van der 

Waals, and Coulombic interactions maintain a fundamental role as the 

driving force within numerous processes. In organic synthesis, π-

interactions have garnered extensive utilization, serving not only to 

facilitate chemical reactions but also to systematically engineer catalysts 
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through a rational approach. Consequently, diverse categories of π-

interactions have been thoroughly discussed, along with their respective 

examples. 

In the last part of Chapter 1, red light-mediated photocatalysis has 

been separately elucidated due to its relatively infrequent utilization 

within the domain of photocatalysis when contrasted with other 

wavelengths of visible light.  

In contrast to the blue light system, the catalytic efficiency observed in 

the upscaling reactions under red light irradiation is notably enhanced. 

This enhancement can be attributed to the increased catalytic proficiency 

stemming from the superior light penetration characteristics of red light 

within the reaction medium. The explication of scalability pertaining to 

the red light-mediated reaction is exemplified through the case study of 

Stephenson's trifluoromethylation process. 

In Chapter 2−5, projects based on photochemistry including hydrogen 

peroxide (H2O2) generation with modified PCN (Chapter 2), 

functionalized amines formation via π-π interactions (Chapter 3), red 

light-mediated sulfonyltrifluoromethylation of olefins (Chapter 4) and 

the photocatalytic transformation of biomass to formic acid (Chapter 5) 

have been prepared and explained in detail. All these projects have 

showcased the efficacy and practicality of employing photochemistry, 

elucidating its advantages and potential applications. Our scientific 

contributions in each chapter/project are summarized as follows: 

In Chapter 2, we have modified PCN by introducing aryl amino 

moieties to facilitate the photocatalytic H2O2 generation by adjusting the 

electronic structure of PCN. The pivotal progress of this study resides in 

the fabrication of an efficient photocatalyst for the generation of H2O2, 

along with its detailed elucidation at the atomic level through a conjoined 

approach of solid-state MAS NMR spectroscopy employing nuclei such 

as 19F, 13C, 1H, and 15N. Moreover, facilitated by computational 
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investigations, we elucidated a potential reaction model at the atomic 

level. This revelation extends novel insights into the optimization of 

photocatalysts for the advancement of photocatalytic H2O2 production. 

 

In Chapter 3, we have made an innovative approach that utilizes 

visible-light irradiation to facilitate the reductive production of α-amino 

radicals, which hold significant synthetic relevance. This procedure uses 

a π-π stacked ionic complex as a pivotal mediator. Notably, the multiple 

π interactions serve to stabilize the transient reactive intermediate. The 

fascinating aspect of this methodology is that it eliminates the need for 

external photocatalysts or initiators within the Giese-type three-

component coupling system. The substrate scope encompasses a broad 

scope, as a diverse array of amines, aldehydes, and olefins demonstrate 

pronounced reactivity. We firmly believe that this protocol has the 

potential to open new possibilities for synthesizing lesser-explored 

amines, benefiting both the academic and industrial aspects of organic 

synthesis. 
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In Chapter 4, our efforts have culminated in the development of a 

pioneering protocol that focuses on red light-mediated photocatalysis to 

achieve sulfonyltrifluoromethylation on olefin substrates. The well-

constructed reaction framework has adeptly surmounted challenges 

inherent to radical regioselectivity. The impressive range of adaptable 

substrates and outstanding performance on intricate molecular 

structures underscore the significant efficiency and exceptional tolerance 

towards diverse functional groups demonstrated by these 

transformations. Further investigation through post-functionalization 

inquiries notably emphasizes the substantial industrial viability of the 

sulfonyltrifluoromethylated product, thereby affirming the profound 

significance of our strategy. We believe that our innovative approach will 

drive forward the realm of regioselective functionalization through the 

utilization of red light-mediated photocatalysis, thereby catalyzing the 

development of additional methods in this field. 
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In Chapter 5, we have developed a photocatalytic system for the 

transformation of biomass to formic acid under the irradiation of visible 

light. Remarkably, our methodology operates within mild reaction 

parameters, eliminating the need for the elevated temperature and 

pressure typically associated with such conversions.  Furthermore, we 

have adopted a metal-free photocatalyst, deviating from noble metal 

counterparts like palladium-based catalysts. Notably, it merits 

highlighting that everyday waste materials, including discarded paper 

and oak remnants, can be efficiently upcycled to yield valuable products, 

aligning harmoniously with the principles of green chemistry. We firmly 

believe that our innovative approach will significantly contribute to the 

transformation of biomass-derived materials through visible light-

mediated photocatalysis and promote the advancement of 

supplementary methodologies in this field. 
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