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Abstract 

This thesis investigates innovative photo- and nanocatalytic systems that enhance sustainability and 

efficiency in various organic transformations. In doing so, the synthesis of new nanomaterials and 

the development of effective catalytic methods were promptly achieved under mild conditions to 

match the requirements of more sustainable chemical synthesis. 

Chapter 1 introduces the general concepts of catalysis, emphasizing its role in promoting green 

chemistry principles. It aims to describe the underlying theory and operative mechanisms of key 

polar and radical organic reactions, with a particular focus on the application of nanomaterials in 

photo- and organocatalysis. 

Chapter 2 discusses the synthesis of nitrogen-doped carbon dots (NCDs) from L-arginine and alkyl 

diamines. This process demonstrates how the rational design of NCDs enhances their aminocatalytic 

performances in various enamine and iminium ion activated model reactions. 

Chapter 3 introduces phenol-rich carbon dots (p-CDs), which serve as metal-free and recyclable 

photocatalysts. These nanoparticles effectively catalyse challenging photochemical reactions, such 

as [3+2] cycloaddition reactions, showcasing significant yields of desired products.  

Chapter 4 focuses on the development of a new protocol for metal-free homolytic aromatic 

substitution of indoles under visible light, utilizing electron-donor-acceptor complexes. 

Finally, Chapter 5 investigates the photopermutation of indazoles to give benzimidazoles under 

direct excitation using UV light. In particular, a logical and in-depth study of the reaction was 

accomplished. 
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Riassunto 

Questa tesi esplora innovativi sistemi (foto)nanocatalitici che migliorano la sostenibilità e l’efficienza 

di varie reazioni organiche. In questo contesto, la sintesi di nuovi nanomateriali e lo sviluppo di 

metodi catalitici efficaci sono stati prontamente raggiunti in condizioni sintetiche blande, per 

soddisfare i requisiti di una sintesi chimica più sostenibile. 

Il Capitolo 1 introduce i concetti generali di catalisi, enfatizzando il suo ruolo nella promozione dei 

principi della chimica verde. Si propone di descrivere i principi di base e i meccanismi operativi delle 

principali reazioni organiche polari e radicaliche, con un’attenzione particolare sull'applicazione dei 

nanomateriali nella foto- e nell'organocatalisi. 

Il Capitolo 2 discute la sintesi di dots di carbonio dopati all’azoto (NCDs) a partire da L-arginina e 

diammine alchiliche. Questo processo dimostra come la sintesi razionale dei NCDs migliori le loro 

prestazioni amminocatalitiche in varie reazioni modello attivate da enammina e ioni imminio.  

Il Capitolo 3 introduce dots di carbonio ricchi di fenolo (p-CDs), che fungono da fotocatalizzatori 

riciclabili e privi di metallo. Queste nanoparticelle catalizzano efficacemente reazioni fotocatalitiche, 

come la reazione di cicloaddizione [3+2], mostrando rese elevate per i prodotti desiderati. 

Il Capitolo 4 si concentra sullo sviluppo di un nuovo protocollo senza l’utilizzo di metalli per la 

sostituzione aromatica omolitica degli indoli, utilizzando luce visibile, promosso dall’uso di complessi 

di donatore-accettore di elettroni. 

Infine, il Capitolo 5 indaga la fotopermutazione degli indazoli per dare benzimidazoli, sotto 

eccitazione diretta utilizzando luce UV. È stato quindi svolto uno studio logico e approfondito della 

reazione. 
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Chapter 1.  

General Introduction 

One of the most remarkable aspects of organic chemistry is its constant evolution, driven by the 

fundamental efforts of chemists. While new reactions may often be discovered accidentally, 

understanding and evaluating their significance is the work of organic chemists. In this context, 

catalysis stands out as a pivotal area of research. The field of catalysis serves as a primary tool for 

developing chemical processes across various fields, ranging from agrochemicals to energy storage 

or the pharmaceutical industry.1–3 

In general, catalysis involves the use of a substance, known as catalyst, that increases the rate of a 

reaction without altering the overall thermodynamics of the process.4,5 This substance works by 

lowering the activation energy of the rate-determining step(s) compared to the non-catalysed 

pathway. Figure 1 illustrates the potential energy profile of a generic reaction, and the reduced 

activation energy associated with the presence of a catalyst. 

 

Figure 1.1 Simplified energy profiles of an uncatalyzed reaction (black line) versus a catalysed counterpart (red line). The actual 
profiles may be more sophisticated with different minima and maxima. 

 

A catalytic approach presents numerous benefits for sustainability and economics, including cost 

saving, reduced time, energy consumption, and waste minimization.6 Indeed, catalysis is one of the 

twelve principles of green chemistry, which aims to maximize efficiency and minimize the negative 

impact of chemistry on the effects of human health and the environment. Unsurprisingly, the 

growing interest in academia and industry in developing novel catalytic sustainable approaches is 

driving extensive research in this field.7 
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1.1 Organocatalysis  

The discovery of new organocatalytic reactions is of fundamental importance for addressing 

challenging problems in organic chemistry.8 Specifically, organocatalysis involves the use of small 

organic molecules as catalysts to drive relevant transformations. This field is now widely recognised 

as one of the main branches of the modern synthesis, which employs organocatalysts with bio-, 

metal- and photoredox systems.9 Notably, in early 2000, the organic chemistry community 

witnessed an incredible rise in literature focused on the development of catalytic enantioselective 

reactions promoted by chiral small organic molecules.10 This branch is particularly significant as 

enantiomers play a primary role in chiral environments, such as in biological systems.11,12 Historically, 

organic reactions promoted by catalytic amounts of metal complexes with chiral ligands represented 

significant milestones in this field, culminating in the 2001 Nobel Prize awarded to K. Barry Sharpless 

for the Ti-tartrate catalytic asymmetric epoxidation of allylic alcohols and to Ryoji Noyori for the 

(2,2′-bis(diphenylphosphino)-1,1′-binaphthyl)-Ru catalytic asymmetric hydrogenation of 

ketones.13,14 Furthermore, the importance of organocatalysis has been recently recognized with the 

awarding of the 2021 Nobel Prize to Prof. B. List and Prof D. MacMillan for their outstanding 

contribution to the development of asymmetric organocatalysis.15 

The success of organocatalysis as a reliable platform for reaction engineering can be attributed to 

the discovery and development of new generic modes of activation. Specifically, the formation of a 

reactive catalytic intermediate results from the interaction between the organocatalyst and a 

specific substrate in a highly organized and predictable manner, ultimately leading to the formation 

of the desired product. Consequently, generic activation modes can be employed as valuable tools 

to design new syntheses in a relatively straightforward way. Based on the nature of this interaction, 

the activation modes can be classified into covalent and non-covalent.12 In the first case, the catalyst 

forms a covalent bond with the substrate during the catalytic cycle. In the latter case, non-covalent 

interactions, such as hydrogen-bond donor catalysis, activate the molecule for the catalytic 

transformations. 

Regarding the covalent activation techniques, aminocatalysis is the most widely used class of 

catalytic activation.16 It relies on the use of primary or secondary amines to activate a carbonyl 

compound through the reversible formation of an enamine, iminium ion, ammonium enolate, or a 

three-electron system, known as SOMO catalysis.10,16–18 Additionally, N-heterocyclic carbene (NHC) 

catalysis has been exploited to access acyl anion equivalents, unlocking polarity-driven reactivity.19 
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Generally, the strong interactions of covalent binding between catalyst and carbonyl compounds 

provided a reliable synthetic pathway for the functionalization of carbonyl compounds at α- or β-

position. 

On the other hand, non-covalent activation modes involve weaker, less directional and less distance-

dependent interactions than their covalent counterparts.20 Multiple hydrogen-bond donor moieties 

can work in concert to position the reaction partners in a highly organized transition state. Finally, 

another important non-covalent activation mode is the interaction of an ionic species combined with 

a chiral neutral, anionic, or cationic organocatalysts.21 This area is referred as ion pairing catalysis, 

which is widely used in asymmetric synthesis.21,22 

In the following sections, aminocatalytic activation modes, specifically iminium ion and enamine, 

will be discussed, as they have been studied during this PhD research.  

1.1.1 Aminocatalysis 

The use of simple amine molecules as organocatalyst was proposed for the first time in the early 

1970s when Hajos and Parrish reported the proline-catalysed intramolecular aldol reaction for the 

asymmetric functionalization of carbonyl compounds.23,24 However, it was only in 2000, with two 

groundbreaking studies, that the field of asymmetric aminocatalysis was established: the proline-

catalysed intermolecular aldol reaction, reported by List, Lerner and Barbas, and the imidazolidinone 

asymmetric organocatalyzed Diels-Alder reaction, developed by MacMillan.25,26 Since then, 

significant advances have been made in the implementation of aminocatalysis, opening new 

opportunities for the enantioselective functionalization of carbonyl compounds.10,27 Both reports 

are based on the covalent intermediates transiently generated upon condensation of chiral cyclic 

secondary amines with carbonyl compounds (aldehydes and ketones). The condensation of a α,β-

unsaturated carbonyl compound with a primary or secondary amine, in the presence of a protic acid, 

produces a positively charged iminium ion which lowers the Lowest Unoccupied Molecular Orbital 

(LUMO).28,29 This intermediate greatly enhances the electrophilic character of the carbon at the β-

position, favouring the attack of nucleophiles in reactions such as conjugated additions or pericyclic 

reactions (Figure 1.2a, right). For enolizable aldehydes or ketones, the LUMO-lowering effect 

increases the acidity of the α-protons inducing rapid tautomerization to the enamine reactive 

intermediates.  This enamine is more nucleophilic than the corresponding enol resulting in more 

susceptibility to electrophilic attack.30 This activation mode is referred as Highest Occupied 

Molecular Orbital (HOMO) raising and it enables the functionalization of the α-position of carbonyl 
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compounds with different electrophiles (Figure 1.2a, left).31 Subsequently, the group of MacMillan 

introduced the concept of Single Occupied Molecular Orbital (SOMO) activation, which arises from 

single electron oxidation of the transiently generated enamine.17 The resulting open-shell 

intermediate offers a pathway to access unconventional reactivity, leading to the formation of the 

respective products. 

 

Figure 1.2 (a) Iminium ion and enamine activation of carbonyl compounds. HA = protic acid, Nu = nucleophile, E = electrophile (b) 
Some of the most used “privileged aminocatalysts”. 

 

In most reports, aminocatalytic reactions were conducted using bio-mimicking scaffolds providing a 

library of catalysts, such as aminoacids or cinchona alkaloids-derived primary amines, ureas among 

others, known as “privileged aminocatalysts” (Figure 1.2b).32–34  

Remarkably, aminocatalysis has exhibited large applicability in organic synthesis, from total synthesis 

of drugs to biochemistry using enzimes.35 The advantages of organocatalysis over organometallic 

chemistry contributed to its widespread use, particularly its cost-effectiveness, readily available from 

the natural chiral pool, usually non-toxic, tolerant to moisture and air, and environmentally friendly. 

Additionally, organocatalytic methods are particularly appealing for the large-scale production of 
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pharmaceutical compounds in industrial settings due to the absence of contaminants from transition 

metals. Nevertheless, several limitations are associated with these catalytic techniques. For 

instance, a long reaction time is usually required, as well as relatively high catalyst loading (5 to 30 

mol%), and catalyst recyclability is quite variable. Despite these aspects, organocatalysis has become 

a popular research area and a widely used strategy in synthetic chemistry.  

In this thesis, the iminium ion and enamine activation modes have been employed to initiate 

different aminocatalytic reactions. Specifically, nanomaterials rich in amines, namely carbon dots, 

were used as aminocatalysts. A comprehensive discussion of these findings can be found in Chapter 

2.  

1.2 Direct photochemistry and Photocatalysis 

1.2.1 From Photochemistry to Photoredox Catalysis 

Photochemistry is the branch of chemistry that deals with chemical changes promoted by the 

absorption of light.4 In these chemical transformations, the energy required to convert the starting 

materials into the final products is provided by photons. From this perspective, sunlight is a 

remarkable natural source of energy. One of the most significant challenges of the twenty-

first century was the necessity of considering alternative energy sources to move from the limited 

supply of fossil fuels.36 Giacomo Ciamician was among the first scientists to pay attention to the 

energy problem. In his study “The Photochemistry of the Future” published in 1912, Giacomo 

Ciamician highlighted the necessity to switch from fossils to renewable energy sources.37 Nowadays, 

photochemistry is an established strategy for driving many transformations not achievable using 

traditional methodologies.  

Upon light absorption, a chemical species reaches an electronically excited-state, which differs from 

the corresponding ground state in terms of energy content and chemical and physical properties.38 

The study of this phenomenon has led to the discovery of numerous novel reactions and preparative 

methodologies. The twentieth century harnessed UV light as a powerful source of energy for the 

construction of organic molecules. Subsequently, an increasing number of research groups adopted 

visible-light-mediated synthetic transformations to avoid the harsh conditions associated with UV 

light. 

Nevertheless, a basic impediment in the use of visible light, which has limited its growth for decades, 

relies on the inability of most organic molecules to absorb visible light.39 In the past decade, the 
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independent efforts of MacMillan,9 Yoon,40 Stephenson,41 and other contributors allowed to 

circumnavigate this problem, thus opening the way to a new field of research, namely visible-light 

photocatalysis.42,43 This approach is based on the ability of light-absorbing metal-based complexes 

to generate reactive radicals from suitable precursors under visible light irradiation. In particular, 

when the light-excited photocatalysts can act as photo-oxidants or photo-reductants towards a 

reaction component, the described approach is known as photoredox catalysis.44 In fact, it made 

possible the development of radical chemistry for synthetic purposes by accessing the generation of 

highly reactive open-shell species in very mild conditions.42 The foundation of photoredox catalysis 

lies in the effectiveness and versatility of transition metal chromophores (mainly Ru, Ir and Cu) for a 

wide range of photochemical transformations under visible light irradiation.39,44,45 However, several 

issues have rendered transition-metal-based photocatalysts less interesting nowadays. Specifically, 

their toxicity, limited abundance, relatively high cost and difficult recyclability have prompted 

researchers to seek more environmentally friendly photocatalytic alternatives.46,47 In the last years, 

metal-free organic chromophores, with optical and redox properties, have become increasingly 

common to meet more sustainable demands.48 These more affordable and long-lasting 

photocatalytic systems have emerged as promising photocatalytic platforms for innovative green 

synthetic methodologies.49  

Specifically, this thesis addresses the utilization of photo-active metal-free nanomaterial, namely 

carbon dots, to trigger synthetically relevant transformations under visible light irradiation. These 

results are depicted in Chapter 3. We also reported the visible-light absorbing Electron-Donor 

Acceptor (EDA) complexes capable of generating open-shell species to undergo relevant catalytic-

free reactions (Chapter 4). Considering the extensive study about reactions promoted by UV-visible 

light, it is essential to discuss the general mechanistic aspects leading to the formation of key radical 

species upon light absorption. This is the main aim of the following sections. 

1.2.2 Light Absorption and Excited-State Deactivation Pathways 

Light absorption is the element that connects all the photochemical transformations. This event is 

crucial in the light-matter interaction because it allows the formation of electronically excited-state 

species starting from ground-state compounds. The phenomenon of the absorption of a 

monochromatic photon by an absorber species in solution is governed by the Beer-Lambert law (eq. 

1):  
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𝐴 = 𝑙𝑜𝑔(
𝐼0

𝐼
) =  𝜀𝑙𝑐 

(eq. 1) 

 

where A is the absorbance, I the intensity of the transmitted light, I0 the intensity of the incident 

light, ε the molar absorption coefficient, l the optical path length and c the concentration of the 

absorber solution.  

Compounds that absorb light contain antennae groups, known as chromophores, which are 

responsible for light absorption. The energy of the absorbed photons triggers the transition of one 

electron from the HOMO to the LUMO. This implies that the molecule passes from the ground 

electronic state to an electronically excited-state, respectively described by the wave functions 

Ψinitial and Ψfinal. The feasibility of the electronic transition is determined by the matching 

between the energy of the photons (ℎ𝜈) and the energy of a pair of electronic energy levels Ψ in the 

absorber (eq. 2):  

ℎ𝜈 =  𝐸𝑓 − 𝐸𝑖  (eq. 2) 

 

where Ef and Ei are the energies of the excited-state Ψf and the ground state Ψi. Moreover, the 

magnitude of the electronic transition relies on the selection rules, that indicate which transitions 

are allowed or forbidden, considering the symmetry of the orbitals involved and their spin 

multiplicity.38 

After the electronic transition, the excited-state species may release its energy content or undergo 

chemical reactions. In general, a photochemical reaction can be initiated by (i) direct excitation of 

the substrates or reaction intermediates (direct photochemistry), or by (ii) the ability of structures 

to absorb light and then activate the non-absorbing substrates. If the absorbing compounds are 

regenerated during the catalytic cycle, they are called photocatalysts. Figure 1.3 schematized the 

processes of an excited-state species and their interaction mode with the reaction components.  

 

Figure 1.3 The light absorption produces an excited-state molecule that can undergo various deactivation pathways. 
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In some cases, the absorbing substrate directly undergoes a chemical transformation, such as 

photochemical rearrangements. While the mechanisms of the interaction of the photoexcited 

species with other reaction components may be classified in (i) energy transfer, (ii) photo induced 

electron transfer or (iii) atom transfer (e.g., hydrogen atom transfer or halogen atom transfer). 

Detailed information about these common pathways is described in the next sections. Instead, the 

energy-releasing pathways can be classified as radiative (transitions to lower states involving light 

emission, i.e. fluorescence and phosphorescence) and non-radiative (transitions involving the 

release of heat, i.e. internal conversion and vibrational relaxation). While ground-state compounds 

are indefinitely stable, excited-states are transient and short-lived species. Their lifetime (τ) depends 

on the rate of the abovementioned deactivation processes.50 In addition, the excited-state 

intermediate can participate in numerous inter- and intramolecular processes that lead to a change 

in the chemical composition of the species involved.  

1.2.3 Direct Substrate Photoexcitation and Electron Donor-Acceptor (EDA) Complexes  

In the field of synthetic photochemistry, photochemical processes are driven by harvesting the 

energy of the incident photons.51 As anticipated in Section 1.2.2, a reaction substrate (S) directly 

absorbs the light leading to the formation of the product (P). Traditionally, these reactions were 

conducted using UV light due to its higher source of energy associated with UV wavelengths. In the 

twenty-first century, the focus on photochemistry has shifted towards visible light to avoid the harsh 

conditions associated with UV irradiation.52 However, the traditional view of UV wavelengths as the 

primary drivers of photochemical transformations is evolving. A novel trend has emerged, aiming to 

achieve efficient synthetic methods with a high level of mechanistic understanding.53 Previously, the 

use of UV light was often linked to low selectivity due to its high energy and complex reaction setups 

(e.g., quartz tubes as reaction vessels and apparatus such as Xe or Hg lamps).54 Today, however, 

conducting a photochemical reaction under UV light can be as straightforward as using visible-light 

sources. 

An elegant example of direct photoexcitation involves the UV light absorption of an aldehyde, in the 

Paternò-Büchi reaction, and subsequently reaction with an olefin to yield the corresponding oxetane 

(Figure 1.4a).55 Other studies investigated the [2+2] photocycloadditions, which represent a 

common method to access carbocyclic products, through UV light irradiation of strained 

nonconjugated alkenes56 or the alkylation of transient photo-enols, via unconventional Michael-type 
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addition, through direct irradiation at 320 nm.57 Recently, Leonori and co-workers reported the 

photoexcitation of nitroarenes under purple light irradiation to use them as ozone in various 

reactivities, such as cycloadditions with alkenes or dearomatization (Figure 1.4a).58–60  

 

 

Figure 1.4 (a) Ground-state species that can harvest the energy of incident photons to undergo photochemical reactions. Example of 
Paternò-Büchi. Example of the direct irradiation of nitroarenes for the oxidative cleavage of alkenes. (b) Irradiation of an electron 
donor-acceptor complex (EDA) complex to generate radical ion pair species. Examples of typical donors and acceptors employed in 

this approach. ED = electron-donating group. EWG = electron-withdrawing group. 

Alternative catalytic-free approaches include the formation of coloured molecular associations 

between two or more species, which are transiently generated in the ground state, to drive diverse 

reactivity.61 The appearance of vivid colours when two colourless organic compounds are combined 

was observed 40 years ago. Hildebrand investigated the different coloured solutions formed when 

iodine is mixed with various solvents.62 Eventually, spectroscopic investigations showed that 
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benzene and mesitylene form 1:1 stable complexes with iodine.63 In 1952, Robert Mulliken proposed 

a quantum mechanical theory to explain the formation of these complexes.64 According to the 

Mulliken charge-transfer theory, the aggregation of an electron-rich substrate (a donor D with a low 

ionization potential, IP) with an electron-accepting molecule (an acceptor A with a high electronic 

affinity, EA) can trigger the formation of a new complex in the ground state, known as EDA complex 

(Figure 1.4b, KEDA being the association constant for the complex formation).61 New molecular 

orbitals are formed from the electronic coupling of the D and A frontier orbitals (HOMO/LUMO), 

resulting in physical properties for the EDA complex that differ from those of the separated 

substrates.65 This new chemical entity is characterized by the appearance of a new absorption band, 

the charge transfer band (hνCT), associated with an ΨGS → ΨES electronic transition (Ψ is the wave 

function, associated with ground and excited-states). In many cases, the energy of this transition lies 

within the visible range. Upon excitation of the EDA complex (orange box in Figure 1.4b), the ΨES is 

populated, leading to the transfer of an electron (PET) from the HOMO of the D to the LUMO of the 

A to generate a radical ion pair characterized by a net charge separation. This complex may ultimately 

furnish reactive radicals that then evolve through the formation of the desired products.  

Thanks to the EDA complex, it is possible to activate compounds under visible-light irradiation that 

would not normally absorb in the visible spectrum.64,66 Thereafter, a variety of examples of the 

utilization of coloured EDA complexes in synthetic photochemistry have been reported, providing 

new opportunities in this field.67 In the most relevant case studies, the donors are typically electron-

rich arene, amines, enamines or enolates, while the acceptors are generally electron-poor arenes, 

alkyl halides, boronic acids, iminium ions and so on.68–71 

To better understand the formation of the EDA complexes, efforts have focused on their 

photophysical characterization. The section 1.3 will examine some essential techniques to 

investigate the EDA complex and generally the common photochemical transformations.  

1.2.4 Photocatalytic Transformations  

Besides direct photochemistry, different photocatalytic activation modes can be in play. 

Firstly, the energy transfer (EnT) phenomenon, commonly referred to as photosensitization, enables 

the indirect excitation of a molecule that cannot directly absorb incident photons.72 The EnT 

mechanism occurs frequently in nature, playing a pivotal role in processes like photosynthesis.73 By 

exciting an acceptor in its ground-state, the energy transfer process involves the deactivation of the 

excited-state photocatalyst (PC*). Energy transfer can occur through two distinct modes (Figure 
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1.5a). The first is Förster resonance energy transfer, where the photoexcited donor D* triggers the 

excitation of the ground state acceptor A via Coulombic interactions. However, in the context of 

reactions in solution, particularly in the majority of laboratory synthetic photocatalysis, a second 

mode of EnT is more appropriate.72 This mode is referred to as Dexter energy transfer, where D* 

excites an acceptor molecule A through an intermolecular exchange of ground state and excited-

state electrons.74 

Beyond energy transfer, the photocatalyst (PC) can participate in the electron transfer pathway. 

The photoinduced electron transfer (PET) mechanism provides a straightforward method for 

producing reactive open-shell species. This mechanism serves as the basis for photoredox catalysis, 

in which a PC, used in sub-stoichiometric quantities, harnesses the energy to reach its excited-state 

(PC*).42,48,75 This excited species exploits its high energy to promote the photochemical reaction by 

interacting bimolecularly with the substrate in the ground state. Depending on the properties of 

both the PC and the substrate, three mechanistic approaches can be considered: electron transfer, 

energy transfer, and atom transfer.45 In the electron transfer event, PC* can interact in either an 

oxidative or reductive quenching cycle. In the oxidative quenching cycle, PC* acts as a reductant, 

transferring an electron to an appropriate electron acceptor (A) via PET. This step generates the 

radical anion of the acceptor (A●–) and the oxidized photocatalyst (PC●+). Conversely, when PC* acts 

as an oxidant, taking an electron from a donor (D), the reduced photocatalyst is formed (PC●–). The 

catalytic cycle is then closed by a second SET event from a redox-active species, either a sacrificial 

donor/acceptor or an open-shell intermediate (Figure 1.5a). This approach is valuable for 

constructing new synthetically useful chemical bonds.76 

In literature, the most popular metal-based visible light-absorbing PCs consist of Ru and Ir.42,77 When 

the related polypyridyl complexes are in their excited-state, they can function as strong oxidant or 

reducing agents towards suitable donors or acceptors78,79 (Figure 1.5a).  
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Figure 1.5 (a) General photocatalytic cycle for a photocatalytic reaction. (b) Some examples of the most employed metal-based and 
metal-free photocatalysts. 

 

Given that ligands significantly influence the redox activity of these PCs, therefore they can be finely 

tuned to impart the desired properties to the photoactive catalysts. Customized photoredox 

properties can also be achieved through substituent modifications. For instance, incorporating bulky 

or long alkyl chain substituents can reduce unwanted outer sphere SET and modulate catalyst 

aggregation.74 When the electron density of the metal centre rises, the oxidative power of the 

complex decreases while, its reductive power simultaneously increases.76,77 

Over the last few years, major efforts have been devoted to the development of metal-free organic 

PCs.80 The most employed organic PCs feature a highly functionalized aromatic core that provides 
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them the desired features, such as a strong absorption in the visible region and pronounced redox 

character. Besides being a more economical and sustainable option compared to metal-based PCs, 

organic PCs offer an increasing number of modular scaffolds that are characterized by peculiar and 

tunable physicochemical features.49,81 Examples of rational modifications include doping with 

heteroatoms or the incorporation of electron-donating or electron-withdrawing substituents on the 

PC scaffold.81 Common organic dyes employed as PCs are acridinium salts, phenoxaxine derivatives, 

xanthenes (Figure 1.5b).82 Along with the abovementioned advantages of visible-light-absorbing 

PCs, the field of organic photoredox catalysis plays an important role in the development of novel 

photochemical transformations such as C-C and C-X couplings, C-H functionalizations or 

cycloadditions.40,45,83 

Other commonly used reaction pathways involve the formation of open-shell species via hydrogen 

or halogen atom transfer (HAT or XAT) from ground-state compounds. HAT is characterized by the 

simultaneous transfer of a proton and an electron from the C-H bond of the substrate, referred to 

as hydrogen donor, to an accepting species in a single kinetic step (Figure 1.5a).84 This mode of 

catalysis is commonly observed in certain families of aromatic ketones, polyoxometalates, and uranyl 

cations when they function as photocatalysts.85 Whereas, XAT-based activation involves the direct 

homolytic abstraction of the halogen atom by an appropriate abstractor radical. This method offers 

an attractive tool for developing densely functionalised compounds, as many XAT agents exhibit 

great chemo selectivity, reacting preferentially with halide groups.86 

1.2.5 Photoinduced Electron Transfer  

The most relevant excited-state deactivation pathways in synthetic photochemistry are indisputably 

electron. Regarding the first interaction mode, electron transfer occurs when a light-excited 

molecule can donate or accept an electron by interacting with suitable redox-active compounds. 

Specifically, the photoinduced electron transfer (PET) is defined from IUPAC as “electron transfer 

resulting from an electronic state produced by the resonant interaction of electromagnetic radiation 

with matter”. Remarkably, the high energy content of the excited-state species influences its electron 

transfer ability, making it both a better oxidant and reductant than the corresponding ground-state 

compound.50 
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Figure 1.6 The ionization potential (IP) and electron affinity (EA) of an excited-state species that explains why it is a better oxidant 
and reductant than its corresponding ground-state. 

To explain this phenomenon in depth, is necessary to consider the whole photochemical process 

from a thermodynamic point of view. In fact, upon excitation of the absorbing molecule, one 

electron populates the antibonding orbital, which is positioned at a greater separation distance from 

the nucleus. For this reason, the energy required for a single-electron ejection process (also called 

ionization potential) is lower with respect to the ground-state species. On the other hand, the 

presence of a half-filled orbital near the nucleus increases the amount of energy released during a 

single-electron addition process (known as electron affinity), compared to the ground-state species 

(Figure 1.6).47 Consequently, the energy level of the excited-state enhances the capacity for electron 

transfer, rendering it a more effective oxidizing and reducing agent. 

PET event that involves an excited-state species and a ground-state molecule can occur in two 

different circumstances (eq. 3-4):  

𝐷∗ +  𝐴 →  𝐷+  +  𝐴− (eq. 3) 

𝐷 +  𝐴∗  →  𝐷+  +  𝐴− (eq. 4) 

  

where D* and A* are respectively the excited-state donor and acceptor. Indeed, the Gibbs free 

energy variation of the process (ΔG0
et) depends on the difference between 𝐸𝐷+/𝐷∗

0  and 𝐸𝐴/𝐴−
0  and 

the term C which describes the interaction between the charged species formed and the solvation 

effects. The ΔG0
et associated to the PET must include the excitation energy (E00) and can be calculated 

through the Rehm-Weller equation.87,88 For the case of an excited donor (D*) that reacts with a 

ground-state acceptor (A, eq. 5-7):  
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𝛥𝐺𝑒𝑡
0  =  (𝐸𝐷+/𝐷∗

0  − 𝐸𝐴/𝐴−
0 )  +  𝐶 (eq. 5) 

𝐸𝐷+/𝐷∗
0 =  𝐸𝐷+/𝐷

0 − 𝐸00 (eq. 6) 

𝛥𝐺𝑒𝑡
0  =  (𝐸𝐷+/𝐷

0  −  𝐸𝐴/𝐴−
0 − 𝐸00)  +  𝐶 (eq. 7) 

 

where E0
D

+
/D* is the reduction potential of the donor in the excited-state (D*). This value is expected 

to be smaller than the reduction potential of the donor (E0
D

+
/D), since D* is a better reducing agent 

than D. While the redox potential of the ground-state species can be easily accessed through cyclic 

voltammetry measurements, the excitation energy (E00) may be spectroscopically estimated. 

Specifically, it can be derived from the position of the long wavelength tail of the absorption 

spectrum of the electron donor (D) or, alternatively, from the position of the short wavelength tail 

of the emission spectrum of D.38 An analogous discussion may be done to evaluate the magnitude 

of ΔG0
et for a PET between an excited acceptor (A*) and a ground-state donor (D). It is evident that 

the use of the Rehm-Weller equation is fundamental to evaluate the excited-state potential of light-

absorbing species. In this way, it is possible to predict the feasibility of a productive PET for synthetic 

purposes.67 

On the other hand, single-electron transfer is the key concept of redox chemistry, where one 

reaction partner loses electrons (oxidation) while the other gains electrons (reduction). The 

definition of SET from IUPAC consists of “a reaction mechanism characterized by the transfer of a 

single electron between the species occurring on the reaction coordinate of one of the elementary 

steps”. 

Specifically, a single-electron transfer (SET) from a donor (D) to an acceptor (A) may 

thermodynamically occur when the E0
D

+
/D is lower than the reduction potential of the acceptor (E0

A/A
-

) in the ground state. In this case, the Gibbs free energy variation of the process (ΔG0
et) depends on 

the difference between these two values and the term C. (eq. 8-9).89 

𝐷 +  𝐴 →  𝐷+  + 𝐴− (eq. 8) 

𝛥𝐺𝑒𝑡
0  =  (𝐸𝐷+/𝐷

0  −  𝐸𝐴/𝐴−
0 )  +  𝐶 (eq. 9) 
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1.3 Mechanistic Techniques for Investigating Photochemical Transformations 

Mechanistic investigations are crucial for guiding the development of photochemical 

transformations.67 In every photochemical reaction, the first event that occurs is the absorption of 

light from a ground-state photoactive structure leading to an electronically excited-state. This 

section briefly discusses primary mechanistic experiments commonly conducted when studying 

light-driven reactions, with particular attention to those featured in this thesis. 

Initial studies often focus on the ground state of the absorbers by using UV-Vis spectroscopy. This 

analysis allows for the identification of the chromophore and accurate selection of the appropriate 

irradiation wavelength to excite the photoactive target. Regarding the EDA complex, it is important 

to carry out the absorption analysis of both the individual component and the EDA complex. In fact, 

taken individually, D and A usually are colourless, and the characteristic new band appears only in 

their associated form.  

In addition, cyclic voltammetry can be employed to ascertain the electrochemical characteristics of 

the chromophore. As a result, by understanding its redox potential value, it is feasible to select the 

reaction partners that are required to build the photochemical process.  

As previously mentioned, examining the radiative deactivation of the excited-state through 

fluorescence or phosphorescence spectroscopy can provide valuable mechanistic insights. 

Specifically, the excitation energy (E00) can be spectroscopically estimated using the Rehm-Weller 

theory for an initial thermodynamic characterization of the process. Another fundamental method 

for elucidating the interaction between excited-state species and other components of the reaction 

is the Stern Volmer quenching analysis, which can be conducted using a straightforward 

spectrofluorometer. Notably, a reduction in the intensity of emission (quenching) occurs when an 

excited-state molecule is deactivated upon collision with another species (quencher). Even if this 

approach may not distinguish between processes involving energy transfer and electron transfer, it 

does offer valuable clues for elucidating the mechanism of a photochemical reaction. 

For identifying and characterizing ground state aggregates, such as EDA complexes or assemblies via 

non-covalent interactions, additional techniques can be exploited. Thanks to the stability of the 

transiently generated aggregates, they can be also studied by nuclear magnetic resonance (NMR) 

titration experiments or computational calculations. The NMR titration is a unique tool for 

investigating the kinetics of the EDA complex formations; as the donor compound is gradually added 
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to a solution containing the acceptor, changes in the chemical shifts of atoms near the EDA 

interaction can be detected. In this way, the stoichiometry and the association constant (KEDA) of 

these complexes can be evaluated via a Job’s plot analysis.90 Occasionally, it is even possible to 

isolate the bench-stable EDA complexes and determine their exact structure by X-ray diffraction.66,69 

In conclusion, UV light has been exploited to promote the photochemical rearrangement of valuable 

compounds.  

1.4 Nanocatalysis 

1.4.1 Carbon-based Nanomaterials  

Carbon-based nanomaterials (CNMs) have been essential to the field of nanotechnology. 

A significant turning point in nanomaterial research occurred with the discovery of fullerenes in 

1985, particularly fullerene C60 the first molecular CNM made entirely of a specific number of 

carbon atoms.91,92 This discovery paved the way for the development of other carbon-based 

nanostructures, including carbon nanotubes,93 graphene,94 and more recently, carbon dots.95,96 

These materials can be categorized by their dimensional classes: 0D (e.g., fullerenes and carbon 

dots), 1D materials (e.g., carbon nanotubes), 2D materials (e.g., graphene), and 3D materials (e.g., 

graphite), depicted in Figure 1.7.97,98 Due to their diverse designs and morphologies, along with their 

distinctive physicochemical properties, CNMs have attracted significant attention from the scientific 

community in recent years. Nevertheless, a primary limitation of pristine CNMs is their difficult 

manipulation and a strong tendency to aggregate when exposed to certain solvents.99 The 

fundamental requirements of nanoscience include the control and determination of functional 

properties. Importantly, the characteristics of these carbon-based nanostructures can be easily 

tailored through chemical modifications of their surfaces.  

 

Figure 1.7 Classification of the most common carbon nanoforms based on their dimensionality. 

 

0D 1D 2D 3D

Carbon Dot Carbon Nanotube Graphene Graphite
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These fine-tuning alterations enhance their desirable features making them applicable across 

various technological domains, ranging from catalysis, optoelectronics, and nanomedicine.100–102 In 

the early 2000s, traditional catalysis often felt short of meeting the demands for tunability of the 

catalyst and strict process control.103–105 The introduction of functionalised materials to enhance the 

control of catalytic chemical transformations, opened a broad and fruitful research area known as 

nanocatalysis.105 

The utilization of catalysts at the nanoscale typically refers to dimensions from 1 to 100 

nanometers.106 Today, functionalized and/or post-synthetically modified carbon-based 

nanomaterials are actively involved in catalytic cycles through diverse chemical interactions 

occurring between their surface functionalities and the components of the reaction.97 Furthermore, 

the development of metal-free nanocatalytic systems has been encouraged by the growing emphasis 

on sustainable and environmentally friendly approaches in chemistry.107–109 Consequently, the 

application of such materials in catalysis relies on their rational design, careful surface derivatizations 

and in-depth characterization of their surface groups.110 Thus, both polar and light-driven radical 

processes of synthetical importance can currently be conducted using carbon-based nanocatalysts.98 

1.4.2 Nano-organocatalysis 

In recent years, there has been a notable increase in the publication of research focused on metal-

free, carbon-based nanostructured catalysts. Many of these studies focused on the introduction of 

functional groups onto the surfaces of inert carbon nanomaterials (CNMs). The instalment of specific 

moieties of carbon-based nanostructures is a well-established and effective strategy in materials 

science, particularly in the field of nanocatalysis (Figure 1.8).111 For example, amino-functionalized 

CNMs are widely employed in catalytic applications due to their properties such as enhanced 

dispersion and solubilization of materials as well as the high chemical reactivity of amine groups 

which can promote aminocatalytic reactions.112 It is important to note that the specific properties 

and applications of amino-functionalized CNMs can vary depending on factors such as the methods 

used for their functionalization and the type of carbon-based nanostructure (e.g., carbon nanotubes, 

graphene, or fullerenes).  
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Figure 1.8 Selected examples of carbon-based nano-organocatalysts for the most common organocatalytic transformations. 

 

Among them, carbon dots (CDs) serve as an intriguing example in the field of nano-

organocatalysis.111 These nanomaterials consist of carbon cores surrounded by shells containing 

numerous polar groups. The precursors and operating conditions used during the CD synthesis 

significantly influence their chemical-physical properties.113 Consequently, the choice of the 

precursors plays a crucial role in the catalytic features of the final material. In fact, the functional 

groups of the starting materials end up on the surface of nanoparticles during the synthesis. 

Exploiting their surface groups, CDs can catalyse the formation of valuable organic compounds under 

mild and green operating conditions using classical polar reactivities.114,115 Consequently, the 

popularity of these nanoparticles is rising due to their straightforward and rapid preparation from 

inexpensive raw materials, including waste and naturally renewable sources, as well as their 

scalability for large-scale operations and customizable surfaces. Amino-functionalized carbon dots 

have been successfully employed in various organocatalytic reactions, including aldol condensation, 

Michael addition, and Knoevenagel reactions,110 even in enantioselective fashion, by following the 

general activation modes described in Section 1.1. However, despite their significant potential, these 

applications remain largely exploratory in the context of nano-organocatalysts.  
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To this aim, Chapter 2 discusses the synthesis of nitrogen-doped CDs to develop highly catalytically 

active nanocatalysts for enamine and iminium ion transformations, focusing on the optimization of 

their synthesis. 

1.4.3 Nano-photocatalysis 

CNMs are becoming an attractive trend not only as organic catalysts but also in the field of 

photocatalysis. They are emerging as promising nano-photocatalytic platforms for light-driven 

transformations across a wide range of radical reactions. Several classes of modified CNMs exhibit 

excellent optoelectronic properties, along with low toxicity, easy preparation and potential 

recyclability.116 Specifically, efficient CNMs that function as semiconductor-like materials, typically 

show strong light absorption. This event causes the excitation of electrons from the valence band 

(VB) to the conduction band (CB), resulting in charge separation and the formation of electrons and 

holes (Figure 1.9a). Depending on the energy positions of the VB and CB, the considered 

photocatalysts can provide sufficiently high redox potential and abundant surface sites to drive the 

desired transformations.117,118 Notably, solid-phase semiconductor-like photocatalysts are capable 

of generating both oxidizing and reducing species at the same time. This characteristic makes them 

suitable for application in organic synthesis through oxidative or reductive pathways.119 

 

Figure 1.9 (a) General photocatalytic mechanism of heterogeneous nano-photocatalysts. (b) Examples of CDs as nano-photocatalysts. 
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As an example, CDs have drawn increasing attention as a viable alternative to traditional 

photocatalysts.120 In addition to the aforementioned properties, CDs typically exhibit excitation 

wavelength-dependent emission, high photostability, great up-conversion ability, and excellent 

redox properties.121 When exposed to a proper UV-Vis light, CDs can reach an excited-state (CDs*), 

dissipating the excess energy through either fluorescence or the initiation of radical processes. 

Moreover, the doping of the nanoparticles plays an important role in determining their overall 

photochemical reactivity.122,123 Various heteroatom-doped CDs have the potential to be applied in 

different photoredox transformations (Figure 1.9b).111 Nevertheless, the research involving these 

materials in synthetic photochemistry is still in its early stages.121 In this regard, photoactive CDs, 

with tailored functional groups on their surfaces, have been employed to trigger valuable reactions 

under light irradiation. These results are described in Chapter 3.  
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Chapter 2.  
Tailoring the Chemical Structure of Nitrogen-Doped Carbon 
Dots for Nano-Aminocatalysis in Aqueous Media 

Abstract 

This Chapter discusses the development and production of novel and increasingly active amine-rich 

carbon dots (NCDs)-based catalysts capable of promoting a wide range of aminocatalytic 

transformations. Specifically, a new family of NCDs was prepared using amino acid L-arginine (Arg) 

along with different alkyl diamines with progressively longer carbon skeletons, as molecular 

precursors. The main objective of this project was to determine how the chemical nature of starting 

materials influences the catalytic performances of such nanoparticles in different enamine and 

iminium ion activated model reactions. The best performing NCDs, obtained by using 1,4-

butanediamine (BDA) and Arg as starting materials, were employed to drive various organic 

reactions in water, including aldol reactions, Michael additions, Knoevenagel condensations, 

Mannich alkylations and Tandem Knoevenagel-Michael reactions. 

This work was conducted in the carbon nanotechnology group at the University of Trieste. The 

project was supervised and conceived by Prof. Maurizio Prato and Dr Giacomo Filippini. Dr Giuseppe 

Gentile, Dr Francesco Amato and Mrs Chiara Lanfrit collaborated in the preparation of the NCDs. Dr 

Cristian Rosso helped to perform the catalytic experiments. A significant part of this work was 

published in 2023 under the title: “Tailoring the Chemical Structure of Nitrogen-Doped Carbon Dots 

for Nano-Aminocatalysis in Aqueous Media”.1 Besides, a concept article titled “Amine-Rich Carbon 

Dots as Novel Nano-Aminocatalytic Platforms in Organic Synthesis” published in 2022 served as a 

base for this chapter introduction.2 
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2.1 Introduction 

2.1.1 Carbon Dots in Organocatalysis 

Carbon dots (CDs) are fascinating core-shell quasi-spherical nanoparticles characterized by sizes 

below 10 nm and peculiar physicochemical properties.3–5 Figure 2.1 illustrates the structure of CDs 

composed of a carbon core and a shell with different functional groups, such as carboxylic acids, 

alcohols, and amines, derived from the compounds employed in the synthesis.2,6–8 Interestingly, 

their molecular-like behaviour can address CDs as the missing link between the molecular and 

nanoscale world. Numerous studies have highlighted the excellent luminescence and optical 

features, high chemical and photostability, low toxicity and good biocompatibility of CDs as well as 

their optimal dispersibility in aqueous and polar solvents.9,10 These features make CDs highly 

versatile for applications ranging from bioimaging and electronics to catalysis.11–14  

 

Figure 2.1 Schematic representation of CDs cores, surface functionalities, and main characteristics. 

 

CDs can be synthesized through simple and robust bottom-up synthetic protocols from inexpensive 

and abundant molecular precursors.15,16 The bottom-up approach is particularly versatile due to the 

wide array of available molecular precursors, vast choices of thermal treatments (e.g., 

hydrothermal, pyrolysis, electrochemical) and relatively short reaction times.5,17,18 Furthermore, the 

use of molecular precursors allows the structure and properties of the CDs to reflect those of the 

starting materials.19–21 For example, functional groups contained in the starting materials might be 

present in the resulting CDs. As an example, incorporating heteroatom-containing compounds in 

the synthesis of CDs is a known strategy to enhance their photochemical and physical properties, 

finding application in energy storage, photocatalysis or bio-imaging.22 In this regard, it was reported 

the bottom-up growth of nitrogen-doped carbon quantum dots (CQDs) from citric acid and 
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ammonia, resulting in enhanced quantum yield,23 while glucose and p-sulfonic acid calix[4]arene 

have been used to produce sulfur-doped CQDs with excellent colloidal stability in aqueous media.23 

Moreover, post-functionalization treatments are often employed to achieve precise control over 

CDs’ surface structure.6,24 For instance, MacFarlane and colleagues reported the preparation in two 

steps of sulfonated CDs for photocatalytic purposes. The carbonaceous core of these nanoparticles 

was prepared by electrochemical ablation of graphite rods in water (15−60 V for 6 days). After their 

purification, the sulfur decoration was introduced using sulfuric acid in water (1:1 v/v, 60°C for 24 

h) to afford CDs which bear hydrosulfate groups on their surface.25  

However, a straight and precise control of CDs’ surfaces during their synthesis remains a significant 

challenge. In catalysis, fine-tuning CDs’ surface functionalities is crucial for achieving nano-catalytic 

platforms. In this field, CDs are therefore emerging as promising nanocatalytic platforms that fulfill 

the sustainability requirements of nontoxic, water-compatible, readily available, and potentially 

recyclable catalysts for green chemical production.12,26 Most examples of CDs catalytic applications 

include the use of surface moieties as catalytic sites to promote organic reactions. For example, CDs 

bearing carboxylic moieties have been used to deliver aza-Michael adducts and quinazolinones 

derivatives.27 Likewise, hydroxyl rich carbon quantum dots have catalysed multi-component 

condensation reactions between naphthols, aldehydes and malononitriles in micelles in water.28 

Additionally, amine-rich carbon dots (NCDs) have been reported to catalyse Knoevenagel 

condensation reactions between aldehydes and malononitriles.29 In particular, the presence of 

primary and secondary amines on the NCD surfaces can activate a large number of carbonyl 

compounds. These nanostructures pave the way for the development of a novel class of nano 

catalytic material capable of driving different aminocatalytic reactions. 

The next section will discuss various examples of the synthesis, characterization and application of 

CDs bearing surface amine groups for organocatalytic applications. 

2.1.2 (Nano)Aminocatalysis 

Aminocatalysis is a class, arguably the most studied, of organocatalysis. Thanks to the pioneering 

work of Benjamin List and David W.C. Mac Millan, who were awarded the Nobel Prize in Chemistry 

in 2021, the basis for two novel generic activation modes of carbonyl compounds was 

established.30,31 Both methods involve covalent intermediates transiently generated upon 

condensation of amines with aldehydes or ketones.32 In particular, one aminocatalytic intermediate, 
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namely enamine, consists of the condensation of an amine with an α-enolizable carbonyl compound 

followed by tautomeric equilibrium to generate its enamine derivative with increased 

nucleophilicity. Thus, the intermediate can react with an electrophile.33 Conversely, an 

aminocatalyst can condense with an α,β-unsaturated carbonyl compound in acidic conditions to 

produce an iminium ion species. Consequently, a nucleophilic attack is favourite to the β-carbon of 

the iminium ion intermediate.34  

Considering the broad potentialities of aminocatalysis to produce valuable compounds, some 

groups recently investigated the use of amine-rich CDs (NCDs) as nano-catalytic platforms for a wide 

range of organic reactions. In these cases, the surface amino groups can mimic the chemical 

behaviour of classical molecular aminocatalysts, thus paving the way for the application of harmless, 

easy-to-prepare, and potentially recyclable NCDs based catalysts in environmentally benign 

solvents. A few examples are highlighted below.  

Kalhor and co-workers reported the use of nitrogen-doped CDs to catalyse organic reactions.35 The 

nanoparticles NCDs-A were prepared from CA and L-lysine (Lys) that was selected because of its 

long carbon chain terminated with a primary amine. This aspect was supposed to increase the 

catalytic activity of NCDs-A because of the long chain which renders the primary amine more 

accessible for the substrate activation.  More specifically, NCDs-A were employed in the nucleophilic 

substitution of urea with (hetero)aromatic and aliphatic amines at 60°C in choline chloride/urea as 

a deep eutectic solvent (DES) system (Figure 2.2a). The reaction scope with primary amines 

produced monosubstituted ureas in yields ranging from 45% to 93%.  

In 2020, our group reported the use of NCDs-B to promote a series of aminocatalytic 

transformations in water media (Figure 2.2b).19 The amine-rich nanoparticles were prepared 

following a hydrothermal microwave treatment using L-Arg and ethylenediamine (EDAm) in water. 

The amines on the surface of the NCDs-B were exploited to generate iminium ion intermediates to 

drive Michael addition reactions. Specifically, the reaction between α,β-unsaturated carbonyl 

compounds with different nucleophiles in the presence of benzoic acid in water afforded 

functionalised products from good to excellent yields. Furthermore, NCDs-B could activate isatine 

derivatives via enamine catalysis reacting with various ketones affording corresponding products in 

very good yields (up to 96%). Importantly, fluorine nuclear magnetic resonance (NMR) analysis was 

used for the detection of the iminium ion intermediates on the surface of NCDs-B, due to the high 
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sensitivity of the fluorine nucleus. Within this valuable technique, it is possible to identify and 

quantify the reactive intermediates on the NCDs-B, after the reaction between the fluorinated 

probe 4-fluorocinnamaldehyde and the surface primary amines on NCDs-B. 

Moreover, the asymmetric catalytic aldolic transformation was successfully performed using chiral 

NCDs-C. The corresponding product between the addition of acetone and isatine was obtained in 

59% yield and 38% ee (Figure 2.2c). NCDs-C with chiral amines were obtained from L-Arg and (S,S)-

1,2-cyclohexanediamine ((S,S)-CyHDA). This study represented one of the first examples of 

asymmetric synthesis using NCDs, conveying the chirality of the carbon-based nanoparticle to the 

desired products.19 

 

Figure 2.2 Examples of applications of NCDs as aminocatalysts: a) Nucleophilic Substitution of Urea, b) Michael Reaction, c) 
(Enantioselective) Aldol Reaction, d) Enantioselective Michael Reaction. 

 

Recently, new chiral carbon-dots have been synthetized as multivalent catalysts by our group.36 The 

nanoparticles (NCDs-D) were prepared from citric acid (CA) and (S)-2-(aminomethyl)-1-boc-

pyrrolidine (Pyr). The secondary amine was chosen because the configurational stability of amine 
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would protect the stereochemical information during the synthetic process, thereby producing 

chiral nanoparticles. Additionally, a variety of chiral organocatalysts are reported to have the 

pyrrolidine scaffold. The number of secondary amines was quantified through a post-synthetic 

strategy using the reductive amination reaction. The functionalization of the NCDs-D using 3,5-

bis(trifluoromethyl)benzaldehyde as a fluorinated probe in the presence of NaCNBH3 allowed the 

formation of fluorinated nanoparticles. The quantification of the reactive surface amines utilizing 

19F-NMR and an internal standard, resulted to be around 300 μmol/g. The NCDs-D were applied for 

enantioselective aldol reaction between cyclohexanone and 4-nitrobenzaldehyde and Michael 

addition reaction of cyclohexanone and nitroalkenes affording desired products in good yields 

(Figure 2.2d).  

2.2 Aim of the Project 

In recent years, CDs have garnered significant attention in nanomaterials science. However, a clear 

understanding of the mechanistic process of carbon dots has yet to be achieved. To fill this gap, we 

aimed to establish a correlation between the synthetic design of CDs surface groups and their 

catalytic performances towards various aminocatalytic reactions. 

Specifically, we prepared a library of amine-rich carbon dots (NCDs) using a bottom-up approach 

starting from amino acids along with different alkyl diamines (DAs) with progressively longer carbon 

skeletons. Different nanoparticles were obtained with customized features (i.e., superficial amines 

on NCDs) depending on the changing factor in each synthesis (i.e., the length of the carbon backbone 

of the diamine used). 

It has been demonstrated that the accessibility of amine moieties on the nanoparticles is influenced 

by the dialkylamines, which are crucial for their catalytic applications. A comprehensive scope study 

was carried out to explore the catalytic relevance of these NCDs, exploiting iminium ion and enamine 

intermediates. 
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Figure 2.3 Illustration of the aim of the project on the synthesis and catalytic application of nitrogen-doped carbon dots. 

2.3 Results and Discussion 

2.3.1 Synthesis and Characterization of NCDs 

The preparation of NCDs-1-4 consists of a simple and robust synthetic methodology,37 which can be 

schematized as follows: (i) microwave-assisted (MW) hydrothermal treatment of the molecular 

precursor/s at 240°C for 180 s; (ii) filtration of the crude reaction through a polytetrafluoroethylene 

(PTFE) membrane to eliminate large carbon particles and insoluble organic compounds (pore size of 

0.1 µm); (iii) dialysis against milli-Q water to remove soluble molecular species; (iv) freeze-drying 

process to obtain the purified nanoparticles as yellowish solid materials. 

 

Figure 2.4 Synthesis and purification of NCDs-1-4 starting from L-arginine (Arg) and different alkyl diamines (DAs) 

 

In particular, NCDs-1 were obtained from a mono-component synthetic procedure using Arg while 

NCDs-2-4  were synthetised from Arg and different DAs (1:1 molar ratio), namely EDAm, BDA, and 

1,6-diaminohexane (HDA), as nitrogen-doping agents (Figure 2.4). Specifically, we questioned which 

impact DAs might have on the amount and availability of amine surface groups. Arg was reported to 
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play a crucial role in templating the overall core-shell motifs, while diamines may mainly affect the 

chemical structure of external shells.22,38  

The mass yields of the purified NCDs (calculated as the percentage of the weight of the starting 

materials retained in the purified NCDs) reveal half of the amount of the starting material (Arg) 

converted into NCDs-1 while a decrease in the mass yields of NCDs-2-4  is shown for the bi-

component synthesis (Figure 2.5a). A longer carbon chain of the DA in the synthesis progressively 

reduces the mass yields probably due to the correlation between the microwave heating and the 

less polarity of the reaction mixtures. Precisely, longer aliphatic DAs are low polar molecules with a 

lower dielectric constant. They decreased the efficiency of the heat transfer in the reaction vessel 

hindering the formation of the NCDs.39  

Firstly, the removal of starting materials and by-products from the nanoparticles is a critical step 

during the purification process.21,40 Consequently, the effective purification of the nanoparticles 

must be checked by NMR analysis.41  

 

 

Figure 2.5 a) Mass yield histogram for NCDs-1-4; b) 1H-NMR recorded in D2O of NCDs-3. 

 

Figure 2.5 shows the 1H-NMR recorded in D2O of NCDs-3 as a representative example (1H-NMR 

spectra of other NCDs are found in Figure 2.19). A set of broad signals established the formation of 

the nanomaterial without any molecular impurities, typically identified by sharp peaks. Hence, the 

1H-NMR spectrum evidences the successful purification of molecular species. At this point, a deep 

evaluation of the structures of the NCDs-1-4 was complemented by extensive characterizations. 
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Information on NCDs-1-4 was gathered by thermogravimetric analysis (TGA), atomic force 

microscopy (AFM) and attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-

FTIR). TGA proved the largely amorphous nature of NCDs-1-4. In fact, around 90% of the total weight 

loss of NCDs-2-4 was recorded under nitrogen at 600°C, while NCDs-1 had slightly higher thermal 

stability (Figure 2.31, see section 2.5.3). AFM analysis confirmed the nano-scale dimensions of the 

NCDs-1-4, which range from 2 to 4 nm. In Figure 2.6b, AFM image of NCDs-3 is presented as a model.  

 

 

Figure 2.6 a) Stacked ATR-FTIR spectra of NCDs-1-4; b) Tapping mode AFM of NCDs-3 deposited on a mica substrate; inset: height 
profile along the white solid line. 

 

ATR-FTIR identified the N-H and O-H stretching from 3000 to 3400 cm-1 and a strong band at 1540 

cm-1 which corresponds to the bending of the primary amide (Figure 2.6a). These bonds can be 

generated during the NCD synthesis through amines condensation with carboxylic acids. The 

quantification of these amide groups was delivered by Bicinchoninic acid essay, a widely used 

colorimetric method to determine the concentration of peptide bonds in a protein solution.42 In this 

test, Cu (II) is reduced selectively, in an alkaline buffer, to Cu (I) by the amide bonds.43 Subsequently, 

Cu(I) cations are chelated by two bicinchoninic acid moieties forming a tetrahedral complex that 

absorbs at around 562 nm. By knowing the molar extinction coefficient of the coloured metal 

complex formed, it is possible to quantify the concentration of amide bonds present on the NCDs. 

Interestingly, the number of amide bonds decreases when the DAs are introduced in the synthesis 

(Figure 2.7).  
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Figure 2.7 BCA assay results for NCDs-1-4. BCA: Bicinchoninic acid 

Moreover, the number of amides goes from 2340±60 µmol/g for NCDs-1 to 1720±30 µmol/g for 

NCDs-4. To further assess the surface moieties on the NCDs, the intrinsic pH of the water-soluble 

nanoparticles was evaluated by dissolving NCDs-1-4 in milli-Q water (concentration of 2.5 mgmL-1). 

For all NCDs the measured intrinsic pH was alkaline ranging from 9 up to 10. Notably, the alkalinity 

increased progressively from NCDs-1 to NCDs-4.  

Consequently, the quantification of the total number of acid/base sites was established by Gran Plot 

analysis, which involves the linearization of a pH back titration curve.  

 

Figure 2.8 a) Total number of acid/base sites obtained from back titration of NCDs-1-4; b) Retained percentage histogram of 
acid/base sites. 

 

The number of acid/base sites varies depending on the NCDs, from a minimum of 5700±600 µmol/g 

for NCDs-1 to a maximum of 10700±800 µmol/g for NCDs-2 (Figure 2.8a). Moreover, the percentage 

of acid/base sites retained on the NCDs surfaces from the initial precursors was calculated. Up to 

50% of acid/base moieties of the starting materials are missing during the synthesis of the NCDs-1-
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4 due to different phenomena such as decarboxylation reactions, dehydration, the formation of 

amide bonds and the appearance of molecular side-products. Generally, a sharp increase of the 

retained sites in the bicomponent synthesis was observed in comparison to the mono-component 

approach. Indeed, the absolute number of sites retained and their percentage decrease consistently 

with the increase in the length of the diamine carbon chain (Figure 2.8b). Interestingly, a clear 

correlation can be perceived between the total number of acid/base sites, the percentage of 

retained sites, and the length of the DA used. To get more information about the nature of the 

surface groups, agarose gel electrophoresis was carried out. The test in a citrate buffer (pH = 4) 

revealed the migration of NCDs-1-4 toward the cathode in uniform blue emissive bands under UV-

light irradiation indicating the positive charge of the nanoparticles. This result could be a further 

proof of the presence of protonated amino surface groups. Furthermore, the staining of the agarose 

gel with Coomassie brilliant blue dye gave the same outcome with the appearance of blue spots 

where NCDs were previously detected in the electrophoresis analysis (Figure 2.9).  

 

Figure 2.9 Post-electrophoresis photograph taken under UV light (365 nm) of the gel at pH 4 for NCDs-1-4. 

 

Interested on the amino groups of NCDs, we detected and quantified these superficial moieties 

using the Kaiser test (KT). In this analysis, ninhydrin reacts with aliphatic primary amines on the 

surface of nanomaterials to form stoichiometric Ruhemann’s purple dye that can be detected and 

quantified from its absorbance value recorded at 570 nm (detailed mechanism in Figure 2.20-30). 

Once added the KT reagents to our samples containing NCDs, the positive response for aliphatic 

amines was detectable by the rapid appearance of the characteristic purple colour.  

(+) (-)

Anode (+)Cathode (-)
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Figure 2.10  a) Kaiser test (KT) of NCDs-1-4 conducted at 393 K; b) Time-dependent (320 min) KT (accessibility) at 298 K for NCDs-1-4. 

 

After KT analysis, the outcome for NCDs-1, synthesized by Arg alone, revealed approximately 

620±800 µmol/g of amines (Figure 2.10a). On the other hand, when the DAs were added to the 

starting materials, the number of surface amines increased remarkably. Interestingly, when the 

length of the diamine carbon chain was increased from 2 (NCDs-2) to 4 carbon atoms in NCDs-3 the 

amines quantified by KT increased from 1350±300 µmol/g to 2100±550 µmol/g. Unexpectedly, the 

number of amines did not increase in NCDs-4 when the longest diamine of the series was employed. 

This trend can be explained by considering that the low polarity of HDA contrasts the MW heat 

transfer, and thus the nanoparticle formation. In order to nearly all amines can react with ninhydrin, 

the standard temperature, at which the KT is performed, is 120°C. However, model organic reactions 

catalysed by NCDs are generally conducted at ambient temperature. Consequently, to assess the 

availability of primary aliphatic amines to react at ambient temperature, a time-dependent KT was 

carried out (Figure 2.10b). In this procedure, the KT at 120°C is set as the benchmark value and the 

time-dependent accessibility for 320 min is expressed as a percentage of this benchmark. The trend 

of KT at 120°C is in accordance with the accessibility at ambient temperature. Increasing the amines 

on NCDs from mono- to bi-component synthesis, NCDs-3 show the highest accessibility value of 

80%±5%.  
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Figure 2.11 UV-Vis (a) and emission spectra (b) of NCDs-3 recorded at 0.1mgmL-1 in milli-Q water. For emission spectroscopy, the 
excitation wavelength changes from 300 to 480 nm every 20 nm. 

 

To acquire deeper information regarding the photophysical properties of the NCDs-1-4, they were 

investigated by absorbance and emission spectroscopies. UV-Vis spectroscopy displays broad 

absorption bands extending into the visible region up to 420 nm. Absorption of NCDs-3 is shown in 

Figure 2.11a. Remarkably, the nanomaterial affords low-energy optical transitions in the visible 

region whereas none of the precursors absorbs more than 400 nm. The emissions of NCDs-1-4 

exhibit the typical excitation wavelength-dependent from 300 to 480 nm centering the maximum 

fluorescence band at around 350 nm as shown in Figure 2.11b for the NCDs-3. For UV-Vis and 

emission spectra of NCDs-1-4, see section 2.5.3 Figure 2.14-2.17. 

2.3.2 Application of NCDs in Aminocatalytic Reactions 

A benchmark aminocatalytic transformation was selected to evaluate the activity of NCDs-1-4. 

Specifically, acetone 1a and para-nitro benzaldehyde 2a were chosen to achieve the product 3a 

using NCDs (3% w/V) in water.  

Table 2.1 Comparative study on the catalytic activity of NCDs-1-5 and different free molecular amines in the aldol addition reaction 
between acetone 1a and p-nitrobenzaldehyde 2a. 
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Entry Catalyst Precursors Yield % [a] 

1 - - 0  

2 NCDs-1 Arg 42±4 

3 NCDs-2 Arg+EDAm 61±5 

4 NCDs-3 Arg+BDA 75±3 

5 NCDs-4 Arg+HDA 45±5 

6 NCDs-5 Lys+BDA 66±5 

7 Benzylamine[b] - 7±3 

8 Pyrrolidine[b] - 0 

9 Aniline[b] - 0 

10 Polyethyleneimine[c] - 24±4 

11 PAMAM 1.0 dendrimer[c] - 14±2 

[a] Yield determined by 1H-NMR spectroscopy using 1,1,2-trichloroethene as the internal standard 

over five independent experiments. [b] Catalytic loading of 83 mol% calculated based on acid/base 

backtitration on NCDs-3. [c] Catalytic loading of 83 mol% calculated on the basis of Kaiser Test at 

25°C on NCDs-3. 

As expected, no reaction occurred in the absence of the NCDs, attesting the catalytic nature of the 

transformation (Table 2.1, Entry 1). Subsequently, NCDs-1, obtained solely from Arg, led to the 

formation of product 3a in moderate yield (Table 2.1, Entry 2). In contrast, NCDs-2 displayed better 

catalytic performances, affording 3a in 61% yield (Table 2.1, Entry 3). Interestingly, the use of NCDs-

3, produced from a longer carbon atom chain than EDAm, increased the reactivity up to 75% yield 

(Table 2.1, Entry 4). Lastly, 3a was achieved in 45% yield using NCDs-4, evidencing that the use of 

HDA in the NCDs preparation reduced the reactivity of catalytic transformation. Therefore, NCDs-3 

have proven to be the best nano-aminocatalytic systems for the studied reaction. Notably, the total 

amount and accessibility of the surface amino moieties, both determined by the KT analysis of the 

materials, are compatible with our results. Indeed, NCDs-3 displayed the highest number of primary 

amines as well as the best accessibility toward carbonyl compounds at room temperature.  

To further investigate the role of Arg in the catalytical activity of NCDs, we synthesized NCDs-5 

starting from a different amino acid, namely L-lysine (Lys), and keeping the BDA as diamine (see 

section 2.5.2 for details). Interestingly, these nanoparticles yielded product 3a in a lower chemical 
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yield (66%) than that provided by NCDs-3 (Table 2.1, Entries 4 and 6). This result demonstrates the 

contribution of the amino acid in the production of active NCD-based catalysts.  

To prove the advantages of NCDs-3 in our model reaction in terms of catalytic performance, we 

tested easily accessible amine-bearing polymers and simple molecular amines to compare their 

catalytic effects. Specifically, benzylamine, pyrrolidine and aniline gave traces of product 3a (Table 

2.1, Entries 7-9). On the other hand, polyethyleneimine and poly(amidoamine) (PAMAM dendrimer) 

provided significantly lower quantity of 3a than NCDs-3 (Table 2.1, Entries 10-11).  Importantly, 

NCDs-3 confirmed their synthetic potential as nanocatalyst in this transformation. 

Subsequently, we investigated the formation of aminocatalytic intermediates on the surface of 

NCDs-3 to gain insight into the reaction mechanism. To do this, we exploited 19F-NMR spectroscopy. 

The high sensitivity of fluorine nucleus led to recognise and quantify different functionalities without 

the overlaps of impurities that can usually affect 1H-NMR or 13C-NMR. Firstly, we selected model 

primary and secondary amines, including benzylamine, aniline, butylamine, and pyrrolidine, that 

could mimic the terminal moieties of the NCDs surfaces. These molecular amines reacted with 

appropriate fluorinated aldehydes, namely 4-fluorobenzaldehyde and 4-fluorophenylacetaldehyde, 

in deuterated dimethyl sulfoxide (DMSO-d6) to generate the fluorinated imine and enamine species. 

Thus, the fluorinated products can be detected by 19F-NMR analysis. Employing 4-

fluorobenzaldehyde as alpha non enolizable probe, the related molecular imines were generated in 

situ and resonated between -108.6 and -110.5 ppm (Figure 2.12). 
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Figure 2.12  Fluorinated imines and enamines formation from respectively 4-fluorobenzaldehyde and 4-fluorophenylacetaldehyde 
with model amines and NCDs-3. Chemical shift range for 19F-NMR of model fluorinated imines and enamines. 19F-NMR spectrum of 

imine, between NCDs-3 and 4-fluorobenzaldehyde, and enamine, between NCDs-3 and 4-fluorophenylacetaldehyde, in DMSO-d6. 

Thereafter, the primary amines on carbon dots may easily condense with 4-fluorobenzaldehyde 

giving the corresponding imine intermediates I-(NCDs-3) on the NCDs-3 surfaces corresponding to 

two new signals at around -109.4 and -110.6 ppm (Figure 2.12). These broad peaks suggested the 

formation of several surface imine moieties because of the different chemical environments. The 

NMR

Primary amines

1637 ±166 µmol/g

Primary amines

1973 ±177 µmol/g

Enamine

Chemical shifts range with model amines

Imine

I-(NCDs-3) 

II-(NCDs-3) 
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fluorine chemical shifts of the previously model imines and I-(NCDs-3) are both in the same ppm 

range confirming the formation of the imine functional groups on the surface of the nanoparticles. 

Accordingly, the same procedure was performed to study enamine intermediates. Model enamines, 

produced by condensation of molecular amines with 4-fluorophenylacetaldehyde, showed chemical 

shifts range between -120 and -122 ppm. Consequently, the formation of enamine II-(NCDs-3) was 

established by the occurrence of two broad signals closely related in terms of chemical shifts with 

the signals of molecular enamines (Figure 2.12). The formation of imines or enamines between the 

fluorinated aldehyde and various types of amine on the surface of NCDs-3 can explain the presence 

of two broad peaks in the 19F-NMR spectra. Verified the formation of amino intermediates on the 

NCDs-3, we sought to quantify the number of these catalytically active species on the NCDs-3 by 19F-

NMR investigations.  Within α,α,α-trifluorotoluene as internal standard, the number of superficial 

amines on NCDs-3 was determined to be 1637±166 mmolg-1 for the detection through I-(NCDs-3), 

but it resulted in 1973±177 mmolg-1 when revealed using II-(NCDs-3) species. Since enamines may 

be generated on the NCDs-3 surfaces from both primary and secondary amines, whereas imines can 

only be produced from primary amines, the number of enamines turned out to be higher than that 

of imines. These values are quite similar to the ones obtained from the KT at 25°C (1640±550 mmolg-

1).  

Consequently, we employed NCDs-3 as nano-aminocatalytic platforms for different transformations 

promoting a variety of transformations. Building on these premises, NCDs-3 were employed in aldol 

additions, Mannich reactions, Knoevenagel condensations, Michael, and tandem Knoevenagel and 

Michael reactions (Schemes 1-5) to prove the generality of nanocatalysts. These transformations 

were conducted in aqueous solution.  



58 
 

 

Scheme 2.1 Reaction scope study for the aldol additions between α-enolizable carbonyl compounds 1 and electrophiles 2 using 
NCDs-3 as nano-organocatalysts. Yields in parentheses were determined by 1H-NMR analyses, using trichloroethylene as internal 

standard. 

 

First, we studied the scope of the aldol addition testing different α-enolizable carbonyl compounds 

1 and electrophiles 2 to afford the products 3 via enamine catalysis (Scheme 2.1). 

 In particular, the addition of nitro-substituted aldehydes with acetone and cyclohexanone 2a-b in 

the presence of NCDs-3 (18 mol% of amine that is based on KT analysis at ambient temperature) 

delivered the corresponding β-hydroxy products 3a-b in good isolated yields (up to 72%). 

Remarkably, a very low amount of catalyst (3 mol%) was necessary to yield products 3c-l. In 
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particular, substituents in position five of the phenyl ring of the isatin did not reduce the reactivity 

of the transformation, affording products 3d-g in excellent yields (up to 89%). Remarkably, when 2b 

reacted with indole scaffold, very high diastereoselectivity and good yield were observed (3k-l, up 

to 74% yield and 20:1 diasteromeric ratio). Importantly, no formation of product 3b in the absence 

of NCDs-3 was detected. 

 

 

Scheme 2.2 Reaction scope study for the Mannich reactions between acetone 1a and imines 4 using NCDs-3 as nano-
organocatalysts. Yields in parentheses were determined by 1H-NMR analyses, using trichloroethylene as internal standard. 

 

Acetone 1a was also explored in the Mannich transformation with different imines 4. Benzoic acid 

has been employed as co-catalyst (20 mol%) in combination with 6.5 mol% of NCDs-3. As shown in 

Scheme 2.2, various imines 4 bearing alkyl or halogen functionalities on the aromatic ring, allowed 

moderate to excellent product yields (up to 91%). The control experiment without NCDs-3 did not 

produce any traces of compound 5a. 

 



60 
 

 

Scheme 2.3 Reaction scope study for the Knoevenagel condensations between malononitrile 6 and electrophiles 2 using NCDs-3 as 
nano-organocatalysts. Yields in parentheses were determined by 1H-NMR analyses, using trichloroethylene as internal standard. 

 

We then turned our attention to the iminium ion catalysis. First, we evaluated the Knoevenagel 

condensation between malononitrile 6 and electrophiles 2 in a mixture of water/acetonitrile (9:1) 

as solvent (Scheme 2.3). The NCDs-3 in combination with aldehydes 2 led to the formation of the 

iminium ion intermediates to trigger the nucleophilic attack of 6. Importantly, no background 

reactivity in the absence of NCDs-3 was detected. Different electron-withdrawing groups (EWGs) on 

2 (-NO2, -CN, -I) were well tolerated, delivering products 7 in excellent NMR yield (up to 99%). It is 

worth mentioning that the deterioration of the isolated yields for compounds 7a-d should be 

attributed to degradative pathways during their purification.  
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Scheme 2.4 Reaction scope study for the Michael additions between α, β-unsaturated carbonyl compounds 8 and nucleophiles 9 
using NCDs-3 as nano-organocatalysts. Yields in parentheses were determined by 1H-NMR analyses, using trichloroethylene as 

internal standard. 

 

Afterward, we moved to the Michael addition of nucleophiles 9 to α, β-unsaturated carbonyl 

compounds 8 (Scheme 2.4). The optimized reaction for 48 hours occurred with 18 mol% of NCDs-3 

and 20 mol% of benzoic acid. Importantly, no reaction took place in the absence of NCDs-3. A diverse 

set of C- and hetero-nucleophiles (e.g., O, N, S) was well tolerated under the optimized operative 

conditions, affording the corresponding adducts 10a-l in good to excellent isolated yields (up to 

97%).  

Lastly, we looked into the iminium ion activation of 1,3-dicarbonyl compounds 11 and aldehydes 2 

using NCDs-3 for the tandem Knoevenagel-Michael reactions (Scheme 2.5). Remarkably, low 

catalyst loading (3.3 mol%) and short reaction times (as low as 1 h) were used to access products 

12a-f in excellent yields (up to 98%). 
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Scheme 2.5 Reaction scope study for the Tandem Knoevenagel-Michael reactions between 1,3-dicarbonyl compounds 11 and 
electrophiles 2 using NCDs-3 as nano-organocatalysts. Yields in parentheses were determined by 1H-NMR analyses, using 

trichloroethylene as internal standard. 

 

In this case, a modest formation of product 12a was observed without the use of NCDs-3 (30% yield), 

while a 93% yield was obtained by employing the nanocatalysts. 

Different moieties at the para position of the aromatic ring of electrophiles 2 provided the 

corresponding products 12a-e in very good yields (90-94% isolated yield). Indeed, heteroaromatic 

aldehyde 2g reacted under the standard conditions to produce 12f in an almost quantitative yield – 
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although an extended reaction time of 24 h was required. Finally, we demonstrated the synthetic 

utility of the developed methodology by performing a series of product manipulations on the 

tandem Knoevenagel-Michael adduct 12a. In detail, introducing the oxygen or nitrogen source, 

acetic acid (AcOH) or ammonium acetate (NH4Ac), the compounds xanthendione 13a and 

acridindione derivatives 13b were synthesized in reflux. These two redox-active molecules are 

exploited in the field of organic photocatalysis and biochemistry.44–46 

2.4 Conclusion 

This chapter provides a detailed experimental analysis of the relation between aminocatalytic 

activity and the structure of the amine-rich carbon dots. We synthetized a new family of NCDs by 

using L-arginine and different alkyl diamines as starting materials (NCDs-1-4) to test NCDs as 

aminocatalysts. Moreover, we carried out a discrimination of the critical parameters that determine 

the activity of these nanoparticles toward aminocatalytic reactions. Thus, a set of investigations on 

NCDs-1-4 was conducted to compare and study their properties. Among different characterization 

techniques, KT analysis and 19F-NMR provided important quantitative information about the 

number and the availability of the surface amino groups.  

Lastly, aldol and Mannich reactions, which proceed via enamine intermediates, and iminium ion 

catalytic Knoevenagel, Michael and Tandel Knoevenagel-Michael transformations, were efficiently 

catalyzed by NCDs-3 in water solution. To conclude, we believe that this work has the potential to 

inspire future rational design of NCD-based aminocatalysts for other organic reactions. 

2.5. Experimental Section  

2.5.1 General Information  

The microwave synthesis was performed on a CEM Discover-SP instrument. UV-Vis measurements 

were carried out on Cary 5000 UV-Vis-NIR. All the spectra were recorded at room temperature using 

10 mm path-length quartz cuvettes. Emission spectra and absolute Quantum Yield (QY) have been 

recorded utilizing FS5 Spectrofluorometer provided by Edinburgh Instruments Ltd equipped with a 

SC-30 Integrating Sphere. AFM images were obtained with a Nanoscope IIIa, VEECO Instruments. As 

a general procedure to perform AFM analyses, tapping mode with a HQ:NSC19/ALBS probe (80kHz; 

0.6 N/m) (MikroMasch) from drop cast of samples in an aqueous or MeOH solutions (concentration 

in the order of μg/mL) on a mica substrate was performed. The AFM raw data were analyzed using 

S3 Gwyddion 2.35. TGA was performed with a TGA Q500 (TA instruments), under a flow of N2 (25 

mL/min), following a temperature program consisting of the equilibration of the sample at 100°C for 
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10 minutes followed by a ramp at 5°C/min up to 800°C. The sample aliquot ranged from 1 to 2 mg, 

exactly weighed. ATR-IR measurements were performed using a Spectrum 2000 FT-IR Instrument 

(Perkin Elmer). The NMR spectra were recorded on Varian 400 spectrometer (1H-NMR: 400 MHz; 

19F-NMR: 376.0 MHz; 13C-NMR: 101.0 MHz). 

General procedures. All organocatalytic reactions were set up in glass vials, unless otherwise stated. 

Chromatographic purification of products was accomplished using flash chromatography on silica 

gel (35-70 mesh). For thin layer chromatography (TLC) analysis throughout this work, Merck pre-

coated TLC plates (silica gel 60 GF254, 0.25 mm) were employed, using UV light as the visualizing 

agent (254 nm), basic aqueous potassium permanganate (KMnO4) stain solution or iodine, and heat 

as developing agents. Organic solutions were concentrated under reduced pressure on a Büchi 

rotatory evaporator. Dialysis tubes Float-A-Lyzer® with molecular weight cutoff 0.5-1 KDa were 

bought from Spectrum Labs and used as stated by the manufacturer. The power supply for 

electrophoresis was bought from Consort (Model E844). Ultrapure fresh water obtained from a 

Millipore water purification system (>18 MΩ Milli-Q, Millipore) was used in all experiments. 

Materials. Commercial reagents and solvents were purchased from Sigma-Aldrich, Fluka, Alfa Aesar, 

Fluorochem and VWR. They were used as received, without further purification, unless otherwise 

stated. Synthesis grade and anhydrous solvents were used as purchased.  

2.5.2 General Procedure for the Synthesis of NCDs-1-5 

For the synthesis of NCDs-1-5, the following experimental procedures have been followed, as 

previously reported in the literature.3,19 

 

Figure 2.13 Workflow of the synthesis of NCDs-1-5 
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Mono-component synthesis: Arg (87.0 mg, 0.5 mmol, 1 equiv.) and Milli-Q water (100.0 μL) were 

added into a sealable microwave reaction vessel and subsequently heated in a microwave reactor 

(200 W) at 240°C, 26 bar for 180 seconds. 

Bi-component synthesis: Arg (87.0 mg, 0.5 mmol, 1 equiv.) or Lys (73.1 mg, 0.5 mmol, 1 equiv.), 

Milli-Q water (100.0 μL), along with one of the alkyl diamines selected for this experimental work 

(Figure S1), namely EDAm or BDA or HDA (0.5 mmol, 1 equiv.) were added into a sealable microwave 

reaction vessel and subsequently heated in a microwave reactor (200 W) at 240°C for 180 seconds. 

The solution of the starting materials changes color from transparent to brown because of the 

formation of CDs. The solution was then diluted with water and filtered through a 0.1 μm PTFE 

microporous membrane. The crude so obtained was dialyzed against Milli-Q water through a dialysis 

membrane (0.5-1 kDa Cut-Off) Float-A-Lyzer® for 48 hours. The resulting aqueous solution of CDs 

was lyophilized resulting in an orange-to-yellow fluffy solid. The solid was collected and its weight 

was measured. To prevent the absorption of moisture the samples have been kept in a desiccator. 

NCDs-1. L-arginine (87.0 mg, 0.5 mmol, 1 equiv.) and Milli-Q water 

(100.0 μL) were heated in a microwave reactor (200 W) at 240°C 

for 180 seconds. The aqueous solution of NCDs-8 was lyophilized 

giving a yellow solid (NCDs-1: 43.0 mg, 49% mass yield). 

 

NCDs-2. L-arginine (87.0 mg, 0.5 mmol, 1 equiv.), 1,2-

Diaminoethane (EDAm) (33.0 μL, 0.5 mmol, 1 equiv.) and Milli-Q 

water (100.0 μL) were heated in a microwave reactor (200 W) at 

240°C for 180 seconds. The aqueous solution of NCDs-8 was 

lyophilized yielding an orange solid (NCDs-2: 29.4 mg, 25% mass yield).  

 

NCDs-3. L-arginine (87.0 mg, 0.5 mmol, 1 equiv.), 1,4-

Diaminobutane (BDA) (50.0 μL, 0.5 mmol, 1 equiv.) and Milli-Q 

water (100.0 μL) were irradiated into a microwave reactor (200 W) 

at 240°C for 180 seconds. The aqueous solution of CDs-3 was 

lyophilized resulting in a yellow solid (NCDs-3: 15.6 mg, 17% mass yield).   
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NCDs-4. L-arginine (87.0 mg, 0.5 mmol, 1 equiv.), 1,6-

diaminohexane (HAD) (69.0 μL, 0.5 mmol, 1 equiv.) and Milli-Q 

water (100.0 μL) were irradiated into a microwave reactor (200 W) 

at 240°C for 180 seconds. The aqueous solution of CDs-3 was 

lyophilized resulting in a yellow solid (NCDs-4: 14.5 mg, 10% mass yield). 

 

NCDs-5. L-Lysine (73.1 mg, 0.5 mmol, 1 equiv.), 1,4-Diaminobutane 

(BDA) (50.0 μL, 0.5 mmol, 1 equiv.) and Milli-Q water (100.0 μL) 

were heated in a microwave reactor (200 W) at 240°C for 180 

seconds. The aqueous solution of CDs-7 was lyophilized giving a 

yellow solid (NCDs-5: 14.0 mg, 12% mass yield).  

 

2.5.3 Characterization of NCDs-1-5 

Physical-Chemical Analysis 

UV-vis absorption and fluorescence spectra were recorded at a concentration of 0.1 mg/mL in Milli-

Q water using a standard quartz cuvette with an optical path length of 1 cm.  

 

 
Figure 2.14 UV-vis and Emission spectra of NCDs-1. 
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Figure 2.15 UV-vis and Emission spectra of NCDs-2. 

 

Figure 2.16 UV-vis and Emission spectra of NCDs-3. 

 

 

Figure 2.17 UV-vis and Emission spectra of NCDs-4. 
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Figure 2.18 UV-vis and Emission spectra of NCDs-5. 

 1H-NMR characterization. The 1H-NMR spectra were recorded by dissolving 7 mg of NCDs-1-5 into 

700 µL of D2O. 
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Figure 2.19 1H-NMR of NCDs-1-5. 

Kaiser test procedure. Kaiser tests (KTs) were performed according to a modified protocol by 

employing a commercially available kit provided by Merck.  Typically, about 1 mg of NCDs was placed 

in a test tube. Then, 75 μL of a phenolic solution in ethanol (Sol A), 100 μL of a KCN solution in 

pyridine/water (Sol B), and 75 μL of a ninhydrin solution in ethanol (Sol C) were added. The tube was 

sealed and the so obtained mixture was heated at 120 °C for 10 minutes. The resulting solution was 

diluted with ethanol in water (60% v/v, 1:18 dilution) and its absorption spectrum was recorded. A 

blank solution was also run to be used as reference. For each sample, at least three independent 

analyses were performed. Primary amines on the carbon dots surface were thus quantified from the 

absorbance value recorded at 570 nm, considering a molar absorption coefficient for the ninhydrin 

derivative of 15000 M-1 cm-1 (Ruhemann’s purple). Equation 1 was used to determine the KT value. 

 

 
Figure 2.20 Schematization of Kaiser test molecular mechanism. 
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Figure 2.21 Visible spectra of Ruhemann’s purple dye. 

 

𝐾𝑇 (
𝜇𝑚𝑜𝑙

𝑔⁄ ) =
[𝐴𝑏𝑠@570𝑛𝑚 × 𝑑𝑖𝑙 × 106]

𝜀 × 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)
 

 
Equation 1. Calculation of primary amines on NCDs-1-5. 

 
Figure 2.22 Results of Kaiser test performed at 120°C on NCDs-1-5. 

Room Temperature Kaiser Test. In the accessibility experiments, the analyzed solution was kept at 

room temperature (r.t., 25°C) throughout the experiment. Therefore, to a known amount of NCDs 

(about 1 mg), the Kaiser test solutions (Sol A, B and C) were added as previously described. At a 

certain time, an aliquot (20 µL) was collected, diluted, and analyzed. The experiment was repeated 

in triplicate for each NCDs material. Equation 2 was used to determine the accessibility value. 

 

𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝐾𝑇 (𝑟. 𝑡)

𝐾𝑇 (120 °𝐶)
×  𝑑𝑖𝑙 ×  100 

 
Equation 2. Determination of the accessibility of the examined amines into the corresponding ninhydrin derivative. 
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Figure 2.23 Time-dependent Kaiser test performed at 25°C for NCDs-1-5. 

 
Figure 2.24 Comparison between the Kaiser test values obtained at 25°C after 250 minutes for NCDs-1-5. 

 

Acid/base back titration. A known amount of NCDs (about 10 mg) was solubilized in 4 mL of milli-

Q-water. Subsequently, 1 mL of NaOH 0.5 M (Titripur ®, Merck) was added and then the resulting 

solution was titrated with a 0.1 N or 1.0 N solution of HCl (Titripur ®, Merck).  

For the quantification of acid/base sites, a Gran Plot analysis was performed.4 By plotting the μmol 

of H+ and OH- vs. the μmol of titrant), two linear regions were individuated. The resulting amounts 

of titrant at the equivalent point (μmoleq1 and μmoleq2) were extrapolated through a linear fitting. 

Finally, the total number of acid/base active sites were calculated by subtracting μmoleq2 from 

μmoleq1 and dividing the resulting number by the amount of carbon dots analysed. Back titrations 

and Gran plot analysis were repeated in triplicate. A sample titration curve and the corresponding 

linearized plots for each NCDs are shown below (Figure 25-29). The intrinsic pH turned out to be 9.0 

for NCDs-1, 9.2 for NCDs-2, 9.5 for NCDs-3, 9.8 for NCDs-4, and 9.5 for NCDs-5, respectively. 
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Figure 2.25 Back titration of NCDs-1 (left) and Gran plot linearization (right). 

 

 
Figure 2.26 Back titration of NCDs-2 (left) and Gran plot linearization (right). 

 

 
Figure 2.27 Back titration of NCDs-3 (left) and Gran plot linearization (right). 

 

 
Figure 2.28  Back titration of NCDs-4 (left) and Gran plot linearization (right). 
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Figure 2.29 Back titration of NCDs-5 (left) and Gran plot linearization (right). 

 

ATR-FTIR analysis. NCDs-1-5 were analyzed by infrared spectroscopy. 
 

 
Figure 2.30 ATR-FTIR spectra of NCDs-1-4 (left) and NCDs-5 (right). 

TGA analysis. NCDs-1-5 were analyzed by Thermogravimetric analysis. 

 

Figure 2.31 Thermogravimetric analysis under nitrogen of NCDs-1-4 (left) and NCDs-5 (right). 

 

Biuret assay. To demonstrate the actual presence of amide groups on NCDs, Biuret test was 

performed. This assay is based on the ability of peptide bond to reduce Cu(II) ions to Cu(I) in alkaline 

aqueous solution. In alkaline solutions containing sodium potassium tartrate, Cu(I) ions complex 

with the peptide bonds of proteins forming a light blue to purple colored complex. The process is 

schematized in Figure 2.32. 
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Figure 2.32 General schematization for Biuret assay. 

Subsequently, a reagent solution was prepared by mixing 0.9% w/w sodium potassium tartrate 

(Rochelle salt), 0.5 %w/w copper sulphate pentahydrate and 0.5% w/w potassium iodide in a 0.2 N 

sodium hydroxide solution. To run the text, 2.5 mL of the reagent solution were transferred into a 

test tube along with 200 µL of 2 mg/mL NCDs solution in Milli-Q water. The test tube was 

subsequently sealed with a silicon lid and incubated at 37°C for 30 minutes. After the incubation 

time the NCDs produced from L-Lysine (NCDs-5) tested positive affording the characteristic violet 

colored copper complex, whereas no violet coloration was observed for the NCDs produced from L-

arginine (NCDs-1-4). Figure 2.33 shows the UV-Vis afforded by a positive response to the biuret test. 

As known, L-arginine can interfere with standard Biuret test, therefore bicinchoninic acid (BCA) assay 

was performed to detect and quantify the superficial amide functionalities on NCDs-1-5.  

  

Figure 2.33 UV-Vis spectra recorded on NCDs-5 after Biuret assay (0.15 mg/mL in water). 

 

Bicinchoninic acid (BCA) assay. BCA assay is a biochemical assay routinely applied to determine the 

total concentration of protein in an aqueous media. After the reduction of copper Cu(II) ions to Cu(I) 
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in a basic aqueous buffer (pH: 11.25), the Cu(I) ion produced is chelated by two molecules of BCA2- 

to form a colored copper complex with a characteristic maximum of absorption at 562 nm that can 

be easily detected by UV-Vis spectroscopy. 

Initially the BCA Buffer solution was prepared (Sol A) accordingly with a well-established procedure. 

To Milli-Q water it has been added 1 %w/w BCA-Na2 • H2O, 2% w/w Na2CO3, 0.4% w/w NaOH and 

0.95% w/w NaHCO3. The buffer solution was adjusted to a pH = 11.25 dropwise with a NaOH 50% 

w/w solution. Moreover, a 4% w/w CuSO4 • 5H2O solution was prepared in Milli-Q water (Sol B). 

Finally, the working solution (WR-S) was obtained by mixing Sol A and Sol B in a 50:1 ratio. 

To run the test, 1000 µL of the WR-S solution was added to an Eppendorf tube followed by 40 µL of 

NCDs-1-4 derived from L-arginine and 80 µL of NCDs-5 derived from L-Lysine. All NCDs solutions 

were at 2 mg/mL concentration. The Eppendorf tube was closed and incubated through a 

thermostatic water bath at 37°C for 30 minutes. Then, an aliquot (900 µL) of the sample was taken 

and diluted with an alkaline buffer solution adjusted at pH = 11.25 containing 2% Na2CO3, 0.4% NaOH 

and 0.95% NaHCO3. UV-Vis spectra were recorded within 10 minutes (Figure 2.34). 

 

Figure 2.34 BCA assay results for NCDs-1-5. 

To measure the molar extinction coefficient of the [Cu (BCA)2]3- complex in the buffer solution, 

Na2BCA • H2O (23.30 mg, 6x10-5 mol) was added to a 20 mL volumetric flask along with CuSO4 • 

5H2O (5.00 mg, 6x10-5 mol). Finally, ascorbic acid (5.30 mg, 3x10-5 mol) was introduced as reducing 

agent and the volume was finalized at 20 mL with the alkaline buffer. 

The flask was incubated at 37°C for 30 minutes and subsequently aliquots were collected and diluted 

opportunely to a known concentration. UV-Vis spectra has been recorded. The plotted data and the 

corresponding linear fitting are shown in Figure 2.35. The molar extinction coefficient of the 
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[Cu(BCA)2]3- complex was calculated at [6.800 x 103 L (mol Cu • cm)-1]. The value fits with what 

reported in literature. 

 

Figure 2.35 a) Linear fitting for molar extinction coefficient b) UV-Vis spectra and structure of [Cu (BCA)2]3-complex. 

 

Gel electrophoresis. For the electrophoresis studies, an agarose gel was prepared in a pH = 4 citrate 

buffer. The buffer was obtained by dissolving citric acid and trisodium citrate in milli-Q-water (C6H8O7 

0.0330 M and Na3C6H5O7 0.0170 M), providing a final pH equal to 4.0. The gel precursors employed 

for each electrophoresis experiment, were freshly obtained mixing agarose along with the buffer 

solution (2 wt%) and heated up at 100°C for 10 min. Therefore, the so-formed gel was allowed to 

cool into the electrophoresis chamber. (total volume = 200 µL, concentration = 50 mg/mL) were 

prepared in the citrate buffer. 

In a typical electrophoresis experiment, 20 μL of NCDs solution were placed in the loading well of 

the gel and the chamber was filled with the buffer solution. Then, an electric current of 250 mA was 

applied recording a voltage of 60 V. UV light irradiation at 365 nm was used to visualize the 

fluorescent NCDs after the electrophoretic experiment. 

Coomassie Brilliant Blue staining for gel electrophoresis. To prepare the staining solution 250 mg 

of Coomassie Brilliant Blue dye were solubilized in a mixture of 50 mL of glacial acetic acid, 250 mL 

of methanol and 200 mL of Milli-Q water affording a final dye concentration of 5.80 x 10-4 M The 

agarose gel containing the CDs particles was placed in the dye mixture for 45 min. Subsequently, the 

gel was removed from the coloring solution and rinsed three times with a washing solution 

composed by 30% methanol, 10% acetic acid and 60% Milli-Q water. The gel was then placed 

overnight in the washing solution.  

2.5.4 General Procedures for the Synthesis of the Starting Materials  

 PREPARATION OF N-FUNCTIONALISED ISATIN (2l) 
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Prepared according to a modified literature procedure.47 Isatin (1.0 mmol, 1.0 equiv., 165 mg) was 

dissolved in anhydrous DMF (2 mL, 0.5 M) at 0oC before the addition of sodium hydride (60% 

dispersion in mineral oil, 1.3 mmol, 1.3 equiv., 91 mg). The resulting mixture was stirred for 30 

minutes at 0°C. 4-tert-butylbenzyl bromide (1.2 mmol, 1.2 equiv., 221 µL) was then added and the 

reaction was stirred for 5 hours at room temperature. At the end, the reaction was quenched with 

saturated aqueous NH4Cl (50 mL) and extracted with EtOAc (3 x 100 mL). The combined organic 

layers were washed with water and brine, then dried over anhydrous sodium sulfate. The residue 

was purified by flash chromatography (Hex/EtOAc) to afford the corresponding product 2l as red 

solid (125 mg, 43%). 

Characterization Data 

1H-NMR (400 MHz, CDCl3) δ 7.59 (dd, J = 7.5, 0.8 Hz, 1H), 7.49 (td, J = 7.8, 1.3 Hz, 1H), 7.38 – 7.33 

(m, 2H), 7.28 (dd, J = 7.7, 5.7 Hz, 2H), 7.08 (td, J = 7.6, 0.7 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 4.89 (s, J 

= 12.3 Hz, 2H), 1.29 (s, J = 3.3 Hz, 9H). 13C-NMR (101 MHz, CDCl3) δ 183.46, 158.34, 151.30, 150.97, 

138.41, 131.57, 127.37, 126.04, 125.44, 123.87, 117.77, 111.15, 43.81, 34.67, 31.38. The 

characterization data matched with the reported one.48 

PREPARATION OF CYCLIC IMINES (4a-4d) 

 

STEP 1, according to a modified literature procedure.49 Anhydrous formic acid (10.0 mmol, 1 equiv., 

377 µL) was added dropwise to neat chlorosulfonyl isocyanate (10.0 mmol, 1 equiv., 868 µL) at 0 °C 

with rapid stirring. Strong gas evolution was observed during the addition process. The resulting 

suspension was stirred at room temperature for 2 hours. The resulting white solid was immediately 

used in the following step. 
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STEP 2, according to a modified literature procedure.49 To a solution of the appropriate 

salicylaldehyde (3.75 mmol, 1 equiv.) in N,N-dimethylacetamide (DMAc, 25 mL, 0.15 M) at 0 °C was 

carefully added the freshly prepared sulfamoyl chloride (10.0 mmol, 2.67 equiv., 1.16 g) in small 

portions, and the resulting solution was stirred for 18 hours at room temperature. The reaction was 

quenched carefully with ice-cold water (50 mL), and the mixture was extracted with EtOAc (3 x 100 

mL). The combined organic layers were washed with saturated NaHCO3 solution (100 mL), then dried 

over anhydrous sodium sulfate. The residue was purified by flash chromatography (Hex/EtOAc) to 

afford the corresponding cyclic imines 4a-4d as solids. 

Characterization Data 

Benzo[e][1,2,3]oxathiazine 2,2-dioxide (4a) 

4a was synthesized according to the general procedure from salicylaldehyde (398 µL, 

3.75 mmol). The cyclic imine 4a was obtained as a pale-yellow solid (652 mg, 95% yield). 

1H-NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.80 – 7.68 (m, 2H), 7.43 (td, J = 7.6, 1.0 Hz, 

1H), 7.30 – 7.24 (m, 1H). 13C-NMR (101 MHz, CDCl3) δ 167.96, 154.21, 137.81, 131.03, 

126.36, 118.60, 115.38. The characterization data matched with the reported one.50 

6-methylbenzo[e][1,2,3]oxathiazine 2,2-dioxide (4b) 

4b was synthesized according to the general procedure from 2-hydroxy-5-

methylbenzaldehyde (511 mg, 3.75 mmol). The cyclic imine 4b was obtained as a pale-

yellow solid (587 mg, 80% yield). 

1H-NMR (400 MHz, CDCl3) δ 8.61 (s, 1H), 7.63 – 7.51 (m, 1H), 7.46 (d, J = 1.5 Hz, 1H), 7.26 

(s, 1H), 7.17 (d, J = 8.5 Hz, 1H), 2.44 (s, 1H). 13C-NMR (101 MHz, CDCl3) δ 167.91, 152.33, 

138.54, 136.51, 130.75, 118.42, 115.25, 20.77. The characterization data matched with the reported 

one.51 

6-chlorobenzo[e][1,2,3]oxathiazine 2,2-dioxide (4c) 

4c was synthesized according to the general procedure from 5-chloro-2-

hydroxybenzaldehyde (511 µL, 3.75 mmol). The cyclic imine 4c was obtained as a pale-

yellow solid (434 mg, 53% yield). 
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1H-NMR (400 MHz, CDCl3) δ 8.67 – 8.55 (m, 1H), 7.77 – 7.62 (m, 2H), 7.31 – 7.19 (m, 1H). 13C-NMR 

(101 MHz, CDCl3) δ 166.50, 152.76, 137.48, 131.80, 130.07, 120.39, 116.22. The characterization 

data matched with the reported one. 

6-iodobenzo[e][1,2,3]oxathiazine 2,2-dioxide (4d) 

4d was synthesized according to the general procedure from 2-hydroxy-5-

iodobenzaldehyde (930 mg, 3.75 mmol). The cyclic imine 4d was obtained as a pale-

yellow solid (583 mg, 74% yield). 

1H-NMR (400 MHz, CDCl3) δ 8.60 (s, 1H), 8.04 – 7.97 (m, 2H), 7.07 (d, J = 8.6 Hz, 1H).13C-

NMR (101 MHz, CDCl3) δ 166.27, 154.07, 146.09, 139.07, 120.68, 117.05, 88.73. The 

characterization data matched with the reported one.50 

PREPARATION OF 4-PHENYLACETALDEHYDE  

 

Prepared according to a modified literature procedure.52 To a solution of the (4-

fluorophenyl)methanol (1.0 mmol, 1 equiv., 125 μL) in dichloromethane (4 mL, 0.25 M) at 0 °C was 

carefully added the Dess-martin reagent (1.2 mmol, 1.2 equiv., 509 mg), and the resulting solution 

was stirred for 2 hours at room temperature. The reaction was filtered on celite. The residue was 

purified by flash chromatography (Hex/EtOAc) to afford the product as colorless liquid (33 mg, 24% 

yield).  

Characterization Data 

1H-NMR (400 MHz, DMSO-d6) δ 9.68 (t, J = 1.7 Hz, 1H), 7.31 – 7.22 (m, 2H), 7.22 – 7.13 (m, 2H), 3.78 

(d, J = 1.2 Hz, 2H). 19F-NMR (376 MHz, DMSO-d6) δ -116.19. The characterization data matched with 

the reported one.52 

2.5.5 General Procedures for the Use of NCDs-3 as Nano-Organocatalysts 

AMINOCATALYTIC ALDOL REACTIONS (3a-3l) 
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A 4 mL glass vial was charged with the appropriate nucleophile 2 (0.7 mmol, 7 equiv.), NCDs-3 (3-18 

mol%, 2.8-11 mg), the appropriate electrophile 1 (0.1 mmol, 1 equiv.) and water (final concentration: 

0.25 M). The resulting mixture was stirred for the indicated time (generally 24 hours) at ambient 

temperature. The reaction crude was then extracted with EtOAc and the organic phase was filtered 

through sodium sulfate. The solvent was removed under reduced pressure and the residue was 

purified by column chromatography (eluent: Hex/EtOAc) to give the corresponding β-hydroxy 

carbonyl compounds 3. 

Characterization Data 

4-hydroxy-4-(4-nitrophenyl)butan-2-one ((p)-3a)  Prepared according to the general procedure 

using 4-nitrobenzaldehyde 2a (0.1 mmol, 10 μL) and acetone 1a (0.7 mmol, 

50 μL). The product (p)-3a was obtained as yellowish solid (11 mg, 55% yield). 

1H-NMR (400 MHz, CDCl3) δ 8.27 – 8.11 (m, 2H), 7.63 – 7.42 (m, 2H), 5.26 

(dd, J = 7.4, 4.5 Hz, 1H), 3.58 (s, 1H), 2.92 – 2.82 (m, 2H), 2.22 (s, 3H). 13C-NMR (101 MHz, CDCl3) δ 

208.62, 150.05, 126.55, 123.91, 69.06, 51.63, 30.85. HRMS calculated for C13H15NO4 (M-Na): 

232.0550, found: 232.0580. The characterization of the compound matches with the data reported 

in the literature.53 

4-hydroxy-4-(2-nitrophenyl)butan-2-one ((o)-3a) Prepared according to the general procedure 

using 2-nitrobenzaldehyde 2b (0.1 mmol, 10 μL) and acetone 1a (0.7 mmol, 50 

μL). The product (o)-3a was obtained as yellowish solid (12 mg, 57% yield). 

1H-NMR (400 MHz, CDCl3) δ 7.96 (dd, J = 8.2, 1.2 Hz, 1H), 7.90 (dd, J = 7.9, 1.3 Hz, 

1H), 7.67 (m, 1H), 7.48 – 7.40 (m, 1H), 5.68 (dd, J = 9.4, 1.9 Hz, 1H), 3.72 (s, 1H), 3.14 (dd, J = 17.8, 

2.1 Hz, 1H), 2.72 (dd, J = 17.8, 9.4 Hz, 1H), 2.24 (s, 3H). HRMS calculated for C13H15NO4 (M-Na): 

232.0583, found: 232.0580. The characterization of the compound matches with the data reported 

in the literature.54 
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4-hydroxy-4-(3-nitrophenyl)butan-2-one ((m)-3a) Prepared according to the general procedure 

using 3-nitrobenzaldehyde 2c (0.1 mmol, 10 μL) and acetone 1a (0.7 mmol, 

50 μL). The product (m)-3a was obtained as yellowish solid (15 mg, 72% 

yield). 

1H-NMR (400 MHz, CDCl3) δ 8.24 (t, J = 1.9 Hz, 1H), 8.13 (ddd, J = 8.2, 2.2, 1.0 Hz, 1H), 7.75 – 7.61 

(m, 1H), 7.53 (t, J = 7.9 Hz, 1H), 5.30 – 5.22 (m, 1H), 3.60 (d, J = 3.2 Hz, 1H), 2.92 – 2.85 (m, 2H), 2.23 

(s, 3H). 13C-NMR (101 MHz, CDCl3) δ 208.73, 148.52, 144.93, 131.94, 129.65, 122.73, 120.86, 68.93, 

51.64, 30.85. HRMS calculated for C13H15NO4 (M-Na): 232.0581, found: 232.0580. The 

characterization of the compound matches with the data reported in the literature.55 

2-(hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one (3b) Prepared according to the general 

procedure using 4-nitrobenzaldehyde 2a (0.1 mmol, 10 μL) and 2-cyclohexen-

1-one 1b (0.7 mmol, 29 μL). The product 3b was obtained as yellowish solid 

(16 mg, 65% yield). 

1H-NMR (400 MHz, CD3OD) δ 8.22 – 8.15 (m, 2H), 7.63 – 7.56 (m, 2H), 5.35-5.10 (m, 1H), 2.76 (tdd, 

J = 11.8, 8.6, 4.9 Hz, 1H), 2.45 – 2.33 (m, 2H), 2.01 (tdd, J = 10.6, 6.7, 3.5 Hz, 1H), 1.91 – 1.57 (m, 5H), 

1.36 – 1.24 (m, 1H). 13C-NMR (101 MHz, CD3OD) δ 212.51, 211.64, 151.69, 150.14, 147.26, 146.69, 

127.78, 126.93, 122.79, 122.69, 71.75, 69.48, 57.26, 56.73, 41.61, 41.58, 30.21, 27.68, 26.93, 26.12, 

24.03, 23.84. HRMS calculated for C13H15NO4 (M-Na): 272.0892, found: 272.0893. The 

characterization of the compound matches with the data reported in the literature.56 

3-hydroxy-3-(2-oxopropyl)indolin-2-one (3c) Prepared according to the general procedure using 

isatin 2d (0.1 mmol, 15 mg) and acetone 1a (0.7 mmol, 50 μL). The product 3c was 

obtained as brownish solid (18 mg, 90% yield). 

1H-NMR (400 MHz, DMSO) δ 10.21 (s, 1H), 7.23 (dd, J = 7.3, 0.5 Hz, 1H), 7.17 (td, J = 

7.7, 1.3 Hz, 1H), 6.90 (td, J = 7.5, 1.0 Hz, 1H), 6.78 (d, J = 7.6 Hz, 1H), 6.00 (s, 1H), 3.27 

(d, J = 16.6 Hz, 1H), 3.00 (d, J = 16.6 Hz, 1H), 1.99 (s, J = 4.5 Hz, 3H). 13C-NMR (101 MHz, DMSO) δ 

205.38, 178.31, 142.60, 131.58, 129.13, 123.79, 121.42, 109.59, 72.78, 50.35, 30.67. HRMS 

calculated for C11H11NO3 (M-Na): 228.0567, found: 228.0631. The characterization of the compound 

matches with the data reported in the literature.57 
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3-hydroxy-5-methyl-3-(2-oxopropyl)indolin-2-one (3d) Prepared according 

to the general procedure using 5-methylisatin 2e (0.1 mmol, 17 mg) and 

acetone 1a (0.7 mmol, 50 μL). The product 3d was obtained as brownish solid 

(17 mg, 78% yield). 

1H-NMR (400 MHz, CD3OD) δ 7.16 – 7.12 (m, 1H), 7.05 (ddd, J = 7.9, 1.7, 0.8 Hz, 1H), 6.77 (d, J = 7.9 

Hz, 1H), 3.39 – 3.28 (m, 1H), 3.14 (d, J = 16.6 Hz, 1H), 2.29 (s, 3H), 2.07 (s, 3H). 13C-NMR (101 MHz, 

CD3OD) δ 207.45, 181.16, 141.01, 133.09, 132.29, 130.90, 125.49, 110.99, 74.87, 51.11, 30.69, 

21.08. HRMS calculated for C12H13NO3 (M-Na): 242.0786, found: 242.0788. The characterization of 

the compound matches with the data reported in the literature.57 

5-fluoro-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3e) Prepared according to the general procedure 

using 5-fluoroisatin 2f (0.1 mmol, 17 mg) and acetone 1a (0.7 mmol, 50 μL). The 

product 3e was obtained as brownish solid (18 mg, 81% yield). 

1H-NMR (400 MHz, CD3OD) δ 7.11 (dd, J = 8.0, 2.5 Hz, 1H), 6.97 (ddd, J = 9.4, 8.5, 

2.7 Hz, 1H), 6.84 (dd, J = 8.5, 4.2 Hz, 1H), 3.37 (d, J = 18.7 Hz, 1H), 3.18 (d, J = 17.2 

Hz, 1H), 2.08 (s, 3H). 13C-NMR (101 MHz, CD3OD) δ 205.80, 179.67, 160.21, 157.83, 132.75, 132.67, 

115.31, 115.08, 111.42, 111.17, 110.51, 110.43, 109.99, 73.50, 49.54, 29.11. 19F-NMR (376 MHz, 

CD3OD) δ -123.21 (ddd, J = 9.4, 8.1, 4.3 Hz). HRMS calculated for C11H12FNO3 (M-Na): 246.0534, 

found: 246.0534. The characterization of the compound matches with the data reported in the 

literature.57 

5-chloro-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3f) Prepared according to the general procedure 

using 5-chloroisatin 2g (0.1 mmol, 18 mg) and acetone 1a (0.7 mmol, 50 μL). The 

product 3f was obtained as white solid (21 mg, 89% yield). 

1H-NMR (400 MHz, CD3OD) δ 7.32 (d, J = 2.0 Hz, 1H), 7.23 (dd, J = 8.3, 2.2 Hz, 

1H), 6.85 (d, J = 8.2 Hz, 1H), 3.39 (d, J = 17.2 Hz, 1H), 3.19 (d, J = 17.2 Hz, 1H), 

2.08 (s, 3H). 13C-NMR (101 MHz, CD3OD) δ 205.81, 179.36, 141.03, 132.96, 128.98, 127.11, 123.86, 

110.92, 73.24, 49.55, 29.04. HRMS calculated for C11H10ClNO3 (M-Na): 262.0239, found: 262.0241. 

The characterization of the compound matches with the data reported in the literature.58 
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5-bromo-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3g) Prepared according to the general procedure 

using 5-bromoisatin 2h (0.1 mmol, 18 mg) and acetone 1a (0.7 mmol, 50 μL). The 

product 3g was obtained as as brownish solid (19 mg, 67% yield). 

1H-NMR (400 MHz, CD3OD) δ 7.45 (d, J = 1.8 Hz, 1H), 7.37 (dd, J = 8.2, 2.0 Hz, 

1H), 6.82 – 6.79 (m, 1H), 3.39 (d, J = 17.0 Hz, 1H), 3.19 (d, J = 17.2 Hz, 1H), 2.08 

(s, 3H). 13C-NMR (101 MHz, CD3OD) δ 207.53, 180.93, 143.23, 135.07, 133.67, 128.39, 115.93, 

113.13, 74.90, 51.28, 49.30, 30.75. HRMS calculated for C11H10BrNO3 (M-Na): 305.9737, found: 

305.9736. The characterization of the compound matches with the data reported in the literature.57 

5,7-dibromo-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3h) Prepared according to the general 

procedure using 5,7-dibromoisatin 2i (0.1 mmol, 30 mg) and acetone 1a (0.7 

mmol, 50 μL). The product 3h was obtained as yellowish solid (15 mg, 41% 

yield). 

1H-NMR (500 MHz, DMSO) δ 10.70 (s, 1H), 7.68 – 7.56 (m, 1H), 7.46 (d, J = 1.8 

Hz, 1H), 6.27 (s, 1H), 3.13 (d, J = 17.8 Hz, 1H), 2.01 (s, 3H). 13C-NMR (126 MHz, DMSO) δ 205.67, 

177.76, 141.86, 135.53, 133.52, 125.88, 113.56, 102.64, 73.45, 50.08, 30.19. HRMS calculated for 

C11H9Br2NO3 (M-Na): 383.8843, found: 383.8841. The characterization of the compound matches 

with the data reported in the literature.57 

3-hydroxy-3-(2-oxopropyl)-1-phenylindolin-2-one (3i) Prepared according to the general procedure 

using 1-phenylisatin 2j (0.1 mmol, 22 mg) and acetone 1a (0.7 mmol, 50 μL). The 

product 3i was obtained as brownish solid (24 mg, 85% yield).  

1H-NMR (400 MHz, CD3OD) δ 7.61 – 7.53 (m, 2H), 7.49 – 7.39 (m, 4H), 7.24 (td, J = 

7.8, 1.3 Hz, 1H), 7.09 (td, J = 7.5, 1.0 Hz, 1H), 6.73 – 6.67 (m, 1H), 3.62 – 3.51 (m, 1H), 

3.37 (s, 1H), 2.07 (s, 3H). 13C-NMR (101 MHz, CD3OD) δ 205.91, 177.41, 144.47, 134.56, 130.16, 

129.31, 129.27, 128.05, 126.65, 123.27, 122.94, 109.14, 72.92, 50.38, 28.97. HRMS calculated for 

C17H15NO3 (M-Na): 304.0943, found: 304.0944. The characterization of the compound matches with 

the data reported in the literature.59 
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3-hydroxy-1-methyl-3-(2-oxopropyl)indolin-2-one (3j) Prepared according to the general procedure 

using 1-methylisatin 2k (0.1 mmol, 17 mg) and acetone 1a (0.7 mmol, 50 μL). The 

product 3j was obtained as brownish solid (8 mg, 37% yield).  

1H-NMR (400 MHz, CDCl3) δ 7.38 – 7.34 (m, 1H), 7.32 (dd, J = 7.8, 1.3 Hz, 1H), 7.06 

(td, J = 7.6, 1.0 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 3.18 (m, 4H), 2.94 (d, J = 17.0 Hz, 1H), 

2.17 (s, 3H). 13C-NMR (101 MHz, CDCl3) δ 207.68, 176.02, 143.50, 130.03, 129.70, 123.85, 123.13, 

108.58, 74.22, 48.62, 29.68, 28.74, 26.28. HRMS calculated for C12H13NO3 (M-Na): 242.0788, found: 

242.0788. The characterization of the compound matches with the data reported in the literature.59 

3-hydroxy-3-(2-oxocyclohexyl)indolin-2-one (3k) Prepared according to the general procedure 

using isatin 2d (0.1 mmol, 15 mg) and cyclohexanone 1b (0.7 mmol, 73 μL). The 

product 3k was obtained as brownish solid (15 mg, 62% yield, d.r. 13:1).  

1H-NMR (400 MHz, CD3CN) δ 7.34 – 7.30 (m, 1H), 7.26 (td, J = 7.7, 1.3 Hz, 1H), 6.99 

(td, J = 7.6, 1.0 Hz, 1H), 6.92 – 6.88 (m, 1H), 4.30 (s, 1H), 3.12 (ddd, J = 13.1, 5.3, 1.2 

Hz, 1H), 2.46 – 2.29 (m, 2H), 2.26 – 2.20 (m, 1H), 2.08 – 1.99 (m, 1H), 1.88 – 1.47 (m, 4H). 13C-NMR 

(101 MHz, CD3CN) δ 211.63, 179.15, 143.71, 131.00, 130.29, 125.81, 122.71, 118.26, 110.59, 76.35, 

57.47, 42.56, 27.92, 27.37, 25.32. HRMS calculated for C14H15NO3 (M-Na): 268.0946, found: 

268.0944. The characterization of the compound matches with the data reported in the literature.59 

1-(4-(tert-butyl)benzyl)-3-hydroxy-3-(2-oxocyclohexyl)indolin-2-one (3l). Prepared according to 

the general procedure using 1-para-tertbutilphenylisatin 2l (0.1 mmol, 29 mg) and 

cyclohexanone 1b (0.7 mmol, 73 μL). The product 3l was obtained as red solid 

(19 mg, 67% yield, d.r. >20:1). 

1H-NMR (400 MHz, CDCl3) δ 7.33 (dt, J = 8.4, 2.0 Hz, 3H), 7.30 – 7.25 (m, 2H), 

7.21 (td, J = 7.8, 1.2 Hz, 1H), 7.02 (td, J = 7.6, 0.9 Hz, 1H), 6.72 (d, J = 7.8 Hz, 1H), 

4.96 (dd, J = 34.2, 18.5 Hz, 1H), 4.78 (d, J = 15.7 Hz, 1H), 3.03 (dd, J = 12.1, 5.4 

Hz, 1H), 2.48 (dd, J = 8.9, 6.2 Hz, 1H), 2.39 – 2.26 (m, 1H), 1.87 (t, J = 9.1 Hz, 1H), 1.73 – 1.53 (m, 3H), 

1.31 – 1.24 (m, 9H). 13C-NMR (126 MHz, CDCl3) δ 211.94, 176.90, 150.62, 143.87, 132.70, 129.94, 

129.04, 127.18, 125.79, 124.08, 123.00, 109.66, 77.23, 55.46, 43.71, 42.23, 34.63, 31.44, 27.34, 

26.14, 24.62. HRMS calculated for C25H29NO3 (M-Na): 414.2014, found: 414.2040. 
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AMINOCATALYTIC MANNICH REACTIONS (5a-5d) 

 

A 4 mL glass vial was charged with the appropriate cyclic imine 4 (0.1 mmol, 1 equiv.), NCDs-3 (3.3% 

mol, 2 mg), acetone 1a (1.5 mmol, 15 equiv.), benzoic acid (0.02 mmol, 0.2 equiv.) and water (final 

concentration: 0.25 M). The resulting mixture was stirred for the indicated time (24 hours) at 

ambient temperature. The reaction crude was then extracted with EtOAc and the organic phase was 

filtered through sodium sulfate. The solvent was removed under reduced pressure and the residue 

was purified by column chromatography (eluent: dicloromethane) to give the corresponding product 

5. 

Characterization Data 

1-(2,2-dioxido-3,4-dihydrobenzo[e][1,2,3]oxathiazin-4-yl)propan-2-one (5a) 

Prepared according to the general procedure using benzo[e][1,2,3]oxathiazine 2,2-

dioxide 4a (0.1 mmol, 19 mg), benzoic acid (0.02 mmol, 2.5 mg) and acetone 1a 

(1.5 mmol, 110 μL). The product 5a was obtained as white solid (22 mg, 91% yield). 

1H-NMR (400 MHz, CDCl3) δ 7.32 (dddd, J = 8.1, 7.5, 1.7, 0.7 Hz, 1H), 7.18 (td, J = 7.6, 1.2 Hz, 1H), 

7.13 – 7.08 (m, 1H), 7.04 (dd, J = 8.3, 1.2 Hz, 1H), 5.17 (dd, J = 7.3, 4.0 Hz, 1H), 3.63 (dd, J = 18.2, 7.3 

Hz, 1H), 2.97 (dd, J = 18.2, 4.0 Hz, 1H), 2.24 (s, 3H). 13C-NMR (101 MHz, CDCl3) δ 206.80, 151.31, 

129.83, 125.88, 125.61, 121.46, 119.33, 53.55, 46.43, 31.20. HRMS calculated for C10H11NO4S(M-

Na): 264.0307, found: 264.0301.  

1-(6-methyl-2,2-dioxido-3,4-dihydrobenzo[e][1,2,3]oxathiazin-4-yl)propan-2-

one (5b) Prepared according to the general procedure using 6-

methylbenzo[e][1,2,3]oxathiazine 2,2-dioxide 4b (0.1 mmol, 20 mg), benzoic acid 

(0.02 mmol, 2.5 mg) and acetone 1a (1.5 mmol, 110 μL). The product 5b was 

obtained as white solid (13 mg, 51% yield). 
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1H-NMR (400 MHz, CDCl3) δ 7.13 – 7.07 (m, 1H), 6.95 – 6.86 (m, 2H), 5.62 (d, J = 7.8 Hz, 1H), 5.13 

(td, J = 7.7, 3.9 Hz, 1H), 3.61 (dd, J = 18.1, 7.6 Hz, 1H), 2.95 (dd, J = 18.2, 3.9 Hz, 1H), 2.31 (s, 3H), 

2.24 (s, 3H). 13C-NMR (101 MHz, CDCl3) δ 206.80, 149.17, 135.40, 130.40, 126.19, 121.01, 119.01, 

53.50, 46.71, 31.17, 20.98. HRMS calculated for C11H13NO4S(M-Na): 278.0455, found: 278.0457. 

1-(6-chloro-2,2-dioxido-3,4-dihydrobenzo[e][1,2,3]oxathiazin-4-yl)propan-2-one 

(5c) Prepared according to the general procedure using 6-

chlorobenzo[e][1,2,3]oxathiazine 2,2-dioxide 4c (0.1 mmol, 22 mg), benzoic acid 

(0.02 mmol, 2.5 mg) and acetone 1a (1.5 mmol, 110 μL). The product 5c was 

obtained as white solid (8 mg, 30% yield). 

1H-NMR (400 MHz, CDCl3) δ 7.33 – 7.23 (m, 1H), 7.09 (dd, J = 2.4, 0.8 Hz, 1H), 6.99 (d, J = 8.8 Hz, 1H), 

5.71 (s, 1H), 5.12 (m, 1H), 3.60 (dd, J = 18.4, 7.1 Hz, 1H), 2.99 (dd, J = 18.4, 4.0 Hz, 1H), 2.26 (s, 3H). 

13C-NMR (101 MHz, CDCl3) δ 206.46, 149.82, 130.85, 129.91, 125.85, 123.07, 120.71, 53.25, 46.23, 

31.11. HRMS calculated for C10H10ClNO4S(M-Na): 297.9910, found: 297.9911. 

1-(6-iodo-2,2-dioxido-3,4-dihydrobenzo[e][1,2,3]oxathiazin-4-yl)propan-2-one 

(5d) Prepared according to the general procedure using 6-

iodobenzo[e][1,2,3]oxathiazine 2,2-dioxide 4d (0.1 mmol, 31 mg), benzoic acid 

(0.02 mmol, 2.5 mg) and acetone 1a (1.5 mmol, 110 μL). The product 5d was 

obtained as white solid (16 mg, 44% yield). 

1H-NMR (400 MHz, CDCl3) δ 7.61 (ddd, J = 8.7, 2.1, 0.6 Hz, 1H), 7.42 (dd, J = 2.0, 0.8 Hz, 1H), 6.79 (d, 

J = 8.7 Hz, 1H), 5.75 (s, 1H), 5.13 (s, 1H), 3.60 (dd, J = 18.3, 7.3 Hz, 1H), 2.97 (dd, J = 18.3, 3.9 Hz, 1H), 

2.26 (s, 3H). 13C-NMR (101 MHz, CDCl3) δ 206.47, 151.24, 138.73, 134.75, 123.81, 121.25, 88.71, 

52.92, 46.34, 31.14. HRMS calculated for C10H10INO4S(M-Na): 389.9268, found: 389.9267. 

AMINOCATALYTIC KNOEVENAGEL REACTIONS (7a-7d) 

 

 

A 4 mL glass vial was charged with malononitrile 6 (0.3-0.6 mmol, 3-6 equiv.), NCDs-3 (6.5% mol, 3.7 

mg), the appropriate electrophiles 2 (0.1 mmol, 1 equiv.), and water/acetonitrile (9:1) (final 
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concentration: 0.25 M). The resulting mixture was stirred for the indicated time (24 hours) at 

ambient temperature. The reaction crude was then extracted with EtOAc and the organic phase was 

filtered through sodium sulfate. The solvent was removed under reduced pressure and the residue 

was purified by column chromatography (eluent: Hex/EtOAc) to give the corresponding product 7. 

Characterization Data 

2-benzylidenemalononitrile (7a) Prepared according to the general procedure using 

malononitrile 6 (0.6 mmol, 6 equiv.), and benzaldehyde 2m (0.1 mmol, 1 equiv.). The 

product 7a was obtained as white solid (9 mg, 58% yield). 

1H-NMR (400 MHz, CDCl3) δ 7.96 – 7.85 (m, 2H), 7.78 (s, 1H), 7.70 – 7.61 (m, 1H), 7.58 – 7.47 (m, 

2H).13C-NMR (101 MHz, CDCl3) δ 160.05, 134.76, 131.07, 130.86, 129.77, 113.83, 112.66, 83.06. It 

was not possible to measure the HRMS (ESI-MS) of compound 7a due to its poor tendency to ionize. 

The characterization of the compound matches with the data reported in the literature.60 

2-(4-iodobenzylidene)malononitrile (7b) Prepared according to the general 

procedure using malononitrile 6 (0.6 mmol, 6 equiv.), and 4-iodobenzaldehyde 2n 

(0.1 mmol, 1 equiv.). The product 7b was obtained as white solid (13 mg, 46% 

yield). 

1H-NMR (400 MHz, CDCl3) δ 7.94 – 7.88 (m, 2H), 7.69 (s, 1H), 7.63 – 7.57 (m, 2H). 13C-NMR (101 

MHz, CDCl3) δ 158.79, 139.21, 131.65, 130.28, 113.60, 112.47, 102.97, 83.73. It was not possible to 

measure the HRMS (ESI-MS) of compound 7b due to its poor tendency to ionize. The 

characterization of the compound matches with the data reported in the literature.61 

2-(4-cyanobenzylidene)malononitrile (7c) Prepared according to the general 

procedure using malononitrile 6 (0.6 mmol, 6 equiv.), and 4-cyanobenzaldehyde 

2o (0.1 mmol, 1 equiv.). The product 7c was obtained as white solid (8 mg, 45% 

yield). 

 1H-NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.3 Hz, 2H), 7.86 – 7.75 (m, 2H). 13C-NMR (101 MHz, CDCl3) 

δ 158.79, 139.21, 131.65, 130.28, 113.60, 112.47, 102.97, 83.73. It was not possible to measure the 

HRMS (ESI-MS) of compound 7c due to its poor tendency to ionize. The characterization of the 

compound matches with the data reported in the literature.61 
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 2-(4-nitrobenzylidene)malononitrile (7d) Prepared according to the general 

procedure using malononitrile 6 (0.3 mmol, 3 equiv.), and 4-nitrobenzaldehyde 

2a (0.1 mmol, 1 equiv.). The product 7d was obtained as yellow solid (13 mg, 

65% yield). 

 1H-NMR (400 MHz, CDCl3) δ 8.45 – 8.35 (m, 2H), 8.11 – 8.03 (m, 2H), 7.88 (s, 1H). 13C-NMR (101 

MHz, CDCl3) δ 156.97, 135.92, 131.45, 124.79, 112.75, 111.73, 87.71. It was not possible to measure 

the HRMS (ESI-MS) of compound 7d due to its poor tendency to ionize. The characterization of the 

compound matches with the data reported in the literature.61 

AMINOCATALYTIC MICHAEL ADDITIONS (10a-10l) 

 

A 4 mL glass vial was charged with the appropriate α,β-unsaturated carbonyl compound 8 (0.3 mmol, 

3 equiv.), NCDs-3 (18 mol%, 11 mg), the appropriate nucleophile 9 (0.1 mmol, 1 equiv.), benzoic acid 

(0.02 mmol, 0.2 equiv.) and water (final concentration: 0.25 M). The resulting mixture was stirred 

for the indicated time (48 hours) at ambient temperature. The reaction crude was then extracted 

with EtOAc and the organic phase was filtered through sodium sulfate. The solvent was removed 

under reduced pressure and the residue was purified by column chromatography (eluent: 

Hex/EtOAc) to give the corresponding β-substituted carbonyl compound 10. 

Characterization Data 

Dimethyl 2-(3-oxocyclohexyl)malonate (10a) Prepared according to the general 

procedure using dimethyl malonate 9a (0.1 mmol, 11 μL) and 2-cyclohexen-1-one 

8a (0.3 mmol, 29 μL). The product 10a was obtained as yellowish oil (9 mg, 40% 

yield). 

1H-NMR (400 MHz, CDCl3) δ 3.75 (d, J = 3.5 Hz, 6H), 3.34 (d, J = 8.0 Hz, 1H), 2.54 (dddd, J = 15.5, 

11.4, 7.7, 3.7 Hz, 1H), 2.47 – 2.35 (m, 2H), 2.26 (m, 2H), 2.14 – 2.02 (m, 1H), 2.00 – 1.88 (m, 1H), 1.78 

– 1.61 (m, 1H), 1.56 – 1.43 (m, 1H). 13C-NMR (101 MHz, CDCl3) δ 209.62, 168.40, 168.31, 56.77, 
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52.74, 45.23, 41.13, 38.26, 28.94, 24.66. HRMS calculated for C11H16O3 (M-Na): 251.0892, found: 

251.0890. The characterization of the compound matches with the data reported in the literature.62 

3-(3-oxocyclohexyl)pentane-2,4-dione (10b) Prepared according to the general 

procedure using acetylacetone 9b (0.1 mmol, 10 μL) and 2-cyclohexen-1-one 8a 

(0.3 mmol, 29 μL). The product 10b was obtained as yellowish oil (12 mg, 59% 

yield). 

1H-NMR (400 MHz, CDCl3) δ 3.63 (d, J = 10.2 Hz, 1H), 2.76 – 2.60 (m, 1H), 2.45 – 2.35 (m, 1H), 2.34 

– 2.20 (m, 2H), 2.17 (d, J = 9.4 Hz, 6H), 2.10 – 1.98 (m, 2H), 1.89 – 1.63 (m, 2H), 1.44 – 1.30 (m, 1H). 

13C-NMR (101 MHz, CDCl3) δ 209.04, 202.88, 202.70, 74.91, 45.22, 41.06, 38.39, 29.75, 29.58, 28.81, 

24.45. HRMS calculated for C11H16O3 (M-Na): 219.0993, found: 219.0992. The characterization of the 

compound matches with the data reported in the literature.58 

Ethyl 3-oxo-2-(3-oxocyclohexyl)butanoate (10c) Prepared according to the general 

procedure using ethyl acetoacetate 9c (0.1 mmol, 13 μL) and 2-cyclohexen-1-one 

8a (0.3 mmol, 29 μL). The product 10c was obtained as yellowish oil (14 mg, 60% 

yield, d.r. 1:1). 

1H-NMR (400 MHz, CDCl3) δ 4.26 – 4.14 (m, 2H), 3.38 (dd, J = 8.7, 7.5 Hz, 1H), 2.66 – 2.50 (m, 1H), 

2.46 – 2.32 (m, 2H), 2.30 – 2.19 (m, 3H), 2.19 – 2.12 (m, 1H), 2.11 – 1.99 (m, 1H), 1.96 – 1.81 (m, 

1H), 1.77 – 1.62 (m, 1H), 1.61 – 1.49 (m, 1H), 1.32 – 1.23 (m, 4H). 13C-NMR (101 MHz, CDCl3) δ 

209.68, 209.59, 201.77, 201.65, 168.42, 168.22, 65.33, 64.91, 61.83, 61.76, 45.55, 45.17, 41.25, 

41.19, 37.90, 29.66, 29.64, 29.18, 28.72, 24.69, 14.28, 14.25. HRMS calculated for C12H18O6 (M-Na): 

249.1096, found: 249.1097. The characterization of the compound matches with the data reported 

in the literature.63 

3-(3,5-dimethyl-1H-pyrazol-1-yl)cyclohexan-1-one (10d) Prepared according to 

the general procedure using 3,5-dimethyl-pyrazol 9d (0.1 mmol, 10 mg) and 2-

cyclohexen-1-one 8a (0.3 mmol, 28 μL). The product 10d was obtained as 

yellowish oil (17 mg, 88% yield). 

1H-NMR (400 MHz, CDCl3) δ 5.76 (s, 1H), 4.35 – 4.17 (m, 1H), 3.09 (dd, J = 14.3, 11.5 Hz, 1H), 2.74 – 

2.52 (m, 1H), 2.48 – 2.38 (m, 2H), 2.37 – 2.23 (m, 1H), 2.22 – 2.18 (m, 6H), 2.17 – 2.09 (m, 1H), 2.09 

– 1.99 (m, 1H), 1.87 (s, 1H), 1.74 – 1.58 (m, 1H). 13C-NMR (101 MHz, CDCl3) δ 208.95, 147.82, 137.92, 
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105.16, 55.80, 48.12, 40.70, 31.50, 22.32, 13.71, 10.95. HRMS calculated for C11H16N2O (M-Na): 

215.1157, found: 215.1155. 

3-((4-fluorophenyl)thio)cyclohexan-1-one (10e) Prepared according to the 

general procedure using 4-fluorophenylthiol 9e (0.1 mmol, 11 μL) and 2-

cyclohexen-1-one 8a (0.3 mmol, 28 μL). The product 10e was obtained with 

97% yield (22 mg). 

1H-NMR (400 MHz, CDCl3) δ 7.47 – 7.38 (m, 2H), 7.09 – 6.96 (m, 2H), 3.40 – 3.24 (m, 1H), 2.64 (ddt, 

J = 14.3, 4.5, 1.6 Hz, 1H), 2.42 – 2.19 (m, 3H), 2.19 – 2.06 (m, 2H), 1.80 – 1.55 (m, 2H). 19F-NMR (376 

MHz, CDCl3) δ -113.07. 13C-NMR (101 MHz, CDCl3) δ 208.55, δ 162.81 (d, J = 248.7 Hz), 136.16 (d, J 

= 8.2 Hz), 116.18 (d, J = 21.8 Hz), 47.66, 46.85, 40.82, 31.17, 23.96. HRMS calculated for C12H13FOS 

(M-Na): 247.0564, found: 247.0563. The characterization of the compound matches with the data 

reported in the literature.64 

3-((4-fluorophenyl)thio)cyclohexan-1-one (10f) Prepared according to the general 

procedure using thiophenol 9f (0.1 mmol, 10 μL) and 2-cyclohexen-1-one 8a (0.3 

mmol, 28 μL). The product 10f was obtained as yellowish oil (15 mg, 75% yield). 

1H-NMR (400 MHz, CDCl3) δ 7.43 (m, 2H), 7.36 – 7.27 (m, 3H), 3.43 (ddd, J = 14.1, 10.1, 4.2 Hz, 1H), 

2.69 (dd, J = 14.3, 4.4 Hz, 1H), 2.43 – 2.23 (m, 3H), 2.22 – 2.06 (m, 2H), 1.88 – 1.63 (m, 2H). 13C-NMR 

(101 MHz, CDCl3) δ 208.71, 133.23, 132.98, 129.05, 127.78, 47.77, 46.12, 40.87, 31.26, 24.04. HRMS 

calculated for C12H14OS (M-Na): 229.0657, found: 229.0658. The characterization of the compound 

matches with the data reported in the literature.65 

3-((4-fluorophenyl)thio)cyclopentan-1-one (10g) Prepared according to the general procedure 

using 4-fluorophenylthiol 9e (0.1 mmol, 11 μL) and 2-cyclopenten-1-one 8b (0.3 

mmol, 25 μL). The product 10g was obtained as yellowish oil (17 mg, 82% yield). 

1H-NMR (400 MHz, CDCl3) δ 7.45 – 7.37 (m, 2H), 7.08 – 6.97 (m, 2H), 3.84 – 3.71 

(m, 1H), 2.64 – 2.39 (m, 1H), 2.37 – 2.14 (m, 3H), 2.04 – 1.91 (m, 1H). 19F-NMR (376 MHz, CDCl3) δ -

108.99 – -120.35 (m). 13C-NMR (101 MHz, CDCl3) δ 216.29, 162.76 (d, J = 248.5 Hz), 135.25 (d, J = 

8.2 Hz), 129.07 (d, J = 3.4 Hz), 116.41 (d, J = 22.0 Hz), 45.23, 44.49, 36.87, 29.42. HRMS calculated 

for C11H11FOS (M-Na): 233.0406, found: 233.0407.  
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3-(phenylthio)cyclopentan-1-one (10h) Prepared according to the general 

procedure using thiophenol 9f (0.1 mmol, 10 μL) and 2-cyclopenten-1-one 8b (0.3 

mmol, 25 μL). The product 10h was obtained as yellowish oil (10 mg, 55% yield). 

1H-NMR (400 MHz, CDCl3) δ 7.44 – 7.38 (m, 1H), 7.36 – 7.24 (m, 2H), 3.95 – 3.82 (m, 1H), 2.61 (dd, 

J = 18.7, 7.2 Hz, 1H), 2.54 – 2.43 (m, 1H), 2.41 – 2.17 (m, 2H), 2.09 – 1.96 (m, 1H). 13C-NMR (101 

MHz, CDCl3) δ 216.54, 134.31, 132.16, 129.25, 127.58, 45.38, 43.55, 36.93, 29.49. HRMS calculated 

for C11H12OS (M-Na): 215.0502, found: 215.0501. The characterization of the compound matches 

with the data reported in the literature.65 

Dimethyl 2-(3-oxocyclopentyl)malonate (10i) Prepared according to the 

general procedure using dimethyl malonate 9a (0.1 mmol, 11 μL) and 2-

cyclopenten-1-one 8b (0.3 mmol, 25 μL). The product 10i was obtained as 

yellowish oil (14 mg, 65% yield). 

1H-NMR (400 MHz, CDCl3) δ 3.76 (s, 3H), 3.74 (s, J = 1.6 Hz, 3H), 3.37 (d, J = 9.4 Hz, 1H), 2.93 – 2.78 

(m, 1H), 2.50 (dd, J = 18.4, 7.6 Hz, 1H), 2.41 – 2.29 (m, 1H), 2.29 – 2.13 (m, 2H), 2.00 (ddd, J = 18.4, 

11.0, 1.4 Hz, 1H), 1.75 – 1.54 (m, 2H). 13C-NMR (101 MHz, CDCl3) δ 217.04, 168.65, 168.57, 56.24, 

52.79, 52.78, 43.01, 38.31, 36.53, 27.62. HRMS calculated for C10H14O5 (M-Na): 237.0733, found: 

237.0733. The characterization of the compound matches with the data reported in the literature.62 

3-(3-oxocyclopentyl)pentane-2,4-dione (10j) Prepared according to the general 

procedure using acetylacetone 9b (0.1 mmol, 10 μL) and 2-cyclopenten-1-one 8b 

(0.3 mmol, 25 μL). The product 10j was obtained as yellowish oil (10 mg, 55% yield). 

1H-NMR (400 MHz, CDCl3) δ 3.62 (d, J = 10.5 Hz, 1H), 2.95 (qdd, J = 10.4, 7.1, 5.5 

Hz, 1H), 2.47 – 2.27 (m, 2H), 2.24 – 2.21 (m, 3H), 2.21 – 2.09 (m, 5H), 1.78 (ddd, J = 18.2, 11.0, 1.3 

Hz, 1H), 1.54 – 1.44 (m, 1H). 13C-NMR (101 MHz, CDCl3) δ 216.55, 202.85, 202.63, 75.10, 42.81, 

38.07, 36.36, 29.70, 29.45, 27.67. The characterization of the compound matches with the data 

reported in the literature.66 

3-(3-oxocyclohexyl)pentane-2,4-dione(10k) Prepared according to the general 

procedure using ethyl acetoacetate 9c (0.1 mmol, 13 μL) and 2-cyclopenten-1-one 

8b (0.3 mmol, 25 μL). The product 10k was obtained as yellowish oil (18 mg, 86% 

yield). 
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1H-NMR (400 MHz, CDCl3) δ 4.29 – 4.09 (m, 1H), 3.41 (dd, J = 9.8, 6.3 Hz, 1H), 2.95 – 2.79 (m, 1H), 

2.45 (ddd, J = 12.1, 7.1, 3.2 Hz, 1H), 2.36 – 2.10 (m, 6H), 1.88 (dddd, J = 53.0, 18.3, 11.0, 1.4 Hz, 1H), 

1.69 – 1.41 (m, 1H), 1.36 – 1.18 (m, 4H). 13C-NMR (101 MHz, CDCl3) δ 217.03, 216.99, 201.54, 201.38, 

168.37, 168.29, 64.81, 64.60, 61.70, 61.68, 42.94, 42.69, 38.15, 38.00, 35.83, 35.74, 29.44, 29.21, 

27.61, 27.33, 14.10, 14.07. HRMS calculated for C11H16O4 (M-Na): 235.0943, found: 235.0941. The 

characterization of the compound matches with the data reported in the literature.63 

3-(3,5-dimethyl-1H-pyrazol-1-yl)cyclopentan-1-one (10l) Prepared according to the 

general procedure using 3,5-dimethyl-pyrazol 9d (0.1 mmol, 10 mg) and 2-

cyclopenten-1-one 8b (0.3 mmol, 25 μL). The product 10l was obtained as yellowish 

oil (16 mg, 88% yield). 

1H-NMR (499 MHz, CDCl3) δ 5.79 (s, 1H), 4.77 (p, J = 7.2 Hz, 1H), 2.94 – 2.82 (m, 1H), 2.64 (dddd, J = 

30.4, 21.7, 11.8, 4.6 Hz, 2H), 2.48 – 2.32 (m, 2H), 2.31 – 2.21 (m, 4H), 2.19 (s, 3H).13C-NMR (101 MHz, 

CDCl3) δ 215.59, 147.58, 138.27, 105.29, 77.27, 77.01, 76.76, 54.41, 44.35, 37.16, 29.86, 13.58, 

10.93. HRMS calculated for C10H14N2O (M-Na): 201.0997, found: 201.0998. 

AMINOCATALYTIC TANDEM KNOEVENAGEL-MICHAEL REACTIONS (12a-12h) 

 

A 4 mL glass vial was charged with the appropriate diketone 11 (0.2 mmol, 2 equiv.), NCDs-3 (3.3% 

mol, 2 mg), the appropriate electrophiles 2 (0.1 mmol, 1 equiv.) and water (final concentration: 0.25 

M). The resulting mixture was stirred for the indicated time (1-24 hours) at ambient temperature. 

The reaction crude was then extracted with EtOAc and the organic phase was filtered through 

sodium sulfate. The solvent was removed under reduced pressure and the residue was purified by 

column chromatography (eluent: Hex/EtOAc) to give the corresponding β-sostituited carbonyl 

compound 12. 
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Characterization Data 

2,2'-(phenylmethylene)bis(5,5-dimethylcyclohexane-1,3-dione) (12a) Prepared according to the 

general procedure using cyclohexane-1,3-dione (0.2 mmol, 28 mg) and 

benzaldehyde (0.1 mmol, 10 μL) for 1 hour. The product 12a was obtained 

as white solid (35 mg, 94% yield). 

1H-NMR (400 MHz, CDCl3) δ 11.90 (s, 1H), 7.30 – 7.22 (m, 2H), 7.21 – 7.14 

(m, 1H), 7.12 – 7.06 (m, 2H), 5.54 (s, 1H), 2.57 – 2.21 (m, 8H), 1.24 (s, J = 8.0 Hz, 7H), 1.10 (s, J = 20.1 

Hz, 6H). 13C-NMR (101 MHz, CDCl3) δ 190.59, 189.52, 138.20, 128.34, 126.91, 125.97, 115.73, 47.21, 

46.60, 32.89, 31.56, 29.80, 27.55. HRMS calculated for C23H28O4 (M-Na): 369.2063, found: 369.2060. 

The characterization of the compound matches with the data reported in the literature.44 

2,2'-((4-nitrophenyl)methylene)bis(5,5-dimethylcyclohexane-1,3-dione)(12b) Prepared according 

to the general procedure using 5,5-dimethylcyclohexane-1,3-dione (0.2 

mmol, 28 mg) and 4-nitrobenzaldehyde (0.1 mmol, 15 μL) for 2 hours. The 

product 12b was obtained as white solid (37 mg, 90% yield). 

1H-NMR (400 MHz, CDCl3) δ 11.81 (s, 1H), 8.27 – 8.00 (m, 2H), 7.33 – 7.14 

(m, 2H), 5.54 (s, 1H), 2.40 (dq, J = 27.6, 17.6 Hz, 8H), 1.23 (s, J = 7.4 Hz, 6H), 

1.11 (s, J = 22.8 Hz, 6H). 13C-NMR (101 MHz, CDCl3) δ 191.09, 189.70, 146.67, 146.24, 127.77, 123.64, 

115.04, 47.13, 46.56, 33.38, 31.61, 29.67, 27.59. HRMS calculated for C23H27NO6 (M-Na): 414.1917, 

found: 414.1919. The characterization of the compound matches with the data reported in the 

literature.67 

4-(bis(4,4-dimethyl-2,6-dioxocyclohexyl)methyl)benzonitrile (12c) Prepared according to the 

general procedure using 5,5-dimethylcyclohexane-1,3-dione (0.2 mmol, 28 

mg) and 4-formylbenzonitrile (0.1 mmol, 14 μL) for 2 hours. The product 

12c was obtained as white solid (36 mg, 93% yield). 

1H-NMR (400 MHz, CDCl3) δ 11.79 (s, 1H), 7.62 – 7.46 (m, 2H), 7.19 (dd, J = 

8.6, 1.0 Hz, 2H), 5.52 (s, 1H), 2.55 – 2.29 (m, 8H), 1.22 (s, 6H), 1.11 (s, 6H). 

13C-NMR (101 MHz, CDCl3) δ 191.06, 189.65, 144.47, 132.21, 127.74, 119.05, 114.96, 109.89, 47.14, 

46.56, 33.38, 31.60, 29.69, 27.60. HRMS calculated for C24H27NO4 (M-Na):394.2017, found: 

394.2013. The characterization of the compound matches with the data reported in the literature.68 
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2,2'-((4-bromophenyl)methylene)bis(5,5-dimethylcyclohexane-1,3-dione) (12d) Prepared 

according to the general procedure using 5,5-dimethylcyclohexane-1,3-

dione (0.2 mmol, 28 mg) and 4-bromobenzaldehyde (0.1 mmol, 11 μL) for 

2 hours. The product 12d was obtained as white solid (39 mg, 92% yield). 

1H-NMR (499 MHz, CDCl3) δ 12.32 (s, 1H), 12.07 (s, 1H), 7.40 – 7.34 (m, 2H), 

7.00 – 6.95 (m, 2H), 5.38 (s, 1H), 2.61 (ddt, J = 32.7, 17.8, 3.7 Hz, 4H), 2.51 

– 2.33 (m, 4H), 2.11 – 1.96 (m, 4H). 13C-NMR (126 MHz, CDCl3) δ 192.42, 

191.03, 137.22, 131.36, 128.50, 119.79, 116.26, 33.63, 33.13, 32.78, 20.21. HRMS calculated for 

C23H27BrO6 (M-Na): 469.0986, found: 469.0985. The characterization of the compound matches with 

the data reported in the literature.67 

2,2'-((4-fluorophenyl)methylene)bis(5,5-dimethylcyclohexane-1,3-dione) (12e) Prepared 

according to the general procedure using 5,5-dimethylcyclohexane-1,3-

dione (0.2 mmol, 28 mg) and 4-fluorobenzaldehyde (0.1 mmol, 11 μL) for 2 

hours. The product 12e was obtained as white solid (36 mg, 92% yield). 

1H-NMR (400 MHz, CDCl3) δ 11.88 (s, 1H), 7.08 – 7.00 (m, 2H), 6.99 – 6.89 

(m, 2H), 5.48 (s, 1H), 2.38 (dq, J = 26.2, 17.7 Hz, 8H), 1.22 (s, J = 22.7 Hz, 6H), 

1.10 (s, J = 19.4 Hz, 6H). 19F-NMR (376 MHz, CDCl3) δ -117.79. 13C-NMR (101 MHz, CDCl3) δ 190.67, 

189.51, 162.36, 159.93, 133.76, 133.72, 128.42, 128.34, 115.67, 115.24, 115.03, 47.19, 46.56, 32.36, 

31.54, 29.74, 27.53. HRMS calculated for C23H27FO4 (M-Na): 387.1965, found: 387.1966. The 

characterization of the compound matches with the data reported in the literature.67 

2,2'-((3,5-bis(trifluoromethyl)phenyl)methylene)bis(5,5-dimethylcyclohexane-1,3-dione)(12f) 

Prepared according to the general procedure using 5,5-

dimethylcyclohexane-1,3-dione (0.2 mmol, 28 mg) and 3,5-

bis(trifluoromethyl)benzaldehyde (0.1 mmol, 17 μL) for 2 hours. The 

product 12f was obtained as white solid (42 mg, 83% yield). 

1H-NMR (400 MHz, CDCl3) δ 11.85 (s, 1H), 7.69 (s, 1H), 7.54 (s, 2H), 5.54 (s, 

1H), 2.64 – 2.23 (m, 8H), 1.23 (s, 6H), 1.12 (s, 6H).19F-NMR (376 MHz, CDCl3) δ -63.04. 13C-NMR (101 

MHz, CDCl3) δ 191.31, 189.74, 141.37, 132.07, 131.75, 131.42, 131.09, 127.27, 124.89, 122.18, 

120.17, 114.60, 47.09, 46.53, 33.11, 31.48, 29.92, 27.01. HRMS calculated for C25H26F6O4 (M-Na): 

505.1807, found: 505.1808. 
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2,2'-(thiophen-2-ylmethylene)bis(5,5-dimethylcyclohexane-1,3-dione) (12 g) Prepared according 

to the general procedure using 5,5-dimethylcyclohexane-1,3-dione (0.2 

mmol, 28 mg) and thiophene-2-carbaldehyde (0.1 mmol, 9 μL) for 24 hours. 

The product 12g was obtained as white solid (40 mg, 98% yield). 

1H-NMR (400 MHz, CDCl3) δ 12.34 (s, 1H), 7.10 (d, J = 5.1 Hz, 1H), 6.87 (dd, 

J = 5.1, 3.6 Hz, 1H), 6.66 – 6.59 (m, 1H), 5.63 (s, 1H), 2.44 – 2.21 (m, 9H), 1.21 (s, J = 15.8 Hz, 6H), 

1.10 (s, J = 19.4 Hz, 6H). 13C-NMR (101 MHz, CDCl3) δ 190.11, 189.63, 143.85, 126.48, 124.66, 123.60, 

116.11, 47.15, 46.41, 31.31, 30.51, 30.09, 26.90. HRMS calculated for C21H26O4S (M-Na): 397.1444, 

found: 397.1444. The characterization of the compound matches with the data reported in the 

literature.67 

2,2'-(phenylmethylene)bis(cyclohexane-1,3-dione) (12h) Prepared according to the general 

procedure using cyclohexane-1,3-dione (0.2 mmol, 23 mg) and benzaldehyde 

(0.1 mmol, 11 μL) for 2 hours. The product 12h was obtained as white solid (23 

mg, 75% yield). 

1H-NMR (400 MHz, CDCl3) δ 12.35 (s, 1H), 7.29 – 7.23 (m, 1H), 7.17 (ddd, J = 7.9, 

3.8, 1.1 Hz, 1H), 7.13 – 7.08 (m, 1H), 2.61 (dd, J = 22.2, 18.1 Hz, 4H), 2.42 (m, 4H), 2.10 – 1.97 (m, 

4H). 13C-NMR (101 MHz, CDCl3) δ 192.23, 191.01, 137.99, 128.30, 126.62, 125.99, 116.58, 33.66, 

33.15, 33.06, 20.27. HRMS calculated for C19H20O4 (M-Na): 335.1299, found: 335.1254.  

MANIPULATION OF COMPOUND 12a (13a-13b) 

3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (13a) 

A 4 mL glass vial was charged with the compound 12a (0.5 mmol, 1 equiv.), 

acetic acid (2 mL). The resulting mixture was stirred for 18 hours at ambient 

temperature. The reaction crude was purified by crystallization from 

ethanol/water (8:2) to give the corresponding product 13a (121 mg, 71% 

yield over two steps). 

1H-NMR (400 MHz, CDCl3) δ 7.28 (dt, J = 3.1, 1.7 Hz, 2H), 7.24 – 7.18 (m, 2H), 7.12 – 7.06 (m, 1H), 

4.75 (s, 1H), 2.46 (s, 4H), 2.20 (q, J = 16.3 Hz, 4H), 1.10 (s, 6H), 0.99 (s, 6H). 13C-NMR (101 MHz, 

CDCl3) δ 196.50, 162.36, 144.22, 128.51, 128.18, 126.50, 115.82, 50.89, 41.03, 32.35, 31.98, 29.42, 
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27.48. HRMS calculated for C23H27O3 (M-Na): 373.1773, found: 373.1774. The characterization of the 

compound matches with the data reported in the literature.69 

3,3,6,6-tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione (13b) 

A 4 mL glass vial was charged with the compound 12a (0.5 mmol, 1 equiv.), 

ammonium acetate (2.5 mmol, 5 equiv.), and water (2 mL). The resulting 

mixture was stirred for the indicated time (16 hours) at ambient 

temperature. The reaction crude was purified by crystallization from 

ethanol/water (8:2) to give the corresponding product 13b (98 mg, 57% yield 

over two steps). 

1H-NMR (400 MHz, CDCl3) δ 7.37 – 7.29 (m, 2H), 7.18 (t, J = 7.6 Hz, 2H), 7.06 (t, J = 7.3 Hz, 1H), 6.37 

(s, 1H), 5.08 (s, 1H), 2.44 – 2.11 (m, 8H), 1.08 (s, 6H), 0.96 (s, 6H). 13C-NMR (101 MHz, CDCl3) δ 

196.04, 149.31, 146.75, 128.14, 128.08, 126.10, 113.36, 51.02, 40.80, 33.76, 32.74, 29.69, 27.23. 

HRMS calculated for C23H27NO2 (M-Na): 350.2113, found: 350.2115. The characterization of the 

compound matches with the data reported in the literature.69 

2.5.6 19F-NMR Studies 

First, we studied the formation and stability of the imines and enamines derived from different 

representative amines, namely butylamine, aniline, benzyl amine with 4-fluorobenzaldehyde. Then, 

the corresponding derivatives obtained from benzyl amine and pyrrolidine with 4-

fluorophenylacetaldehyde, in DMSO-d6. In Figure 2.36-2.39 are depicted the 19F-NMR spectra to 

characterize the so-formed imine and enamine derivatives from NCDs-3. 
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Figure 2.36 19F-NMR spectra of the in-situ formation of the imine derived from 4-fluorobenzaldehyde and NCDs-3 in DMSO-d6. 
Comparison between 19F-NMR spectra of 4-fluorobenzaldehyde (blue), trifluorotoluene as internal standard (green) and I-(NCDs-3) 
(red). The 19F-NMR expansion between -109 and -112 ppm shows the broad fluorine signal of I-(NCDs-3) that experience different 

chemical environments. 

 

Figure 2.37 Comparison between 19F-NMR spectra of imine I-(NCDs-3) (blue), Ib (light blue), Ia (green) and Ic (red). 
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Figure 2.38 19F-NMR spectra of the in-situ formation of the enamine derived from 4-fluorophenylacetaldehyde and NCDs-3 in DMSO-
d6. Comparison between 19F-NMR spectra of 4-fluorophenylacetaldehyde (blue), trifluorotoluene as internal standard (green) and II-
(NCDs-3) (red). The 19F-NMR expansion between -120 and -123 ppm shows the broad fluorine signal of II-(NCDs-3) that experience 

different chemical environments. 

 

Figure 2.39 Comparison between 19F-NMR spectra of enamine II-(NCDs-3) (blue), IId (green) and IIc (red).  
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Chapter 3.  

Phenol-Rich Carbon Dots: Metal-free and Recyclable 

Photocatalyst for Different Reactivities 

Abstract 

In the following chapter, a deeper look into new photo-active green and recyclable CDs is taken to 

drive challenging photocatalytic reactivities. Thanks to the proper selection of precursors and 

synthetic conditions, it was envisaged to transfer the appealing photoredox properties of phenolate 

anions, that can be obtained upon deprotonation of phenols, from a molecular level to the 

nanoscale. Consequently, L-tyrosine was selected along with L-arginine for the bottom-up 

preparation of the phenol-rich carbon dots (p-CDs).  The nanoparticles proved to be effective in 

promoting both the Homolytic Aromatic Substitution (HAS) of different arenes and the [3+2] 

cycloaddition of cyclopropanes and unsaturated hydrocarbons. In particular, a detailed study of the 

[3+2] cycloaddition was carried out. In this case, p-CDs were used, in combination with a suitable 

base and an organocatalyst, namely the Schreiner thiourea (A), as nano-photocatalysts to access the 

densely functionalized five membered rings (17 examples, up to 99% yield). Interestingly, p-CDs could 

be easily recovered and reused up to three times without any significant drop in yield.  

This work was conducted in the carbon nanotechnology group at the University of Trieste. The 

project was supervised and conceived by Prof. Maurizio Prato and Dr Giacomo Filippini. Dr Giuseppe 

Gentile helped to perform the synthesis and characterization of the p-CDs.  The manuscript of this 

project is currently under preparation. A minireview article titled “Shining Light on Carbon Dots: New 

Opportunities in Photocatalysis” published in 2021 served as a base for this chapter introduction.1 
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3.1 Introduction 

3.1.1 Photoredox Properties of Phenols and Their Application as Photocatalysts 

The advent of photocatalysis has led to the development of light-absorbing catalysts that enable 

unique bond formation not accessible through classical protocols. In the past years, the literature 

has primarily focused on metal complexes as visible light photoredox catalysts to promote a plethora 

of fascinating reactivities.2–5 In particular, photoredox catalysis, involving the light-induced 

movement of one electron from or to a substrate, paved the way for the direct functionalization of 

organic molecules under mild operative conditions. The well-known polypyridyl complexes of both 

ruthenium and iridium have played a crucial role in defining modern photoredox catalysis. Some 

notable examples include the reductive dehalogenation of unactivated alkyl, alkenyl, and aryl 

iodides6 and the crossed intermolecular [2+2] cycloaddition of aryl enones with vinyl ketones, 

reported by Tehshik P. Yoon.7 

Despite the widespread application of these photocatalysts, they have significant drawbacks, 

including high cost and potential toxicity.8 Moreover, the Earth's crust contains a meager amount of 

ruthenium and iridium, at a concentration of around 0.001 ppm, which makes them two of the rarest 

metals. 

 

Figure 3.1 Schematic overview of different classes of photocatalysts 
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Consequently, recent years have seen a shift towards more sustainable and metal-free 

photochemistry. It follows that numerous organic dyes have been recently investigated in 

photoredox catalysis. As a result, significant efforts have been dedicated in designing new organic 

photocatalysts; however, these initiatives are often hampered by the high costs and time-consuming 

multi-step synthetic processes.9 

Interestingly, many photoredox catalysts feature densely functionalized aromatic cores such as 

acridinium compounds, phenoxazine, dithiocarbamate or phenolates (Figure 3.1).9 Importantly, the 

acid dissociation constant (pKa) of phenols depends on the electronic nature of the substituents 

attached to the aromatic ring.10 Specifically, the presence of electron-withdrawing groups (EWGs) 

on the aromatic ring enhances the acidity of the systems, while electron-donating groups (EDGs) 

decrease it.11 Among these aromatic compounds, the conjugate bases of phenols, namely phenolate 

anions, are both electron rich organic intermediates and active chromophores. The hydroxyl groups 

directly attached to an aromatic ring make phenols more acidic than aliphatic alcohols. Both phenols 

and their corresponding phenolate anions can absorb light, sometimes even extending into the 

visible range. However, the formation of phenolate anions is associated with a bathochromic shift in 

the absorption spectrum compared to the phenol precursor. This shift arises from increased 

conjugation between the negatively charged oxygen atom and the aromatic ring.12 Additionally, the 

overall shift in absorption bands can be influenced by the properties of the substituents on the 

aromatic ring; EWGs lead to a red shift, while EDGs have the opposite effect. Upon light excitation, 

both phenols and phenolates exhibit properties markedly different from those of their ground-state 

counterparts. Light excitation causes charge redistribution, altering both the acidity and redox 

properties of these species.13 The n->π* transition promotes the species to the excited singlet state, 

decreasing the electron density on the oxygen atom and increasing the acidity of the excited-state. 

Moreover, excited-state phenols exhibit enhanced reductant and oxidant properties compared to 

their ground states, as reflected by a decrease in ionization potential (IP) and an increase in electron 

affinity (EA), as shown in Figure 3.2.  
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Figure 3.2 Trends of acidity, redox properties, electron affinity and ionization energy for phenol and its corresponding phenolate in 
the ground and excited-states. 

 

Thanks to the peculiar photochemistry of phenolate anions, they can effectively generate reactive 

open shell species from suitable electron-poor radical substrates. This can occur either through 

reaching an electronically excited-state upon light absorption or by forming photoactive electron 

donor-acceptor (EDA) complexes. In their excited-state, phenolates possess reductive properties 

that can initiate single electron transfer (SET) reactions with electron-deficient acceptors (such as 

R−X, X=halogen), triggering the formation of open shell reactive intermediates. As depicted in Figure 

3.3, the corresponding oxygen-centered radicals, namely phenoxyl radicals, are generated. 

Consequently, these oxygen-centered radicals can remain stable in solution for quite long periods 

and can be reduced to the original ground state through mild reductants. However, phenoxyl radicals 

may also participate in side reactions, such as polymerization, which typically leads to the formation 

of phenolic polymers.14  

 

Figure 3.3 Generic photocatalytic pathways of a phenolate. 
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The Stern-Volmer experiment is crucial in determining quenching mechanisms in catalytic processes, 

likely SET mechanism. Furthermore, the rate constant of this process can be derived from the Stern-

Volmer equation.15  

So far, we discussed the photoredox properties of phenols. Below, we will present several case 

studies illustrating their applications. 

In 2019 König and co-workers reported the use of 10-bromo-9-anthrolate (PC-A) to promote the C-

H arylation reactions between electron-abundant arenes and aryl chlorides under blue LEDs light 

(Figure 3.4a).16 The coupling products were obtained in excellent yields (up to 99%) in the presence 

of Cs2CO3 as base and 18-crown-16 as solubilizing additive in dimethyl sulfoxide (DMSO). An excess 

of base is fundamental to generate the photocatalytic active phenolates from the PC-A and to 

neutralize the HCl formed during the reaction. From a mechanistic point of view, the excited 

anthrolate PC-A* (Ep*= - 3.0 V vs. SCE) reduces different aryl chlorides to give the corresponding 

open-shell phenyl species. 

The same research group demonstrated that tetramethoxyanthrolate (PC-B) could activate various 

styrenes and arenes via SET under blue light irradiation (Figure 3.4b).17 They investigated the C-H 

carboxylation of styrenes and arenes using CO2 in the presence of Cs2CO3 as base. The corresponding 

carboxylic acids were achieved from moderate to excellent yields. In this case study, the reactivity is 

initiated by the light-excited tetramethoxyanthrolate PC-B* (Ep*=-2.9 V vs. SCE) which reduces 

arenes or styrenes to the resonance-stabilized radical anions that subsequently undergo nucleophilic 

attack by CO2 affording the open-shell carboxylates. 

Another representative application was reported by Xia and collaborators, who demonstrated the 

photoreduction of aryl halides by PC-C, leading to oxyarylation reactions with olefins (Figure 3.4c).18 

The phenolate anions were generated by Cs2CO3, while 2,2,6,6-tetramethylpiperidin-

1ol (TEMPOH) acted as a radical scavenger and donor of H-atoms. Through optimization studies, 

the authors found out that PC-C, which had bulky tert-butyl groups in ortho position, presented the 

highest catalytic effectiveness for this oxyarylation reactivity. Stern-Volmer quenching studies on the 

PC-C revealed a progressive and linear decrease in emission intensity with increasing concentrations 

of the aryl halide (i.e., iodobenzene), confirming a single quenching mechanism, likely through SET.  
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Figure 3.4 Examples of the utilization of molecular phenols as photocatalyst: a) hetero arylation of aryl halides; b) C-H carboxylation 

of styrenes and heteroaromatic compounds; c) direct oxyarylation of olefins; d) Iodosulfonylation of olefins. 

 

Recently, a photocatalytic procedure was developed for the direct iodosulfonylation of terminal 

olefins with α-iodo phenylsulfones.19 The process used the trisubstituted phenol (PC-D) in Figure 

3.4d to drive the formation of functionalized alkyl iodides (up to 99% yield) under visible-light 

irradiation (450 nm). In particular, the deprotonation of the PC-D thanks to the 1,5-

diazabiciclo(5.4.0)undec-7-ene (DBU) led to the formation of the excited anionic PC-D* which 
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initiated the formation of sulfonyl radicals, starting the catalytic cycle. In addition to the DBU, sodium 

ascorbate was included in the reaction mixture, thus allowing a more efficient in situ regeneration 

of the photocatalyst.  

3.1.2 Carbon Dots in Photocatalysis 

As discussed in the chapter I, carbon dots (CDs) are an emerging class of photoactive inexpensive, 

low toxic and potentially reusable nanoparticles that possess multiple appealing optical 

properties.20,21 Specifically, these nanomaterials consist of a carbon core which can be surrounded 

by a shell that contains several functional groups (e.g., amines and alcohols). The preferred method 

for synthesizing CDs is the versatile bottom-up approach, which uses mild experimental conditions 

to yield nanoparticles with controlled characteristics.22 In fact, some of the properties of the CDs can 

be tuned by choosing the proper starting materials or synthetic conditions. For example, by carefully 

choosing precursors, it is possible to produce nanoparticles enriched with specific functional groups 

derived from the starting molecules.23 As mentioned in the previous chapter, the surface groups of 

CDs can promote efficiently different organocatalytic transformations proving to be a critical and 

significant feature for catalysis. Furthermore, the heteroatom or metal doping of the CDs’ core or 

shell can be desirable to customize their photochemical and optical properties. During synthesis, 

atoms such as nitrogen, sulfur, or boron from the starting materials can be incorporated into the 

core or shell of the CDs.24 This can improve charge carrier separation and so photocatalytic 

performances, and further slow the kinetics of the redox reactions by trapping the photogenerated 

electrons at surface sites.1 Nitrogen-doped CDs, for instance, exhibit improved catalytic 

performances in photoreduction reactions, as this atom has a similar size to the carbon atom and 

integrates into the π orbitals system, raising the highest occupied molecular orbital (HOMO) level 

and narrowing the bandgap.25,26 Metal-doped CDs, typically derived from organometallic complexes 

or metallic salts, have also been reported but not discussed in this thesis.27,28 

Customized synthetic conditions can also lead to CDs with either a graphitic or amorphous core. In 

detail, when the temperature is above 300°C, the formation of CDs with a graphitic core will be 

favoured, while those produced below 300°C are more likely to be amorphous.29 Accordingly, high 

graphitization degree results in a longer excitation lifetime which can lead to non-radiative relaxation 

mechanisms, reducing photoluminescence quantum yield but improving photostability.30 The 

excited-state lifetime is an important parameter for a photocatalyst since it is correlated to the 

efficiency of the quenching process of the PC’s excited-state, often carried out by energy or electron 
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transfer phenomena.15 As mentioned earlier, Stern-Volmer experiments can evaluate the interaction 

between the photocatalyst, such as CDs, and a quencher, often the reactive substrate.31 

 

Figure 3.5 CDs undergoing a general photocatalytic cycle. D: Electron Donor; D·+: Radical Cation Donor; A: Electron Acceptor; A·-: 
Radical Anion Acceptor. 

 

Under suitable light source, CDs may reach an excited-state (CDs*) which can then start the 

photocatalytic cycles acting as either: (i) photooxidants by gaining an electron from donor (D) and 

restoring to their ground state with a suitable electron acceptor, or (ii) photoreductants by giving an 

electron to an acceptor (A) and regaining an electron from a donor compound. The resulting donor 

or acceptor radical ions may rapidly undergo further transformations to yield the final reaction 

products.32 Single electron transfer (SET) is the most common mechanism employed by CDs, 

although they can also act as photosensitizers, promoting organic reactions through energy 

transfer.33,34 

The aim of the next section is to discuss the most recent and cited examples of metal-free CDs as 

photo-organocatalysts. 

One of the first application of CDs using light irradiation to promote a catalytic transformation was 

reported by Kang and colleagues (Figure 3.6a).35 In particular, they investigated the aldol 

condensation between acetone and aromatic aldehydes to achieve α,β-unsaturated compounds 

from good to excellent yields (63-99%). This methodology relies on the photoenhanced hydrogen-

bond catalytic activity of CDs-A towards aldehydes, under a Xenon lamp with λ ≥ 420 nm. Specifically, 

the authors synthesized the water-soluble CDs-A through the electrochemical ablation of graphite 

rods. After the purification, CDs-A about 5 nm were obtained with a graphitic core (lattice spacing 

0.212 nm) and hydroxyl groups on their surface (0.75 mmol/L). Thanks to these alcohol moieties, 
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CDs-A were capable of catalyse the aldol addition forming hydrogen bonds with the aldehydes. 

Remarkably, upon light irradiation, CDs-A enhanced the electrophilicity of aldehydes thus 

accelerating the aldol condensation.   

 

Figure 3.6 Examples of applications of CDs as photoredox catalyst: a) light-promoted aldol condensation; b) aerobic carbon–carbon 
bond formation; c) perfluoroalkylations of organic compounds; d)carbon-heteroatom cross-coupling; e)Atom transfer radical 

additions on olefins. 
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In 2019, Sarma and co-workers developed the synthesis of sulfur-doped CDs-B demonstrating the 

dual-catalytic properties of the nanomaterials for dehydrogenative cross-coupling reactions (Figure 

3.6b).36 Specifically, they synthetised CDs-B through a microwave-assisted thermal method using 

glucose in oleic acid followed by a post-synthetic treatment with fuming sulfuric acid to introduce 

sulfur-based functionalities. The resulting graphitic nanoparticles possessed carboxylic and sulfuric 

acid monoesters groups (0.5 mmol/L and 0.4 mmol/L, respectively) on their surfaces. Then, CDs-B 

were used in the reaction between benzyl hydrocarbons and different nucleophiles to deliver 

coupling products with remarkable results (yields 68-98%). Specifically, CDs-B, owing to their 

reductive properties, promoted the formation of the hydroperoxyl intermediate of benzyl 

hydrocarbons. Then, the sulfur-based moieties on the catalysts facilitated the reaction with the 

nucleophiles.  

In the same year, our group reported the use of amorphous amine-rich CDs for photocatalytic 

perfluoroalkylation reaction of unsaturated compounds (Figure 3.6c).31 The synthesis of CDs-C 

consisted in the hydrothermal treatment of arginine and ethylenediamine (EDAm) to gain 

nanoparticles about 2.5±0.8 nm. Because of their photo-reductive nature, the excited-state 

potential of CDs-C, estimated by using the Rehm-Weller equation, was found to be - 2.2 V (vs. 

saturated calomel electrode, SCE). Therefore, CDs-C acted as photo reductive catalysts towards 

perfluoroalkylated halides upon irradiation at 395 nm. This process generated the radical 

intermediates, which then reacted with a variety of organic substrates to afford a library of products 

in very good yields (up to 90%).  

Recently, the group of Pieber studied the photo-reductive properties of green emitted nitrogen-

doped carbon dots for a photocatalytic cross coupling reaction.37 In particular, they use CDs in 

combination with Ni(II) complex exploiting the dual-catalysis to drive different carbon-heteroatom 

cross-coupling reactions (C−O, C−S, C−N). By utilizing a hydrothermal method, glucosamine 

hydrochloride (GlcN·HCl) and 1,3-diaminobenzene reacted to create CDs-D. The amorphous 

nanoparticles obtained presented a high number of primary amines on the surface (9303 μmol/g by 

Kaiser test). Under 440 nm light, the nucleophilic amino groups promoted the interaction between 

the CDs-D and the Ni complexes, overcoming the short lifetime of the excited-state of the 

nanoparticles.  Then, the photoreduction of Ni complex initiated the cross-coupling transformations. 

Figure 3.6d illustrates an example of this reactivity, showing the reaction between aryl halides and 

thiols, mediated by Ni(dtbbpy)Br₂ (dtbbpy = 4,4’-di-tert-butyl-2,2’-dipyridyl) as the metal complex. 
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Under optimized conditions, the coupling products were obtained in nearly quantitative yields. This 

work underscores how the careful selection of starting materials can lead to the development of a 

CDs-based photocatalysts with excellent photo-redox properties. 

Last year, the use of nitrogen-doped carbon dots was extended to the visible light-driven 1,2 

functionalization of olefins. The authors synthetized amorphous CDs-E from citric acid and 

diethylentriamine (DETA) under hydrothermal conditions (Figure 3.6e).38 These nanomaterials 

exhibited a significant absorption in the visible light region and have been successfully employed as 

photoredox catalysts. Specifically, the photoexcited CDs-E induced the reductive cleavage of the 

halogen carbon bond of the alkyl halides by SET, generating an electrophilic radical that reacts with 

the olefins. Through an atom transfer radical addition (ATRA) process, the authors smoothly 

produced various functionalised products (up to 75% yields) under metal-free conditions in an 

aqueous medium. 

3.2 Aim of the Project  

In recent times, increasing attention has been devoted to the design and synthesis of new efficient, 

inexpensive, low toxic and potentially recyclable photocatalysts. Interestingly, carbon dots fulfil all 

these requirements due to their unique physicochemical properties combined with their carbon-

based nanoparticle structure. By carefully selecting the precursors and controlling the synthetic 

conditions, also some of the chemical qualities and attributes of the starting materials are conveyed 

into the resultant CDs. Within this project, we aimed to develop and optimize a novel synthetic 

methodology for the preparation of phenol-rich carbon dots (p-CDs) with enhanced photocatalytic 

features by exploiting the appealing photoredox properties of phenolate anions. This work 

specifically investigates these tailored nanomaterials in different photocatalytic transformations, 

namely homolytic aromatic substitution (HAS) and [3+2] cycloaddition reactions.  

Ultimately, this research aspires to contribute to the broader field of nano-photocatalysis by 

demonstrating how molecular-like behaviour can be integrated into nanomaterials, by implementing 

a novel photo-active, metal-free and recyclable nano-photocatalytic material, namely p-CDs.   
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Figure 3.7 p-CDs as photoredox catalyst for alkyl halides and cyclopropyl ketones. 

3.3 Results and Discussion 

3.3.1 Synthesis of p-CDs 

The synthesis of phenol-rich carbon dots (p-CDs) follows a fast and simple microwave (MW)-assisted 

method using inexpensive amino acids as precursors. L-tyrosine (Tyr) was selected as a precursor to 

introduce phenol moieties in the synthesis, while L-arginine (Arg) was used as a bulk carbon 

resource. Indeed, previous works regarding the synthesis of carbon dots using Arg demonstrated 

that the formation of the aromatic core comes from this amino acid.39 In the previous chapter, we 

discussed about the synthesis of amine-rich carbon dots starting from arginine and dialkylamines to 

introduce accessible amines on the surface of the nanoparticles.40 Consequently, for this study, Arg 

was maintained in the synthesis while incorporating a suitable phenol shell precursor (Tyr). During 

preliminary tests, milliQ water was used as the reaction medium. Unfortunately, the strategy proved 

to be ineffective probably due to the restricted solvent heat transfer which left unreacted precursors 

in the reaction crude. Consequently, ethylene glycol (EG) was chosen as the optimal solvent thanks 

to its convenient dielectric constant that allows higher conversion of electromagnetic energy into 

heat.41 Moreover, EG has a high loss factor (tanδ) which means it can be superheated to above its 

boiling point (197.3°C). Thus, the same equivalents of Arg (0.5 mmol) and Tyr were combined into a 

MW reaction vessel with EG (0.25 M) and thermally treated for 15 minutes at 250°C. The crude oil 

obtained was diluted with N,N-dimethylformamide (DMF) and the precipitation of p-CDs was 

induced under sonication by drop-wise addition of milliQ water. The precipitate was collected by 
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filtration over polytetrafluoroethylene membrane. The so obtained solid was then solubilized again 

in DMF and reprecipitated from water up to 5 times. Finally, the purified p-CDs were rinsed in diethyl 

ether to speed up the drying process and remove DMF traces. Figure 3.8 summarizes the synthetic 

procedure. The pure p-CDs were obtained as a brownish powder with a remarkably good yield (20% 

yield based on weight, 350 mg). These nanoparticles have good solubility in DMSO, DMF, basic water 

solutions and quite solubility in methanol and acetonitrile.  Based on several reports in the literature, 

we assumed that p-CDs possess different polar chemical functionalities on their surfaces, including 

phenols, that were left over from the polymerization of the molecular precursors.42 

 

Figure 3.8 Schematic representation of the synthetic workflow for p-CDs production. 

 

The purification of CDs is a critical step during synthesis and involves removing the starting materials 

and by-products. However, this aspect is often overlooked in the pursuit of new CDs, leading to 

misinterpretations of the materials’ properties.42 Consequently, the effective purification of the 

nanoparticles from molecular species was verified by nuclear magnetic resonance (NMR) analysis. 

The 1H-NMR spectrum of p-CDs indicates the successful purification of the nanoparticles showing 

only broad signals typical of nanostructured materials (Figure 3.9a).40,43 However, the absence of 

sharp signals can exclude the presence of molecular species. Additionally, the broad band in the 

aromatic region of the spectrum was a clear indication of the presence of aromatic moieties within 

the p-CDs, such as phenols. 
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Figure 3.9 NMR characterization of p-CDs: a) 1H-NMR recorded in DMSO-d6 of p-CDs; b) DOSY spectrum of p-CDs recorded in basic 
deuterated water [NaOD 0.2M]. 

 

As further proof of the purity of our nanoparticles, the diffusion-ordered spectroscopy (DOSY) 

analysis revealed that the carbon nanoparticles have a distinctive diffusion coefficient (D = 1.82x10-

6 cm2/s), comparable to literature values of similar nanomaterials (Figure 3.9b).28 This demonstrated 

that p-CDs are a monodispersed nanomaterial with no side products of lower molecular mass 

present within it. 

Structural and morphological information on the nanoparticles was gathered by thermogravimetric 

analysis (TGA), attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR), 

elemental analysis (XPS) and atomic force microscopy (AFM). 

 

Figure 3.10 Morphological information on p-CDs: a) Thermogravimetric analysis under nitrogen of p-CDs; b) Tapping mode AFM of 
p-CDs deposited on a mica substrate. inset is the height profile. 
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As shown in Figure 3.10a, TGA established the predominantly amorphous structure of the p-CDs 

through a relative thermal stability up to 300°C and a subsequent loss of mass between 300°C and 

500°C. The IR spectrum of the nanoparticles revealed an intense broad band from 3650 cm-1 to 3000 

cm-1 that corresponds to -OH and -NH and -CH aromatics stretching, while C=C stretching of 

aromatics occurs in the region of 1600-1500 cm-1 (Figure 3.18, see section 3.5.3). Elemental analysis 

of p-CDs specified the listed atomic percentages, C: 63,52%, H: 6,19%, N: 10,27%, O: 20.02%. 

Comparable atom counts are reported for Tyr, especially for the O%, suggesting the pivotal role of 

this amino acid in the p-CDs synthetic process.  Figure 3.10b displays the AFM image supporting the 

nano-scale dimensions of p-CDs with an average size of 2.5±0.7nm 

The interest in the photochemical properties of p-CDs pave the way for a deep study of the 

photophysical properties. UV-Vis absorption band of p-CDs extended up to 450 nm was recorded 

(Figure 3.11a). The typical excitation wavelength-dependent behaviour of these nanomaterials was 

recorded with p-CDs. Moreover, the emission spectra show an excitation wavelength-dependent 

profile and the fluorescence peak shifts 380 to 570 nm when the excitation wavelength changes 

from 300 to 500 nm. The quantum yield (QY) of p-CDs is independent of the excitation wavelength, 

assuming the value of 10.0±0.5%. 

 

Figure 3.11 Photophysical characterization of p-CDs: (a) Absorption and emission spectra recorded at different excitation 
wavelengths of p-CDs. (b) Absorption and emission spectra recorded at different excitation wavelengths of deprotonated p-CDs with 

K2CO3 (2 equiv.). All UV-Vis and fluorescence spectra were measured in MeCN/H2O (3:1) at 0.1 mg/mL concentration. 

 

Interestingly, the addition of 2 equiv. of base K2CO3 shifted, towards the red wavelength, the 

absorption band and the emission profile of p-CDs (Figure 3.11b). Phenolate compounds are 

recognized for having red-shifted absorption and emission compared to their protonated 
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counterparts, due to the enhanced conjugation within these aromatic anions.13 Consequently, these 

observations provided further proof of the presence of phenol groups on the p-CDs’ surfaces. 

Besides, the fluorescence lifetimes of p-CDs were measured resulting in a double-exponential fit 

with a short τ1=2.8 ns and a longer τ2=6.8 ns component. 

To provide further evidence of the presence of phenol moieties on p-CD surfaces, we employed the 

19F-NMR analysis. In the previous chapter, we have already explored this technique as a valuable tool 

not only for studying the nature of surface functionalities on CDs, but also for quantifying them, 

thanks to the high sensitivity of the fluorine nucleus.40,44 Here, this technique was employed to 

detect and quantify the phenol hydroxyl moieties present on the surfaces of p-CDs through a post-

synthetic strategy to covalently bond a suitable fluorinated probe to the surface moieties of p-CDs. 

Considering the various groups present on the surfaces of p-CDs, the targeting functionalization of 

the surface polar groups would form different fluorinated species. Therefore, a series of molecular 

alcohols and amines were reacted with the 4-fluorobenzoyl chloride in the presence of 4-

(dimethylamino)pyridine (DMAP) and triethylamine (NEt3). The acylated products, namely esters 

and amides, were then analysed using 19F-NMR in DMSO-d6. Figure 3.12 shows the stacked spectra 

of the model products 7a-c, 8a-c. Interestingly, the chemical shifts of the amides 8a-c (from -108.9 

to -110.1 ppm) can be differentiated from those of the esters 7a-c (from -104.9 to 106.2 ppm). In 

addition, aliphatic amides and esters also could be distinguished by their chemical shifts from the 

aromatic derivatives.44 
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Figure 3.12 Acylations of alcohols/amines/p-CDs with 4-fluorobenzoyl chloride (1 equiv., 0.5 mmol) were performed in DMF (0.05 
M). Stacked 19F-NMR spectra of their corresponding esters 7a-c, amides 8a-c and p-CDs were recorded in DMSO-d6. DMAP = 4-

(dimethylamino)pyridine. 

 

Consequently, we performed the acylation reaction of p-CDs to yield the fluorinated nanoparticles 

(F-p-CDs). In particular, the 19F-NMR spectrum of the purified material showed a broad signal in the 

19F-NMR spectrum centred around -104.8 ppm matching the model product obtained from p-cresol 

(7c). This easy and precise qualitative examination established available phenol groups on the p-CDs 

surfaces.  Specifically, the number of superficial phenol moieties was measured at 2.30±0.2 mmol/g 

using α,α,α-trifluorotoluene as internal standard. No signal attributable to amides is observed. This 

finding can be justified considering that amines were not detected through Kaiser test on our dots. 

Consequently, within this examination, we established available phenol groups on the p-CDs 

surfaces.  
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3.3.2 Application of p-CDs 

With these pieces of evidence at hand, we went on to test the feasibility of the photochemical 

properties of p-CDs as photoredox catalysts. We selected the homolytic aromatic substitution (HAS) 

reaction between arenes 5 and different electron acceptors 4 (Figure 3.13).  

 

Figure 3.13 Scope of arenes 5 and acceptors 4 for the homolytic aromatic substitution reaction. NaAsc: sodium ascorbate. 

 

Specifically, the products 6 were obtained using K2CO3 as the base, to deprotonate the phenol 

moieties on p-CDs and to neutralize the acid produced from the halide during the process, and the 

reductive quencher sodium ascorbate (NaAscorbate), to donate an electron to the catalyst and 

restore the catalytic cycle. The reaction was performed using a blue light irradiation (Kessil lamp at 

456 nm) in a 3:1 MeCN/H2O solvent solution to facilitate the solubilization of the inorganic base and 

the saline electron donor. Control experiments showed that no formation of product 6a was 

observed in the absence of light, indicating the photochemical nature of the process. 

To investigate the generality of this reactivity, we achieved different products 6a-g from moderate 

to excellent yields. The reaction with 3-methylindole could react with different α-iodosulfones to 
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afford the products 6a-b, diethyl bromomalonate to obtain product 6c and bromoacetonitrile to 

deliver product 6e. All these products were obtained from moderate to excellent yields (up to >99%). 

Pleasantly, perfluorohexyl iodide could be used to produce the alkylation product 6d with aniline. 

Lastly, caffeine was employed with fluorinated iodosulfone giving product 6g with satisfactory 

results. During the optimization experiments on HAS reaction, we noticed the formation of product 

6a without the use of p-CDs. Indeed, we found out that in the presence of only the base 1,5-

diazabiciclo(5.4.0)undec-7-ene (DBU) instead of K2CO3, the reaction between 3-methylindole and 

iodosulfone provided 56% yield of 6a. Even though the yield of 6a using p-CDs as photocatalysts was 

much higher, this observation has prompted us to reflect on why we obtained that result. Based on 

this observation, we developed a new light-driven catalytic-free protocol for the synthesis of sulfone-

containing indoles. This work will be discussed in the next chapter of this thesis (Chapter 4).  

Meanwhile, we continued our research looking forward to other interesting reactivities using p-CDs 

as photocatalysts. In particular, our attention was focused on the [3+2] photocycloaddition reaction 

between cyclopropyl ketones 1 and olefins/alkynes 2. Building on the work of Yoon about this 

reactivity using Ru(bpy)3(PF6)2 as the PC in combination with a chiral gadolinium-based Lewis acid, 

we envisioned a novel metal-free strategy.45 We aimed to exploit the unique photoredox 

characteristics of phenolates in their excited-state. To do this, the phenol moieties on p-CDs should 

be deprotonated effectively. Therefore, it is evident that a proper base had to be added to the 

reaction mixture. A reductive quencher to restore the photocatalyst and a Lewis acid to activate the 

cyclopropyl ketone also appeared necessary. For these reasons, cyclopropane 1a was selected to 

react with styrene 2a in the presence of p-CDs (13 mol% of phenol), Gd(OTf)2 (20 mol%) and DIPEA 

(i-Pr2NEt, 2 equiv.). This preliminary experiment was conducted at room temperature in acetonitrile 

and under irradiation by a Kessil lamp at 456 nm. Under these conditions, the corresponding 

cyclopentane 3a was isolated in 94% yield as diastereomeric mixture (Table 3.1, Entry 1). This 

promising result prompted us to pursue a metal-free reactivity, avoiding the use of expensive and 

toxic lanthanide Lewis acid. 
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Table 3.1 Control and optimization experiments of the [3+2] cycloaddition 

 

Entry Deviation of conditions Photocatalyst Co-catalyst Yield % (d.r.) [a] 

1 - p-CDs Gd(OTf)3 94 (4:1)  

2 - p-CDs B(C6F5)3   0 

3 - p-CDs SiMe3Cl 90 (3:1) 

4 - p-CDs A 98 (3:1) 

5 In the dark or 50°C p-CDs A 0 

6 In air p-CDs A 0 

7[b] - p-CDs A 0 

8 - - A 0 

9 - p-CDs - 12 

10 - Tyrosine[c] A 46 (3:1) 

11 - Phenol[c] A 25 (3:1) 

Reactions were performed on a 0.1 mmol scale. A: Schreiner thiourea, p-CDs: phenol-Carbon Dots. [a]Yield 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as an internal standard; d.r. was determined from crude 

1H-NMR. [b]Without DIPEA or adding TEMPO (5 equiv.). [c] 20 mol%  

 

Consequently, we screened various metal-free co-catalysts for the activation of cyclopropyl ketone 

1. When the reaction was carried out with B(C6F6)3, the final product was not observed (Table 3.1, 

Entry 2). From entry 3, a 90% yield of 3a was achieved using SiMe3Cl as the co-catalyst. Notably, the 

use of Schreiner thiourea (A) as the co-catalyst led to the formation of 3a in 98% yield with a good 

diastereomeric ratio, making it the optimal choice for a metal-free variant of the studied reactivity 

(Table 3.1, Entry 4).  

Control experiments demonstrated that no product formation occurred in the absence of light, both 

at room temperature and at 50°C, indicating the photochemical nature of the process (Table 3.1, 

Entry 5). Furthermore, the reaction was inhibited under aerobic conditions, supporting a radical 
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mechanism (Table 3.1, Entry 6). This was further corroborated by an experiment in the presence of 

2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, 5 equivalents), where 3a was not detected (Table 3.1, 

Entry 9). The exclusion of any of the reaction components, namely p-CDs, A and DIPEA, completely 

suppressed the process (Table 3.1, Entries 7-9). Conducting the reaction with 20 mol% of molecular 

photocatalysts, such as Tyr (Table 3.1, Entry 10) and phenol (Table 3.1, Entry 11) provided the desired 

product in low yields (up to 46%). These results suggest that the photochemical properties of the 

nanometric catalysts (p-CDs) are essential to achieve high productivity in the studied transformation.  

We assumed that DIPEA might play a dual role as this tertiary amine can act (i) as a base to 

deprotonate the phenol moieties on p-CDs and/or (ii) as an electron donor to close the 

photocatalytic cycle. 

Specifically, UV-Vis spectroscopy studies were utilized to evaluate the level of deprotonation of the 

surface groups on p-CDs upon the addition of DIPEA. In particular, we observed that the addition of 

DIPEA to a solution of p-CDs did not show any appreciable change in the absorption spectrum, thus 

excluding an effective deprotonation of the nanoparticles under such conditions. 

Given the pKa values of molecular phenols and DIPEA in acetonitrile, the deprotonation of surface 

aromatic groups should be minimal. During additional UV analysis, we noticed a pale yellow colour 

in the solution containing p-CDs, A, and DIPEA after 2 hours (Figure 3.14a). In fact, the optical 

absorption spectrum of this mixture showed a bathochromic shift towards the visible spectral region 

(pink dashed line, Figure 3.14b). The yellow color became even more prominent overtime (light blue 

dashed line, Figure 3.14b), suggesting the formation of species that absorb visible light. The 

absorption spectrum of a freshly prepared solution of p-CDs, A and DIPEA displayed a limited 

bathochromic shift, possibly implying that in this case the new chromophore was not completely 

formed. Therefore, we envisioned that the combination of these three components (p-CDs, A and 

DIPEA) could result in the formation of coloured complexes, capable of photochemically initiating 

the cycloaddition reaction. Concerning this, thioureas have been reported as effective chelating 

agents for spherical anions through hydrogen bonding.46 The presence of electron-withdrawing CF3 

groups within A makes the protons of the thioamide moiety highly acidic, thus improving their anion 

binding affinity and enhancing the thiourea’s ability to disperse the negative charge of the bound 

anion.47 Consequently, we hypothesized that A could shift the deprotonation equilibrium of phenol 

groups on p-CDs by coordinating and stabilizing their conjugate bases, namely phenolate anions. 

These surface anionic aggregates, which are held together by non-covalent interaction, may 

effectively absorb light at 456 nm (Figure 3.14b). Some reports in the literature have demonstrated 
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the red-shifted absorption of photocatalytic complexes due to the formation of electron-rich phenol 

anions and conjugate acids.48 

 

Figure 3.14  Optical absorption spectra recorded in MeCN: [DIPEA] = 100 mM; [A] = 10 mM; [p-CDs] = 50 mM.  (a) green line 
corresponds to the mixture of p-CDs + DIPEA; (b) dashed lines correspond to the mixture of p-CDs + A + DIPEA (green line after 0 h, 

pink line after 2 h, light blue line after 6 h). Imagine shows the yellow colour of the solution with p-CDs + A + DIPEA after 2h 
compared with the same mixture at 0h. 

 

Other phenomena were excluded through additional absorption studies (see section 3.5.9).  To 

further confirm the presence of phenolic moieties on p-CDs, which can form a visible-light-absorbing 

system with A and DIPEA, we recorded absorption spectra using a molecular phenol under the same 

conditions. Thus, the solution containing 4-tert-butylphenol, A and DIPEA was prepared and 

analysed by UV-Vis spectroscopy. Even in this case, a red-shifted absorption was observed after 2 

hours (more details in section 3.5.9). This test confirmed the photochemical behaviour of phenol 

groups when in the presence of A and DIPEA, while also supporting the presence of phenol groups 

on p-CDs. The model reaction was also performed in the absence of A and using strong bases instead 

of DIPEA to completely deprotonate the acidic sites on p-CDs. Specifically, the use of 2 equiv. of 

either NaOt-Bu or Cs2CO3 resulted in the formation of only traces of product 3a. These experiments 

further highlighted the unique activation mode of phenols which can be obtained by employing A 

and DIPEA. We then examined the reaction kinetics under the optimized conditions (Table 3.1, Entry 

4) at different reaction times, spanning from 1 h to 24 h. In particular, we observed that, within the 

first 2 h, the starting materials were not consumed. After this induction period, the yield of 3a began 

to grow, becoming quantitative after 8 h (Figure 3.15a). Based on these results and the UV-Vis 

spectroscopic studies, we supposed that the formation of a certain number of anionic surface 

aggregates, that are capable of photochemically initiating the cycloaddition reaction, required at 
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least 2 h. To further validate this claim, we monitored the progress of the model reaction between 

1a and 2a as follows. First, p-CDs, A, and DIPEA were mixed in acetonitrile to assess the formation 

of the photocatalytic system, then the reactants (1a and 2a) were added to this solution which was 

stirred for an additional 6 h under light irradiation. This experiment almost provided a quantitative 

yield of product 3a, therefore corroborating our hypothesis (more details in section 3.5.7). 

 

Figure 3.15 (a) Kinetic study of the reaction time versus yield of the 3a, major diastereoisomer 3a and minor diastereoisomer 3a. (b) 
Quenching of the catalytic system (p-CDs + A + DIPEA) emission ([p-CDs + A + DIPEA] = 0.015 M in MeCN, excitation at 456nm) in the 

presence of increasing amounts of 1a. 

 

Additionally, Stern-Volmer quenching experiments were conducted to better understand the 

photocatalytic reaction mechanism. Thus, the emission spectrum of the coloured adduct, formed by 

mixing p-CDs, A and DIPEA, was recorded after excitation at 456 nm. A progressive quenching of its 

emission intensity was observed upon increasing the concentration of cyclopropane 1a. In particular, 

the quenching of emission can occur through a variety of processes.15 However, the data 

incorporated in the Stern-Volmer equation revealed a linear correlation in the range 25-105 mM of 

the quencher (Ksv = 4.66 M-1, see Figure 3.20). This is indicative of the occurrence of a single type of 

quenching mechanism, likely via a single electron transfer (SET) process. With this data in mind, we 

proposed a reaction mechanism (Figure 3.16) that starts from the crucial deprotonating equilibrium 

of phenols on p-CDs.  
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Figure 3.16 Mechanism of the photocatalytic [3+2] cycloaddition process. 

 

In fact, in the presence of DIPEA, this equilibrium is completely shifted towards its neutral form. On 

the other hand, thanks to the coordination between A and surface phenolate anions, the equilibrium 

may shift towards the anionic form of p-CDs. In this way, the actual photocatalytic system (PC) can 

be produced in solution. When subjected to 456 nm light irradiation, this PC reaches its electronically 

excited-state (PC*) and becomes a strong reducing agent. Then, a single electron transfer occurs 

from the PC* to the cyclopropane 1a, which is presumably activated by A. The reduced intermediate 

II then fragments giving its corresponding ring-opening form. Subsequently, this intermediate reacts 

with 2a to afford a ketyl radical. Lastly, the oxidation of this radical anion leads to the formation of 
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product 3a. Specifically, either I or the radical cation of DIPEA could serve as oxidants in this redox 

step. 

To demonstrate the broader applicability of our approach, we evaluated the effect of different 

dipolarophiles and cyclopropanes on the yields and diastereoselectivity of 3. 

 

Scheme 3.1 Evaluation of the scope of cyclopropanes 1 and alkenes or alkynes 2 for the [3+2] cycloaddition reaction. Yields reported 
are the combined isolated yields of all diastereomers; d.r. was determined from crude NMR. Major diastereomers are shown for 3a-

g. Yields of 3a in the graph were determined by 1H-NMR analyses, using 1,3,5-trimethoxybenzene as internal standard.  See the 
experimental section 3.5 for details. 

 

The model cycloaddition at 8 hours was demonstrated to provide nearly quantitative yield of 3a, and 

77% yield in a 1 mmol scale-up. As shown in Scheme 3.1, the presence of a heteroaryl ketone on 

cyclopropanes was well tolerated (3b, 58% yield and 3:2 d.r.). Moreover, the use of 1c, which 

contains an electron-withdrawing group on the aryl fragment, resulted in a high yield of the desired 

product 3c (97%) with good diastereoselectivity (4:1 d.r.). Interestingly, both cyclopropane and olefin 

containing 1,1-disubstituents were also suitable substrates for this transformation. As a matter of 

fact, these substrates afforded the corresponding cyclic products 3d-e in high overall yields as 
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a mixture of two diastereoisomers (d.r. up to 5:1).  An alkyl group decorating the aromatic ring of 

styrene led to the formation of derivative 3f in excellent yield and good d.r. Surprisingly, our 

methodology allowed the use of internal olefins, resulting in product 3g with moderate yield and d.r. 

To test the feasibility of producing cyclopentenes, different alkynes (2h-n) were tested as substrates. 

In this regard, phenylacetylene gave good results both in terms of diastereoselectivity and yield 

(product 3h: 95% yield, d.r. 2:1). Remarkably, alkynes with free primary amines and sterically 

hindered substituents also reacted to produce cyclopentenes 3i and 3j in high yields. In addition, the 

use of a cyclopropane containing a quaternary carbon provided a moderate yield of the adduct 3k 

with poor diastereoselectivity. Lastly, electron-deficient cyclopropyl ketones effectively reacted with 

the ethynylbenzene leading to very good overall yields of the desired unsaturated rings 3l-3m.  

Unfortunately, non-terminal alkynes did not participate in the reaction process (3n). 

In addition, we focused on asymmetric catalysis, to induce enantioselectivity in the products of 

cycloaddition by using a chiral reagent. To achieve this, we investigated the behaviour of two 

different enantiopure thioureas, namely (S)-2-[[3,5-Bis(trifluoromethyl)phenyl]thioureido]-N-

benzyl-N,3,3-trimethylbutanamide and 1-[3,5-bis(trifluoromethyl)phenyl]-3-[(1R,2R)-(-)-2-

(dimethylamino)cyclohexyl]thiourea. These thioureas were tested in the cycloaddition of 1a and 2a 

under optimised reaction conditions. The reactions afforded the product 3a in moderate yields (up 

to 68%) after 48 h; however, no enantioselectivity was observed in the formation of 3a (see section 

3.5.6). 

Lastly, we also demonstrated that p-CDs could be recycled up to 3 times (Figure 3.17). The p-CDs 

were recycled up to three times, as shown in Figure 3.17. To perform the recycling tests, we selected 

cyclopropane 1a and styrene 2a as substrates. The procedure for recyclability consists of the dilution 

of the crude reaction mixture with diethyl ether to induce the precipitation of the p-CDs while the 

molecular species were collected by liquid extraction. Subsequently, the recovered p-CDs were dried 

and reused in subsequent cycloadditions up to three cycles, maintaining the catalyst in the same 

reaction vessel. Remarkably, the recyclability tests provided comparable performances in terms of 

reaction yield and diastereoselectivity. The reuse of p-CDs highlights their potential as sustainable 

nano-photocatalysts. 
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Figure 3.17 Representation of recyclability workflow of p-CDs. Histogram of yield for product 3a at each of the three catalytic cycles. 

3.4 Conclusion 

The intriguing photocatalytic properties of CDs inspired us to explore the synthesis of new phenol-

rich nanoparticles with unique molecular-like behaviour. The wide set of characterization techniques 

provided evidence about the formation of p-CDs with excellent photochemical features. The phenol 

moieties on the surface of p-CDs, quantified by a post-synthetic strategy using 19F-NMR,  

demonstrated their efficiency as photocatalysts in driving the reduction of suitable acceptors to 

generate reactive radicals that can proceed towards following transformations. Specifically, halogen 

compounds were activated for the study of homolytic aromatic substitution. Additionally, the [3+2] 

photocycloaddition reaction between cyclopropane 1 and unsaturated compounds 2 was 

performed, yielding a diverse array of relevant products 3 from a moderate to an excellent yield 

along with good levels of diastereoselectivity. Notably, we demonstrated that the phenol moieties 

present on the nanoparticles’ surfaces can generate, when mixed with A and DIPEA, coloured anionic 

non-covalent aggregates able to drive [3+2] photocycloaddition reactions. The p-CDs structure has 

successfully implemented the photocatalytic activity of phenolate compounds enabling their use as 

sustainable, metal-free and recyclable photocatalysts.  
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3.5 Experimental Section 

3.5.1 General Information  

The microwave synthesis was performed on a CEM Discover-SP instrument. UV-Vis measurements 

were carried out on Cary 5000 UV-Vis-NIR. All the spectra were recorded at room temperature using 

10 mm path-length quartz cuvettes. Absorption spectra of compounds were recorded with an 

Agilent Cary 5000 UV-Vis spectrophotometer. Emission measurements were performed on an 

Edinburgh instruments FS5 spectrofluorometer using a 150 W CW Ozone-free xenon arc lamp as 

source and a Photomultiplier R928P (spectral coverage 200 nm – 900 nm, cooled and stabilised) as 

detector. Quantum yields were performed using the integrating sphere setup SC-30. Luminescence 

lifetimes were measured with an Edinburgh Instruments FS5 time-correlated single-photon counting 

spectrofluorimeter, exciting the sample at 375 nm with a picosecond pulsed diode laser (EPL-375 

Edimburgh Instruments). All spectra were recorded using water using a standard quartz cuvette with 

an optical path length of 1 cm. 30 Integrating Sphere. AFM images were obtained with a Nanoscope 

IIIa, VEECO Instruments. As a general procedure to perform AFM analyses, tapping mode with a 

HQ:NSC19/ALBS probe (80kHz; 0.6 N/m) (MikroMasch) from drop cast of samples in an aqueous or 

MeOH solutions (concentration in the order of μg/mL) on a mica substrate was performed. The AFM 

raw data were analyzed using S3 Gwyddion 2.35. TGA was performed with a TGA Q500 (TA 

instruments), under a flow of N2 (25 mL/min), following a temperature program consisting of the 

equilibration of the sample at 100°C for 10 minutes followed by a ramp at 5°C/min up to 800°C. The 

sample aliquot ranged from 1 to 2 mg, exactly weighed. ATR-IR measurements were performed using 

a Spectrum 2000 FT-IR Instrument (Perkin Elmer). The NMR spectra were recorded on Varian 400 

spectrometer (1H: 400 MHz; 19F-NMR: 376.0 MHz 13C: 101.0 MHz). Enantiomeric excess (ee) values 

were determined by HPLC Agilent Infinity II, employing a Phenomenex chiral stationary phase 

column (specified in the individual description compound) and a detector operating at 220 and 254 

nm. Chromatographic purification of products was accomplished using flash chromatography on 

silica gel (35-70 mesh). For thin layer chromatography (TLC) analysis throughout this work, Merck 

pre-coated TLC plates (silica gel 60 GF254, 0.25 mm) were employed, using UV light as the visualizing 

agent (254 nm), basic aqueous potassium permanganate (KMnO4) stain solution or iodine, and heat 

as developing agents. Organic solutions were concentrated under reduced pressure on a Büchi 

rotatory evaporator. The power supply for electrophoresis was bought from Consort (Model E844). 

Ultrapure fresh water obtained from a Millipore water purification system (>18 MΩ Milli-Q, 
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Millipore) was used in all experiments. Commercial reagents and solvents were purchased from 

Sigma-Aldrich, Fluka, Alfa Aesar, Fluorochem and VWR. They were used as received, without further 

purification unless otherwise stated. Synthesis grade and anhydrous solvents were used as 

purchased.  

3.5.2 Synthesis of p-CDs  

L-arginine (874.5 mg, 0.5 mmol) and L-tyrosine (905.9 mg, 5 

mmol) were introduced in a sealable microwave vessel followed 

by 2 mL of ethylene glycol. The vessel was closed and then 

heated at 250°C, and 300 W for 15 minutes. In the process of 

microwave heating, the solution changes colour from a white 

suspension to a brown oil because of the formation of P-CDs. The solution was diluted with dimethyl 

formamide (DMF) ca. 3 mL, put under sonication and precipitation was induced by a dropwise 

addition of water up to 450 mL. The precipitate was collected though filtration over a 

polytetrafluoroethylene (PTFE) membrane with a 0.1 mm pore size. The precipitate was collected 

and dissolved in the minimal quantity of DMF, precipitation was re-induced under sonication using 

water. The precipitation process was repeated 4 times. The final powder was rinsed with diethyl 

ether and left to dry under the fume hood.  After drying, the final material is obtained as a brownish 

powder. The mass yield of the process was approximately 20% (350mg). 

3.5.3 p-CDs Characterizations  

 Kaiser test procedure. Kaiser tests (KT) were carried out according to a modified procedure using a 

commercially available Merck kit.49 About 1 mg of p-CDs was placed in a test tube. Then, 75 μL of a 

phenolic solution in ethanol (Sol A), 100 μL of a KCN solution in pyridine/water (Sol B), and 75 μL of 

a ninhydrin solution in ethanol (Sol C) were added. The tube was capped, and the obtained solution 

was heated at 120°C for 10 minutes. The resulting solution should colour violet for the presence of 

Ruhemann’s purple compound as the appeared brown that resulted in a null result.  

ATR-FTIR analysis. Arginine, tyrosine and p-CDs were analyzed by infrared spectroscopy. 
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Figure 3.18 Stacked ATR-FTIR spectra of p-CDs, Arginine and Tyrosine 

Detection of phenol moieties on p-CDs  

To synthesize the model compounds for 19F-NMR experiments (0.75 mmol, 1.5 equiv.) of the 

nucleophile amines or alcohols were introduced in a flame-dried Schlenk tube followed by 10 mL 

dry DMF, 4-(Dimethylamino)pyridine DMAP (10 mol%) and triethylamine (0.75 mmol, 76.42 mg, 105 

mL). The reaction was placed under argon atmosphere and heated at 40°C. The acylating reagent 4-

fluorobenzoyl chloride (0.5 mmol, 79 mg, 60 mL, 1.5 equiv.) was solubilized in 2 mL of dry DMF and 

added dropwise. The solution turned almost immediately to a deep yellow color. The mixture was 

left to react overnight. The day after, it was quenched by the addition of 0.1 M HCl and extracted 

three times with ethyl acetate. The combined organic phases were reunited and dried over Na2SO4. 

The organic phase was concentrated under reduced pressure to give the crude product. The residue 

was purified by flash column chromatography (ethyl acetate/cyclohexane) to afford the desired 

products.  

 

 

Characterization Data 

 

Butyl 4-fluorobenzoate (7a) 

Prepared according to the above-described procedure using (0.75 mmol, 

52.5mg, 65 mL) of 1-butanol.  
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1H-NMR (400 MHz, DMSO-d6) δ 8.20 – 7.78 (m, 2H), 7.50 – 7.19 (m, 2H), 

4.25 (t, J = 6.5 Hz, 2H), 1.79 – 1.56 (m, 2H), 1.54 – 1.32 (m, 2H), 0.91 (t, J = 

7.4 Hz, 3H). 19F-NMR (376 MHz, DMSO-d6) δ -106.2(m). 

 

Isopropyl 4-fluorobenzoate (7b) 

Prepared according to the foregoing described procedure using (0.75 

mmol, 45.0 mg, 58 mL) of 2-propanol.  

1H-NMR (400 MHz, DMSO-d6) δ 8.19 – 7.78 (m, 2H), 7.28 (m, 2H), 5.09 (p, 

J = 6.2 Hz, 1H), 1.27 (d, J = 6.3, 6H). 19F-NMR (376 MHz, DMSO-d6) δ -106.4 

(m). 

 

 

p-tolyl 4-fluorobenzoate (7c) 

Prepared according to the previously described procedure using (0.75 

mmol, 81.0 mg) of p-cresol.  

1H-NMR (400 MHz, DMSO-d6) δ 8.25 – 8.12 (m, 2H), 7.46 – 7.35 (m, 2H), 

7.28 – 7.21 (m, 2H), 7.13 (m, 2H), 2.31 (s, 3H). 19F-NMR (376 MHz, DMSO-

d6) δ -104.9 (m). 

 

 

N-butyl-4-fluorobenzamide (8a) 

Prepared according to the previously described procedure using (0.75 

mmol, 54.85 mg, 74 mL) of butylamine.  

1H-NMR (400 MHz, DMSO-d6) δ 8.43 (t, J = 5.7 Hz, 1H), 8.03 – 7.70 (m, 2H), 

7.25 (m, 2H), 3.23 (td, J = 7.1, 5.6 Hz, 2H), 1.57 – 1.43 (m, 2H), 1.40 – 1.22 

(m, 2H), 0.87 (t, J = 7.3 Hz, 3H).19F-NMR (376 MHz, DMSO-d6) δ -110.0 (m). 

 

N-(sec-butyl)-4-fluorobenzamide (8b) 

Prepared according to the previously described procedure using (0.75 

mmol, 54.85 mg, 76 mL) of sec-butylamine.  

1H-NMR (400 MHz, DMSO-d6) δ 8.14 (d, J = 8.2 Hz, 1H), 8.02 – 7.81 (m, 

2H), 7.38 – 7.15 (m, 2H), 3.89 (tt, J = 7.8, 6.4 Hz, 1H), 1.58 – 1.39 (m, 2H), 

1.11 (d, J = 6.6 Hz, 3H), 0.84 (t, J = 7.4 Hz, 3H).19F-NMR (376 MHz, DMSO-

d6) δ -110.1 (m). 

 

4-fluoro-N-phenylbenzamide (8c) 

Prepared according to the previously described procedure using (0.75 

mmol, 69.84 mg, 64 mL) of aniline.   
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1H-NMR (400 MHz, DMSO-d6) δ 10.23 (s, 1H), 8.14 – 7.97 (m, 2H), 7.74 (dt, 

J = 7.9, 1.1 Hz, 2H), 7.46 – 7.28 (m, 4H), 7.22 – 7.01 (m, 1H).19F-NMR (376 

MHz, DMSO-d6) δ -108.9 (m). 

 

Then, the acylation reaction was performed on the p-CDs. 

 

50 mg of p-CDs were introduced in a flame-dried Schlenk tube followed by 10 mL dry DMF, 4-

(Dimethylamino)pyridine DMAP (0.4 mmol, 48 mg) and triethylamine (6 mmol, 607 mg, 830 mL). 

The reaction was placed under argon atmosphere and heated at 40°C. The acylating reagent 4-

fluorobenzoyl chloride (4 mmol, 634 mg, 478 mL) was solubilized in 5 mL of dry DMF and added 

dropwise. The mixture was left to react for 48 hours. Then, it was quenched by the addition of 0.1M 

HCl. This caused the precipitation of fine brown powder. The reaction was extracted with ethyl 

acetate, in which the functionalized p-CDs are soluble, contrarily to the pristine material. The 

acylated p-CDs were purified via flash chromatography. First, the powder is solubilized in 1 mL of 

DMF and absorbed over silica. A short silica plug was loaded with the powder and eluted with 

(cyclohexane/ethyl acetate 8:2) to remove the side products. Subsequently, the acylated p-CDs were 

desorbed with DMF. The DMF solution was diluted with a solution of 5% w/w of LiCl and extracted 

with ethyl acetate. The combined organic phases were reunited, dried over Na2SO4 and concentrated 

under reduced pressure. The procedure afforded the purified F-p-CDs.  

3.5.4 Procedure for the Preparation of Starting Materials of HAS and [3+2] Cycloaddition  

PREPARATION OF α-IODOSULFONES 4a 

 

STEP 1, has been carried out following a modified literature procedure.50 A mixture of thiol S1 (10 

mmol, 1 equiv.), Potassium peroxymonosulfate (25 mmol, 2.5 equiv.), KCl (10 mmol, 1 equiv.) and 

H2O (30 mL) were introduced in a single neck round bottom flask and stirred at room temperature 
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for 2 h. The aqueous phase was extracted with ethyl acetate (3 x 50 mL). The combined organic layer 

was dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (cyclohexane) affording the desired products S2. The 

characterization data matched with the reported one.19  

STEP 2, according to a literature procedure.51 The selected sulfonyl chloride S2 (7 mmol, 1 equiv.) 

was dissolved in H2O (25 mL). Sodium sulfite (11.2 mmol, 1.6 equiv.) and sodium bicarbonate (11.2 

mmol, 1.6 equiv.) were added, and the reaction mixture was refluxed for 3 h. Water was removed 

by evaporation. Ethanol was added to the solid and the so obtained suspension was heated for 10 

min., cooled and filtered. This procedure was repeated twice using the residue of the filtration. The 

ethanol fractions were combined, and the solvent was evaporated under reduced pressure. Sodium 

sulfinate S3 was used without any further purification. The characterization data matched the 

reported one.19  

STEP 3, according to a reported procedure.52 A solution of sodium sulfinate S3 (5 mmol, 1 equiv.) in 

DMF (20 mL) was stirred at room temperature for 15 min. Diiodomethane (6 mmol, 1.2 equiv.) was 

added dropwise, and the solution was heated up to 80°C for 17h. The reaction was quenched by the 

addition of 5% LiCl water solution (100 mL). Subsequently, the aqueous solution was extracted with 

ethyl acetate (3 x 30 mL). The organic phases were combined and washed with brine (50 mL), 

saturated solution of sodium thiosulfate (50 mL) and then dried over Na2SO4 before being 

concentred in vacuo. The product was purified by flash column chromatography (eluent: 

cyclohexane/ethyl acetate) to afford the desired α-iodo sulfone 4a. (R= -phenyl 88% Yield) 

Characterization data 

 

(Iodomethyl)sulfonyl)benzene (4a) 

1H-NMR (400 MHz, CDCl3) δ 7.98 (dt, J= 8.5, 1.6 Hz, 2H), 7.74-7.68 (m, 1H), 

7.60 (dt, J= 8.0, 1.2 Hz, 2H), 4.46 (s, 2H); The characterization data 

matched with the reported one.  

PREPARATION OF α-IODOSULFONE 4b 
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STEP 1, was performed following a modified reported procedure.53 Into an oven-dried schlenk tube 

equipped with a stirring bar, thiophenol (20 mmol, 1 equiv., 2.2g) and K2CO3 (1.5 equiv., 30mmol) 

were introduced and dissolved in dry DMF (25 mL). Chlorodifluoroacetic acid S4 (2.0 equiv., 40 

mmol) was solubilized in dry DMF and added dropwise into the reaction mixture. The reaction was 

kept under argon atmosphere. The reaction was then heated at 95°C for 30 min. Subsequently, it 

was quenched through the addition of 5% LiCl water solution and extracted with cyclohexane (3 x 

20 mL). The organic layers were reunited, dried with Na2SO4 and concentrated under reduced 

pressure. The crude intermediate from the first step was used as obtained after extraction. It was 

dissolved in 20 mL of CH2Cl2 under argon and cooled to 0°C. Meta-chloroperoxybenzoic acid (60 

mmol, 3 equiv.) was slowly added. The reaction was stirred overnight (approximately 16 h). The day 

after, 0.1 M NH4Cl water was added and the product S5 was extracted with ethyl acetate (3 x 20mL). 

The ethyl acetate fractions were combined and dried over Na2SO4 and the solvent was evaporated 

under reduced pressure. Product S5 was obtained with a yield of 40%.  

1H-NMR (CDCl3, 400 MHz) δ 6.20 (t, J = 53.1 Hz, 1H), 7.62-7.68 (m, 2H), 7.79-7.85 (m, 1H), 7.97-8.02 

(m, 2H). 19F-NMR (CDCl3, 376 MHz) δ -121.9 (d, J = 53.5 Hz, 2F). The characterization of the 

compound matches with the data reported in the literature.54  

STEP 2, The last reaction step was carried out according to the literature.55 S5 (8.5 mmol, 1.470 g) 

was introduced in an oven-dried double neck round bottom flask with stirring bar along with dry 

DMF (20 mL). The reaction was cooled to -30°C and placed under argon. I2 (2.5 equiv., 21.25 mmol) 

was added in small aliquots followed by a dropwise addition of t-BuOK (2.0 equiv., 17 mmol). The 

reaction was stirred at -30°C for 1h. Subsequently, the reaction was allowed to reach room 

temperature in approximately 1h. A saturated NaCl aqueous solution (15 mL) was added, and the 

mixture was extracted with Et2O (3 x 15 mL). The combined organic phase was dried over Na2SO4, 

and the solvent was removed in a rotary evaporator. The crude was purified by silica gel column 

chromatography (eluent: cyclohexane/ethyl acetate 9/1) to afford the product (4b) (2.22 g, 35% 

overall yield) as a white crystalline solid. The product has been kept in the dark at 4°C.  

1H-NMR (400 MHz, CDCl3) δ 7.65 (t, J = 7.3 Hz, 2H); 7.82 (t, J = 7.4 Hz, 1H); 7.99 (d, J = 7.5 Hz, 2H). 

19F-NMR (376 MHz, CDCl3) δ – 51.9 (s, 2F). The characterization of the compound matches with the 

data reported in the literature.54  

PREPARATION OF CYCLOPROPANES 1a-d 
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Dry MeCN (17 mL) was added to a round flask with DABCO (10.0 mmol, 1.12 g), and α-halo ketone 

(10.0 mmol, 1 equiv.). A thick white precipitate formed immediately, and the mixture was allowed 

to stir at room temperature under a nitrogen atmosphere for 30 min. After this time, NaOH (0.600 

g, 15.0 mmol, 1.5 equiv.) and the alkene (11 mmol, 1.1 equiv.) were added. The reaction flask was 

equipped with a reflux condenser and the reaction mixture brought to 80 °C until completion as 

indicated by TLC. The reaction was then quenched with saturated aqueous ammonium chloride and 

extracted three times with Et2O. The combined organic layers were washed once with brine, then 

dried over anhydrous sodium sulfate, and concentrated under reduced pressure to give the crude 

product as a dark oil. The residue was purified by flash chromatography (CyHex/EtOAc) to afford the 

corresponding cyclopropanes 1a-d.  

Characterization Data 

tert-Butyl 2-benzoylcyclopropanecarboxylate (1a) 

1a was synthesized according to the general procedure from 2-bromo-1-

phenylethanone (1.99 g, 10 mmol) and tert-butyl acrylate (1.34 mL, 11 mmol). The 

cyclopropane 1a was obtained as solid (1.50 g, 60% yield). 

1H-NMR (400 MHz, CDCl3) 8.02 (2H, d, J=7.0 Hz), 7.62 – 7.55 (1H, m), 7.49 (2H, t, J=7.7 Hz), 3.12 (1H, 

ddd, J=9.1, 5.7, 3.8 Hz), 2.30 (1H, ddd, J=8.6, 5.9, 3.8 Hz), 1.55 (2H, dddd, J=14.8, 9.1, 5.8, 3.3 Hz), 

1.47 (9H, s). 13C-NMR (101 MHz, CDCl3) δ 197.51, 171.56, 137.31, 133.42, 128.79, 128.41, 81.42, 

28.23, 25.94, 25.92, 17.95. The characterization of the compound matches with the data reported 

in the literature.45  

 trans tert-Butyl 2-nicotinoylcyclopropanecarboxylate (1b) 

1b was synthesized according to the general procedure from 3-(2-

bromoacetyl)pyridin-1-ium bromide (2.8 g, 10 mmol) and tert-butyl acrylate 

(1.34 mL, 11 mmol). The cyclopropane 1b was obtained as solid (1.6 g, 65% 

yield).  
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1H-NMR (499 MHz, CDCl3) δ 9.25 (d, J = 1.6 Hz, 1H), 8.81 (dd, J = 4.8, 1.7 Hz, 1H), 8.26 (dt, J = 8.0, 

1.9 Hz, 1H), 7.44 (ddd, J = 8.0, 4.9, 0.9 Hz, 1H), 3.09 (ddd, J = 8.6, 5.7, 3.8 Hz, 1H), 2.34 (ddd, J = 8.8, 

6.0, 3.8 Hz, 1H), 1.68 – 1.54 (m, 2H), 1.47 (s, 9H).13C-NMR (126 MHz, CDCl3) δ 196.32, 170.95, 153.67, 

149.73, 135.48, 132.38, 123.60, 81.58, 28.06, 26.14, 25.90, 18.03. The characterization of the 

compound matches with the data reported in the literature.45  

 tert-Butyl 2-(4-fluoro)benzoylcyclopropanecarboxylate (1c) 

1c was synthesized according to the general procedure from 2-Chloro-4'-

fluoroacetophenone (1.7 g, 10 mmol) and tert-butyl acrylate (1.34 mL, 11 

mmol). The cyclopropane 1c was obtained as solid (1.8 g, 69% yield).  

1H-NMR (400 MHz, CDCl3) δ 8.05 (dd, J = 9.0, 5.4 Hz, 2H), 7.16 (dd, J = 9.0, 8.4 Hz, 2H), 3.06 (ddd, J 

= 8.6, 5.7, 3.8 Hz, 1H), 2.30 (ddd, J = 8.6, 6.0, 3.8 Hz, 1H), 1.60 – 1.50 (m, 2H), 1.47 (s, 9H). 13C-NMR 

(101 MHz, CDCl3) δ 195.91, 171.47, 166.06 (d, J = 255.3 Hz), 133.74 (d, J = 3.0 Hz), 131.06 (d, J = 9.2 

Hz), 115.92 (d, J = 22.0 Hz), 81.52, 28.23, 25.92, 25.77, 18.00. 19F-NMR (376 MHz, CDCl3) δ -104.92. 

HRMS calculated for C15H17FO3 (M-Na): 287.1054 found: 287.1053. 

ethyl 2-benzoyl-1-methylcyclopropane-1-carboxylate (1d) was synthesized according to the 

general procedure from 2-bromo-1-phenylethanone (1.99 g, 10 mmol) and ethyl 

methacrylate (1.37 mL, 11 mmol). The cyclopropane 1d was obtained as solid (430 

mg, 38% yield).  

1H-NMR (499 MHz, CDCl3) δ 7.94 – 7.89 (m, 2H), 7.56 – 7.47 (m, 1H), 7.44 – 7.37 (m, 2H), 4.18 (q, J 

= 7.1 Hz, 2H), 3.25 (dd, J = 8.3, 6.5 Hz, 1H), 1.62 (dd, J = 6.6, 3.9 Hz, 1H), 1.58 (dd, J = 8.2, 4.0 Hz, 1H), 

1.26 (t, J = 7.1 Hz, 3H), 1.23 (s, 3H). 13C-NMR (126 MHz, CDCl3) δ 195.88, 173.64, 137.98, 133.11, 

128.61, 128.18, 61.31, 31.84, 29.57, 20.49, 14.20, 12.71. HRMS calculated for C14H16O3 (M-Na): 

255.1002 found: 255.1003. 
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3.5.5 General Procedure for the Photocatalytic Reactions  

PHOTOCATALYTIC HOMOLITIC AROMATIC SUBSTITUTION (HAS) 

 

A 10 mL Schlenk tube was charged with the arene 5 (0.2 mmol) and the acceptor 4 (0.25 mmol, 

1.25 equiv). The potassium carbonate was added along with sodium ascorbate (K2CO3 55.2, 

NaAscorbate: 79.24 mg). Finally, 400 mL of MeCN/H2O 3:1 solution was added as solvent. The 

reaction mixture was thoroughly degassed via 3 cycles of freeze-pump-thaw, and the vessel was 

refilled with argon and placed under light irradiation for 24 h (λ = 456 nm). The temperature was 

kept at around 30 °C by using a fan. The reaction was then quenched with an aqueous solution 

of 0.1 M HCl. The mixture was extracted with ethyl acetate (3 × 10 mL). The volatiles were 

removed in vacuo and the residue was purified by column chromatography (eluent: 

cyclohexane/ethyl acetate) to give the afford the products 6a-g. 

Characterization Data 

 

3-Methyl-2-((phenylsulfonyl)methyl)-1H-indole (6a) 

Prepared according to the general procedure using 3-

methylindole (0.2 mmol, 26.2 mg) and 4a (0.25 mmol, 70 mg). 

The final product 6a was obtained as a white solid (NMR 

yield:>99%).  

 1H-NMR (499 MHz, CDCl3) δ 8.50 (s, 1H), 7.63 – 7.56 (m, 3H), 7.45 – 7.38 (m, 3H), 7.36 

(d, J = 8.2 Hz, 1H), 7.25 – 7.18 (m, 1H), 7.14 – 7.06 (m, 1H), 4.50 (s, 2H), 1.70 (s, 3H). The 

characterization data matched the reported one.56 

 

2-(Difluoro(phenylsulfonyl)methyl)-3-methyl-1H-indole 

(6b) 

Prepared according to the general procedure using 3-

methylindole (0.2 mmol, 26.2 mg) and 4b (0.25 mmol, 80 

mg). The final product 6b was obtained as white solid (NMR 

yield: 74%).  
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 1H-NMR (499 MHz, CDCl3) δ 8.46 (s, 1H), 7.96 (d, J = 7.7 Hz, 2H), 7.77 (ddd, J = 8.7, 2.4, 

1.2 Hz, 1H), 7.65 – 7.58 (m, 3H), 7.39 (d, J = 8.3 Hz, 1H), 7.36 – 7.30 (m, 1H), 7.18 (ddd, 

J = 7.0, 5.4, 0.9 Hz, 1H), 2.31 (t, J = 2.5 Hz, 3H). 19F-NMR (376 MHz, CDCl3) δ -99.73, -

99.73. The characterization data matched the reported one.56 

 

 

3-Methyl-2-diethylmalonate-1H-indole (6c) 

Prepared according to the general procedure using 3-

methylindole (0.2 mmol, 26.2 mg) and bromo diethylacetate 

(0.25 mmol, 52.7 mg, 33 mL). The final product 6c was 

obtained as a white solid (NMR yield: 68%).  

 1H-NMR (400 MHz, CDCl3) δ 7.57 – 7.51 (m, 1H), 7.35 (dt, J = 8.1, 0.9 Hz, 1H), 7.19 (ddd, 

J = 8.2, 7.1, 1.2 Hz, 1H), 7.10 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 4.97 (s, 1H), 4.34 – 4.13 (m, 

4H), 2.31 (s, 3H), 1.29 (t, J = 7.1 Hz, 6H). The characterization data matched the reported 

one.57  

             

4-(perfluorohexyl)aniline (6d) 

Prepared according to the general procedure using aniline 

(0.2 mmol, 18.6 mg, 18 mL) and perfluorohexyl iodide (0.25 

mmol, 111.2 mg, 54 mL). The final product 6d was obtained as 

deliquescent white solid (NMR yield: 30%).  

 1H-NMR (400 MHz, CDCl3) δ 7.34 (d, J = 8.6 Hz, 1H), 6.71 (d, J = 8.7 Hz, 1H). 19F-NMR 

(376 MHz, CDCl3) δ -80.83, -109.52, -121.58, -122.09, -122.87, -126.16. The 

characterization data matched the reported one.58 

 

3-methyl-2-(prop-2-yn-1-yl)-1H-indole (6e) 

Prepared according to the general procedure using 3-

methylindole (0.2 mmol, 26.2 mg) and bromoacetonitrile 

(0.25 mmol, 30 mg, 18 mL).  

 1H-NMR (400 MHz, CDCl3) δ 7.53 (d, J = 7.8 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.25 – 7.19 

(m, 1H), 7.18 – 7.09 (m, 1H), 3.87 (s, 2H), 2.27 (s, 3H). The characterization data 

matched the reported one.58 

 

3-methyl-2-(perfluorohexyl)-1H-indole (6f) 

Prepared according to the general procedure using 3-

methylindole (0.2 mmol, 26.2 mg) and perfluorohexyl iodide 
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(0.25 mmol, 111.2 mg, 54 mL). The final product 6f was 

obtained as white solid (NMR yield: 65%).  

 1H-NMR (400 MHz, CDCl3) δ 8.18 (s, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.40 (d, J = 8.3 Hz, 1H), 

7.34 (t, J = 7.6 Hz, 1H), 7.20 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 2.44 (t, J = 2.2 Hz, 3H). 19F-

NMR (376 MHz, CDCl3) δ -80.78 (tt, J = 10.0, 2.5 Hz), -108.64 (t, J = 14.0 Hz), -121.90 (s), 

-122.17 (s), -122.78 (s), -125.66 – -126.28 (m). The characterization data matched the 

reported one.59 

 

1,3,7-trimethyl-8-(perfluorohexyl)-3,7-dihydro-1H-purine-

2,6-dione (6g) 

Prepared according to the general procedure using caffeine 

(0.2 mmol, 26.2 mg) and 4b (0.25 mmol, 111.2 mg, 54 mL). 

The final product 6g was obtained as white solid (NMR yield: 

65%). 

 

 1H-NMR (400 MHz, CDCl3) δ 8.03 (d, J = 7.7 Hz, 2H), 7.88 – 7.78 (m, 1H), 7.67 (t, J = 7.9 

Hz, 2H), 4.30 (t, J = 1.8 Hz, 3H), 3.55 (s, 3H), 3.43 (s, 3H). 19F-NMR (376 MHz, CDCl3) δ -

100.79. The characterization data matched the reported one.60 

PHOTOCATALYTIC [3+2] CYCLOADDITION REACTION  

 

 

A 10 mL Schlenk tube was charged with cyclopropane 1 (0.1 mmol), unsaturated compounds 2 

(0.5 mmol, 5.0 equiv.), p-CDs (6 mg, 14 mol%), Schreiner thiourea A (0.02 mmol, 20 mol%) and 

i-Pr2NEt (0.2 mmol, 2 equiv.). Acetonitrile was then added to the Schlenk tube (1 mL, 0.1 M). 

The reaction mixture was thoroughly degassed via 3 cycles of freeze-pump-thaw, and the vessel 

was refilled with argon, placed under light irradiation for 8-30h (λ = 456 nm). The temperature 

was kept at around 30°C by using a fan. The reaction mixture was filtered on cotton with Et2O. 

The volatiles were removed in vacuo and the residue was purified by column chromatography 

to give the corresponding products 3. 
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tert-butyl 3-benzoyl-4-phenylcyclopentane-1-carboxylate (3a) 

3a was synthesized according to the general procedure from 1a (24.6 mg, 

0.1 mmol) and styrene (58 µL, 0.5 mmol). The reaction was complete after 

8 h. The crude product was purified by column chromatography (7:3, 

Hexane/Et2O) to give 34 mg (99% yield) of cycloadduct as two separable 

diastereomers (5:2 d.r.).  

Major: 1H-NMR (499 MHz, CDCl3) δ 7.86 – 7.75 (m, 2H), 7.49 (t, J = 7.4 Hz, 1H), 7.37 (t, J = 7.8 

Hz, 2H), 7.30 – 7.22 (m, 4H), 7.18 – 7.09 (m, 1H), 3.83 (dq, J = 34.4, 8.9 Hz, 2H), 3.09 (ddd, J = 

17.2, 8.4, 6.0 Hz, 1H), 2.57 – 2.45 (m, 2H), 2.28 – 2.18 (m, 1H), 2.13 (dt, J = 13.3, 9.0 Hz, 1H), 

1.46 (s, J = 4.1 Hz, 9H). 13C-NMR (126 MHz, CDCl3) δ 200.70, 174.35, 143.89, 137.02, 133.05, 

128.67, 128.61, 128.53, 127.45, 126.56, 80.66, 54.89, 47.30, 44.62, 37.45, 35.50, 28.22. HRMS 

calculated for C23H26O3 (M-Na): 373.1773 found: 373.1774. The characterization of the 

compound matches with the data reported in the literature.45  

Minor: 1H-NMR (499 MHz, CDCl3) δ 7.59 (dd, J = 8.3, 1.2 Hz, 2H), 7.43 – 7.36 (m, 1H), 7.30 – 7.24 

(m, 2H), 7.05 – 6.95 (m, 5H), 4.18 (td, J = 9.1, 7.3 Hz, 1H), 3.65 (dd, J = 17.3, 9.6 Hz, 1H), 2.94 (tt, 

J = 10.5, 8.0 Hz, 1H), 2.65 (ddd, J = 13.2, 10.6, 8.7 Hz, 1H), 2.50 – 2.33 (m, 2H), 2.30 – 2.19 (m, 

1H), 1.51 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 201.07, 174.26, 141.35, 137.95, 132.46, 128.45, 

128.24, 128.14, 128.00, 126.49, 80.56, 51.20, 48.99, 44.67, 36.74, 32.52, 28.30. HRMS 

calculated for C23H26O3 (M-Na): 373.1775 found: 373.1774. The characterization of the 

compound matches with the data reported in the literature.61   

tert-butyl 3-nicotinoyl-4-phenylcyclopentane-1-carboxylate (3b)  

3b was synthesized according to the general procedure from 1b (24.7 

mg, 0.1 mmol) and styrene (58 µL, 0.5 mmol). The reaction was 

complete after 8 h. The crude product was purified by column 

chromatography (8:2, Hexane/Et2O) to give 20 mg (58% yield) of 

cycloadduct as two separable diastereomers (3:2 d.r.). 

Major: 1H-NMR (400 MHz, CDCl3) δ 8.96 (d, J = 1.7 Hz, 1H), 8.69 (dd, J = 4.8, 1.7 Hz, 1H), 8.08 – 

8.02 (m, 1H), 7.36 – 7.28 (m, 1H), 7.25 – 7.19 (m, 4H), 7.19 – 7.10 (m, 1H), 3.78 (dq, J = 26.2, 9.0 

Hz, 2H), 3.11 (ddd, J = 17.2, 8.1, 5.6 Hz, 1H), 2.57 – 2.44 (m, 2H), 2.33 – 2.23 (m, 1H), 2.16 (dt, J 
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= 13.2, 9.1 Hz, 1H), 1.46 (s, J = 4.9 Hz, 9H). The characterization of the compound matches with 

the data reported in the literature.45 

Minor: 1H-NMR (400 MHz, CDCl3) δ 8.81 (d, J = 1.3 Hz, 1H), 8.57 (d, J = 3.5 Hz, 1H), 7.74 (dt, J = 

7.9, 1.9 Hz, 1H), 7.15 (dd, J = 7.9, 4.8 Hz, 1H), 7.05 – 6.92 (m, 5H), 4.15 (dd, J = 17.5, 7.8 Hz, 1H), 

3.67 (td, J = 10.1, 7.4 Hz, 1H), 2.95 (ddd, J = 15.7, 10.5, 7.9 Hz, 1H), 2.68 (ddd, J = 13.3, 10.4, 8.1 

Hz, 1H), 2.51 – 2.33 (m, 2H), 2.27 (dt, J = 13.8, 7.7 Hz, 1H), 1.51 (s, 9H). 13C-NMR (101 MHz, 

CDCl3) δ 200.25, 174.01, 152.74, 149.52, 140.70, 135.29, 133.19, 128.37, 128.23, 126.82, 

123.28, 80.67, 51.47, 49.11, 44.61, 36.60, 32.11, 28.30. HRMS calculated for C22H25NO3 (M-H): 

352.1906 found: 352.1907.  

tert-butyl 3-(4-fluorobenzoyl)-4-phenylcyclopentane-1-carboxylate (3c) 

3c was synthesized according to the general procedure from 1c 

(26.4 mg, 0.1 mmol) and styrene (58 µL, 0.5 mmol). The reaction 

was complete after 22 h. The crude product was purified by column 

chromatography (7:3, Cyhex/DCM) to give 29 mg (97% yield) of 

cycloadduct as two separable diastereomers (4:1 d.r.) 

Major: 1H-NMR (499 MHz, CDCl3) 7.60 (2H, dd, J=8.8, 5.4 Hz), 7.05 – 6.96 (5H, m), 6.92 (2H, t, 

J=8.6 Hz), 4.12 (1H, dd, J=16.9, 8.3 Hz), 3.63 (1H, td, J=9.8, 7.5 Hz), 2.93 (1H, tt, J=10.5, 8.0 Hz), 

2.64 (1H, ddd, J=13.3, 10.4, 8.4 Hz), 2.40 (2H, qt, J=13.1, 9.0 Hz), 2.23 (1H, dt, J=13.7, 7.6 Hz), 

1.51 (9H, s). 19F-NMR (376 MHz, CDCl3) δ -106.40.13C-NMR (126 MHz, CDCl3) δ 199.59, 174.19, 

165.32 (d, J=253.7 Hz), 141.10, 134.37 (d, J=3.2 Hz), 130.69 (d, J=9.3 Hz), 128.41, 128.07, 126.63, 

115.28 (d, J=21.9 Hz), 51.05, 49.14, 44.62, 36.64, 32.45, 28.30. HRMS calculated for C23H25FO3 

(M-Na): 391.1680 found: 391.1680.  

Minor: 1H-NMR(499 MHz, CDCl3) 7.80 (2H, ddd, J=8.4, 5.3, 2.6 Hz), 7.25 – 7.19 (4H, m), 7.18 – 

7.12 (1H, m), 7.04 – 6.98 (2H, m), 3.84 – 3.69 (2H, m), 3.13 – 3.05 (1H, m), 2.56 – 2.42 (2H, m), 

2.25 (1H, ddd, J=13.3, 9.4, 8.2 Hz), 2.13 (1H, dt, J=13.2, 9.0 Hz), 1.46 (9H, s). 19F-NMR (376 MHz, 

CDCl3) δ -105.53. 13C-NMR (126 MHz, CDCl3) δ 199.18, 174.30, 165.75 (d, J=254.7 Hz), 143.73, 

133.42 (d, J=2.9 Hz), 131.14 (d, J=9.3 Hz), 128.71, 127.41, 126.66, 115.66 (d, J=21.9 Hz), 80.69, 

54.88, 47.58, 44.56, 37.48, 35.27, 28.20. HRMS calculated for C23H25FO3 (M-Na): 369.1860 

found: 369.1861.  
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ethyl 3-benzoyl-1-methyl-4-phenylcyclopentane-1-carboxylate (3d) 

3d was synthesized according to the general procedure from 1d (22.2 mg, 

0.1 mmol) and styrene (58 µL, 0.5 mmol). The reaction was completed 

after 27 h. The crude product was purified by column chromatography 

(7:3, Hexane/Et2O) to give 27 mg (88% yield) of cycloadduct as 

diastereomers (5:1 d.r.).  

Major: 1H-NMR (400 MHz, CDCl3) δ 7.82 (d, J = 7.7 Hz, 2H), 7.56 – 7.44 (m, 1H), 7.39 (t, J = 7.8 

Hz, 2H), 7.26 (q, 4H), 7.16 (td, J = 5.8, 2.8 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 4.02 – 3.81 (m, 2H), 

2.83 (dd, J = 13.0, 7.2 Hz, 1H), 2.58 (dd, J = 13.3, 7.9 Hz, 1H), 2.17 (dd, J = 13.4, 9.0 Hz, 1H), 1.85 

(dd, J = 13.1, 11.2 Hz, 1H), 1.47 (s, 3H), 1.28 (t, J = 7.1 Hz, 3H).13C-NMR (126 MHz, CDCl3) δ 

200.61, 177.34, 143.21, 137.00, 132.99, 128.60, 128.59, 128.52, 127.47, 126.55, 61.02, 54.09, 

49.30, 47.31, 45.96, 42.85, 26.34, 14.30. HRMS calculated for C22H24O3 (M-H): 337.1798 found: 

337.1798. 

Major+minor: 1H-NMR (400 MHz, CDCl3) δ 7.83 – 7.76 (2H major, m), 7.56 – 7.46 (1H major + 

2H minor, m), 7.42 – 7.34 (2H major + 1H minor, m), 7.25 – 7.20 (4H major + 2H minor, m), 7.19 

– 7.11 (1H major, m), 7.01 – 6.89 (5H minor, m), 4.35 (1H minor, dt, J=10.2, 8.0 Hz), 4.22 (2H 

minor, q, J=7.1 Hz), 4.18 (2H major, q, J = 7.1 Hz), 3.95 (1H major, td, J=9.6, 7.6 Hz), 3.85 (1H 

major, ddd, J=11.8, 9.5, 7.4 Hz), 3.80 – 3.72 (1H minor, m), 2.80 (1H major, ddd, J=13.1, 7.4, 1.1 

Hz), 2.67 (1H minor, ddd, J=13.1, 7.2, 1.8 Hz), 2.59 (1H major, ddd, J=13.4, 7.7, 1.1 Hz), 2.31 (1H 

minor, dd, J=13.5, 8.4 Hz), 2.17 (1H major, dd, J=13.4, 9.6 Hz), 2.06 (1H minor, dd, J=13.1, 11.2 

Hz), 1.86 (1H major, dd, J=13.1, 11.7 Hz), 1.53 (3H minor, s), 1.47 (3H major, s),  1.32 (3H minor, 

t, J=7.1 Hz), 1.28 (3H major, t, J = 7.1 Hz). 13C NMR (126 MHz, CDCl3) δ 201.16, 200.61 (major), 

178.14, 177.34 (major), 143.21 (major), 142.83, 138.16, 137.00 (major), 133.17, 132.99  (major), 

128.79, 128.60 (major), 128.59 (major), 128.63, 128.52 (major), 128.43, 128.38, 128.15, 127.95, 

127.47 (major), 126.55 (major), 126.39, 61.54, 61.02 (major), 54.80, 54.09 (major), 50.72, 49.65, 

49.30 (major), 48.83, 47.31 (major), 47.20, 45.96 (major), 45.73, 45.01, 43.40, 42.85 (major), 

26.34 (major), 25.64, 14.30 (major), 14.39. 
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3-(tert-butyl) 1-ethyl 5-benzoyl-1-methylcyclopentane-1,3-dicarboxylate (3e)  

3e was synthesized according to the general procedure from 1a (24.6 

mg, 0.1 mmol) and ethyl methacrylate (55 µL, 0.5 mmol). The reaction 

was complete after 22 h. The crude product was purified by column 

chromatography (8:2, Hexane/Et2O) to give 28 mg (79% yield) of 

cycloadduct as two separable diastereomers (2:1 d.r.).  

Major: 1H-NMR (400 MHz, CDCl3) δ 7.96 – 7.87 (m, 2H), 7.55 (t, J = 7.3 Hz, 1H), 7.45 (q, J = 7.7 

Hz, 2H), 4.41 (dd, J = 10.0, 7.1 Hz, 1H), 4.08 (dd, J = 14.1, 7.0 Hz, 2H), 2.97 – 2.84 (m, 1H), 2.57 

– 2.42 (m, 2H), 2.24 – 2.11 (m, 1H), 1.94 (dt, J = 16.0, 8.0 Hz, 1H), 1.47 (s, 9H), 1.17 (t, J = 7.1 Hz, 

3H), 1.08 (s, 3H).13C-NMR (101 MHz, CDCl3) δ 200.63, 177.13, 173.88, 138.01, 133.23, 128.72, 

128.54, 80.63, 61.36, 52.29, 51.55, 43.38, 42.43, 32.55, 28.24, 20.94, 14.15. HRMS calculated 

for C21H28O5 (M-Na): 383.1829 found: 383.1829. 

Minor: 1H-NMR (400 MHz, CDCl3) δ 7.96 – 7.84 (m, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 

Hz, 2H), 4.03 (q, J = 7.2 Hz, 2H), 3.77 (dd, J = 9.1, 5.3 Hz, 1H), 2.98 (dd, J = 17.0, 9.0 Hz, 1H), 2.71 

(dd, J = 13.1, 10.3 Hz, 1H), 2.54 – 2.37 (m, 1H), 2.36 – 2.24 (m, 1H), 2.05 (dd, J = 13.1, 8.5 Hz, 

1H), 1.40 (s, 9H), 1.37 (s, 3H), 1.09 (t, J = 7.1 Hz, 3H). 13C-NMR (101 MHz, CDCl3) δ 200.81, 

176.23, 173.89, 136.69, 132.98, 128.64, 128.61, 80.62, 60.59, 54.89, 52.84, 42.87, 39.24, 32.00, 

28.15, 25.65, 14.10. HRMS calculated for C21H28O5 (M-Na): 383.1829 found: 383.1828. 

tert-butyl 3-benzoyl-4-(p-tolyl)cyclopentane-1-carboxylate (3f) 

3f was synthesized according to the general procedure from 1a 

(24.6 mg, 0.1 mmol) and 4-methylstyrene (59 µL, 0.5 mmol). The 

reaction was complete after 22 h. The crude product was purified 

by column chromatography (7:3, Hexane/Et2O) to give 36 mg (99% 

yield) of cycloadduct as three separable diastereomers (4:1:1 d.r.).  

Major: 1H-NMR (499 MHz, CDCl3) δ 7.86 – 7.77 (m, 2H), 7.49 (t, J = 7.4 Hz, 1H), 7.37 (t, J = 7.7 

Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 7.05 (d, J = 8.0 Hz, 2H), 3.85 (dd, J = 17.7, 8.9 Hz, 1H), 3.76 (q, J 

= 8.7 Hz, 1H), 3.13 – 3.02 (m, 1H), 2.49 (m, 2H), 2.27 (s, 3H), 2.19 (m, 1H), 2.14 – 2.05 (m, 1H), 

1.45 (s, 9H). 13C-NMR (126 MHz, CDCl3) δ 200.84, 174.44, 140.82, 137.03, 136.06, 133.03, 

129.33, 128.60, 128.54, 127.29, 80.64, 54.84, 46.90, 44.57, 37.53, 35.45, 28.21, 21.10. HRMS 

calculated for C24H28O3 (M-Na): 387.1932 found: 387.1931. The characterization of the 

compound matches with the data reported in the literature.45  
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Minor a: 1H-NMR (499 MHz, CDCl3) δ 7.82 (dd, J = 8.3, 1.2 Hz, 2H), 7.52 – 7.46 (m, 1H), 7.40 – 

7.34 (m, 2H), 7.15 (d, J = 8.1 Hz, 2H), 7.05 (d, J = 7.9 Hz, 2H), 3.96 (dd, J = 17.2, 9.5 Hz, 1H), 3.70 

– 3.58 (m, 1H), 3.04 – 2.93 (m, 1H), 2.55 – 2.43 (m, 2H), 2.27 (s, 3H), 2.15 – 2.03 (m, 2H), 1.48 

(s, J = 3.9 Hz, 9H). 13C-NMR (126 MHz, CDCl3) δ 201.68, 175.11, 140.02, 136.81, 136.21, 133.17, 

129.33, 128.65, 128.64, 127.41, 80.62, 53.85, 48.10, 44.34, 39.07, 34.97, 28.27, 21.11. HRMS 

calculated for C24H28O3 (M-Na): 387.1931 found: 387.1931. 

Minor b: 1H-NMR (499 MHz, CDCl3) δ 7.59 (t, J = 12.6 Hz, 2H), 7.41 (t, J = 7.4 Hz, 1H), 7.31 – 7.24 

(m, 2H), 6.84 (dd, J = 19.5, 8.1 Hz, 4H), 4.14 (td, J = 9.1, 7.3 Hz, 1H), 3.63 (dd, J = 17.2, 9.4 Hz, 

1H), 2.92 (tt, J = 10.5, 8.0 Hz, 1H), 2.63 (ddd, J = 13.2, 10.6, 9.0 Hz, 1H), 2.49 – 2.32 (m, 2H), 2.21 

(dt, J = 21.3, 7.4 Hz, 1H), 2.15 (s, 3H), 1.50 (s, 9H). 13C-NMR (126 MHz, CDCl3) δ 201.10, 174.33, 

138.30, 137.98, 135.93, 132.42, 128.68, 128.29, 128.22, 128.19, 80.52, 51.31,48.59, 44.63, 

36.79, 32.48, 28.30, 21.01. HRMS calculated for C24H28O3 (M-Na): 387.1930 found: 387.1931. 

The characterization of the compound matches with the data reported in the literature.61  

tert-butyl 4-benzoyl-2-methyl-3-phenylcyclopentane-1-carboxylate (3g) 

3g was synthesized according to the general procedure from 1a 

(24.6 mg, 0.1 mmol) and trans-β-Methylstyrene (59 µL, 0.5 mmol). 

The reaction was complete after 27 h. The crude product was 

purified by column chromatography (8:2, Hexane/Et2O) to give 15 

mg (28% yield) of cycloadduct as two diastereomers (3:1 d.r.).  

Major: 1H-NMR (499 MHz, CDCl3) δ 7.79 (d, J = 7.5 Hz, 2H), 7.46 (t, J = 7.4 Hz, 1H), 7.35 (t, J = 

7.8 Hz, 2H), 7.27 – 7.22 (m, 4H), 7.15 (dt, J = 8.5, 2.3 Hz, 1H), 3.84 (q, J = 9.5 Hz, 1H), 3.46 (t, 

J=10.1 Hz, 1H), 3.09 (dd, J = 15.5, 8.1 Hz, 1H), 2.61 – 2.50 (m, 1H), 2.47 – 2.37 (m, 1H), 2.29 (ddd, 

J = 13.5, 9.5, 6.5 Hz, 1H), 1.47 (s, 9H), 0.99 (d, J = 6.9 Hz, 3H). 13C-NMR (126 MHz, CDCl3) δ 

200.28, 173.63, 142.71, 137.15, 132.83, 128.64, 128.51, 128.50, 127.95, 126.64, 80.85, 54.58, 

54.28, 48.85, 44.63, 33.36, 28.36, 15.09. HRMS calculated for C24H28O3 (M-Na): 387.1932 found: 

387.1931. 

Major + minor: 1H-NMR (499 MHz, CDCl3) δ 7.81 – 7.77 (2H major, m), 7.54 – 7.51 (2H minor, 

m), 7.46 (1H major, ddt, J=7.8, 7.0, 1.3 Hz), 7.37 – 7.31 (2H major + 1H minor, m), 7.29 – 7.19 

(4H major + 2H minor, m), 7.15 (1H major, ddt, J=6.8, 5.8, 2.2 Hz), 7.03 – 6.97 (2H minor, m), 

6.97 – 6.92 (3H minor, m), 4.21 (1H minor, ddd, J=10.6, 8.8, 7.3 Hz), 3.85 (1H major, q, J=9.5 

Hz), 3.46 (1H major, t, J=10.1 Hz), 3.16 – 3.02 (1H major + 1H minor, m), 2.73 (1H minor, ddd, 

J=13.0, 11.1, 8.8 Hz), 2.66 – 2.38 (2H major + 2H minor, m), 2.29 (1H major, ddd, J = 13.5, 9.5, 
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6.5 Hz), 2.21 (1H minor, dt, J=13.0, 7.4 Hz), 1.52 (9H minor, s), 1.48 (9H major, s), 1.04 (3H minor, 

d, J=6.5 Hz), 1.00 (3H major, d, J=6.9 Hz). 13C-NMR (126 MHz, CDCl3) δ 201.40, 200.29 (major), 

173.96, 173.63 (major), 142.70 (major), 140.37, 137.96, 137.14 (major), 132.83 (major), 132.28, 

129.02, 128.63 (major), 128.50 (major), 128.49 (major), 128.12, 128.06, 128.00, 127.95 (major), 

126.64 (major), 126.52, 80.84 (major), 80.50, 57.26, 54.56 (major), 54.26 (major), 52.45, 50.25, 

48.83 (major), 45.28, 44.61 (major), 33.34 (major), 32.42, 28.34 (major), 28.27, 17.81, 15.07 

(major). 

tert-butyl 4-benzoyl-3-phenylcyclopent-2-ene-1-carboxylate (3h) 

3h was synthesized according to the general procedure from 1a (24.6 mg, 

0.1 mmol) and phenylacetylene (59 µL, 0.5 mmol). The reaction was 

complete after 20 h. The crude product was purified by column 

chromatography (8:2, Hexane/Et2O) to give 33 mg (95% yield) of 

cycloadduct as two separable diastereomers (2:1 d.r.) 

Major: 1H-NMR (499 MHz, CDCl3) 8.05 (2H, dd, J=8.3, 1.4 Hz), 7.65 – 7.58 (1H, m), 7.51 (2H, t, 

J=7.7 Hz), 7.32 – 7.29 (2H, m), 7.25 – 7.16 (3H, m), 6.40 (1H, dd, J=2.5, 1.4 Hz), 5.12 (1H, ddt, 

J=10.1, 3.9, 1.8 Hz), 3.79 (1H, ddt, J=8.8, 6.5, 2.4 Hz), 2.82 (1H, ddd, J=13.3, 10.1, 6.5 Hz), 2.29 

(1H, ddd, J=13.2, 8.6, 4.2 Hz), 1.48 (9H, s). 13C-NMR (126 MHz, CDCl3) δ 200.77, 173.05, 143.92, 

136.41, 135.00, 133.48, 128.94, 128.81, 128.57, 128.24, 127.83, 126.20, 81.14, 53.06, 51.56, 

32.87, 28.28. The characterization of the compound matches with the data reported in the 

literature.62  

Minor: 1H-NMR (499 MHz, CDCl3) 8.04 (2H, dd, J=8.3, 1.3 Hz), 7.61 – 7.54 (1H, m), 7.48 (2H, t, 

J=7.7 Hz), 7.32 (2H, dd, J=7.2, 1.6 Hz), 7.25 – 7.15 (3H, m), 6.40 (1H, dd, J=2.9, 1.6 Hz), 4.90 (1H, 

ddt, J=9.8, 5.9, 1.7 Hz), 3.73 (1H, ddd, J=8.4, 4.8, 2.0 Hz), 2.75 (1H, ddd, J=13.4, 10.0, 9.0 Hz), 

2.49 (1H, dt, J=13.4, 5.6 Hz), 1.45 (9H, s).13C-NMR (126 MHz, CDCl3) δ 199.94, 172.03, 143.68, 

136.41, 135.18, 133.20, 128.86, 128.80, 128.55, 127.81, 127.75, 126.22, 81.16, 53.48, 51.59, 

32.38, 28.20. The characterization of the compound matches with the data reported in the 

literature.62  
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tert-butyl 4-benzoyl-3-(4-(tert-butyl)phenyl)cyclopent-2-ene-1-carboxylate (3i) 

3i was synthesized according to the general procedure from 1a 

(24.6 mg, 0.1 mmol) and 4-tert-Butylphenylacetylene (90 µL, 

0.5 mmol). The reaction was complete after 22 h. The crude 

product was purified by column chromatography (8:2, 

Hexane/Et2O) to give 40 mg (94% yield) of cycloadduct as two separable diastereomers (5:2 

d.r.). 

Major: 1H-NMR (101 MHz, CDCl3) δ 8.09 – 8.01 (2H, m), 7.58 (1H, t, J=7.3 Hz), 7.48 (2H, t, J=7.6 

Hz), 7.25 (4H, m), 6.37 (1H, dd, J=2.9, 1.6 Hz), 4.88 (1H, dd, J=10.1, 5.6 Hz), 3.71 (1H, t, J=4.5 Hz), 

2.72 (1H, dt, J=13.4, 9.6 Hz), 2.47 (1H, dt, J=13.4, 5.4 Hz), 1.55 (9H, s), 1.44 (9H, s). 13C-NMR (101 

MHz, CDCl3) δ 200.06, 172.16, 150.74, 143.38, 136.48, 133.17, 132.24, 128.90, 128.80, 126.96, 

125.93, 125.51, 81.10, 53.43, 51.60, 32.35, 31.36, 31.08, 28.19. HRMS calculated for C27H32O3 

(M-H): 427.2244 found: 427.2244. 

Minor  1H-NMR (499 MHz, CDCl3) δ 8.10 – 8.02 (2H, m), 7.65 – 7.58 (1H, m), 7.51 (2H, t, J=7.7 

Hz), 7.24 (4H, m), 6.36 (1H, dd, J=2.5, 1.4 Hz), 5.18 – 5.05 (1H, m), 3.78 (1H, ddt, J=8.7, 6.4, 2.3 

Hz), 2.81 (1H, ddd, J=13.3, 10.1, 6.4 Hz), 2.26 (1H, ddd, J=13.1, 8.6, 4.3 Hz), 1.47 (9H, s), 1.26 

(9H, s). 13C-NMR (126 MHz, CDCl3) δ 200.96, 173.12, 150.82, 143.67, 136.47, 133.44, 132.10, 

128.93, 128.82, 127.41, 125.88, 125.51, 81.06, 53.01, 51.57, 34.66, 32.85, 31.36, 28.28. HRMS 

calculated for C27H32O3 (M-H): 427.2244 found: 427.2243. 

tert-butyl 3-(4-aminophenyl)-4-benzoylcyclopent-2-ene-1-carboxylate (3j) 

3j was synthesized according to the general procedure from 1a 

(24.6 mg, 0.1 mmol) and 4-ethynylaniline (58 mg, 0.5 mmol). 

The reaction was complete after 48 h. The crude product was 

purified by column chromatography (8:2, Cyhex/EtOAc) to give 

33 mg (93% yield) as two cycloadducts (5:2 d.r.). 

Major: 1H-NMR (400 MHz, CDCl3) δ 8.05 – 7.98 (m, 2H), 7.63 – 7.52 (m, 1H), 7.52 – 7.40 (m, 2H), 

7.12 (d, J = 8.6 Hz, 2H), 6.56 (d, J = 8.6 Hz, 2H), 6.21 (dd, J = 2.9, 1.6 Hz, 1H), 4.81 (ddt, J = 10.0, 

5.9, 1.8 Hz, 1H), 3.70 (dddd, J = 8.6, 5.0, 2.9, 1.8 Hz, 1H), 2.71 (ddd, J = 13.5, 10.0, 9.1 Hz, 1H), 

2.46 (dt, J = 13.4, 5.6 Hz, 1H), 1.43 (s, 9H).13C-NMR (126 MHz, CDCl3) δ 200.30, 172.41, 146.09, 

143.40, 136.50, 133.06, 128.90, 128.73, 127.41, 124.31, 115.08, 113.86, 80.96, 53.84, 51.52, 

32.35, 28.20. HRMS calculated for C23H25NO3 (M-Na): 386.1727 found: 386.1729. 
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Minor + major: 1H-NMR (400 MHz, CDCl3) δ 8.04 (m, 4H (2Hmajor + 2Hminor)), 7.62 – 7.53 (m, 

2H(1Hmajor + 1Hminor)), 7.53 – 7.41 (m, 4H (2Hmajor + 2Hminor)), 7.11 (dd, J = 8.5, 6.2 Hz, 4H 

(2Hmajor + 2Hminor)), 6.58 – 6.50 (m, 4H (2Hmajor + 2Hminor)), 6.21 (dt, J = 3.0, 1.4 Hz, 2H 

(1Hmajor + 1Hminor)), 5.04 (ddt, J = 10.3, 3.9, 1.7 Hz, 1H minor), 3.75 (ddt, J = 8.8, 6.5, 2.3 Hz, 

1H minor), 3.07 (broad, 2H), 2.85 – 2.64 (m, 2H (1Hmajor + 1Hminor)), 2.46 (m, 2H (1Hmajor + 

1Hminor)), 2.25 (ddd, J = 13.3, 8.5, 4.1 Hz, 1H), 1.47 (s, 9H).13C-NMR (101 MHz, CDCl3) δ 200.35, 

200.30 (major) 172.43, 172.41 (major), 146.09 (major), 145.70, 143.56, 143.40 (major), 136.53, 

136.50 (major), 133.37, 133.06 (major), 128.90 (major), 128.80, 128.73 (major), 127.41 (major), 

127.39, 126.08, 124.31(major),  124.84, 115.31, 115.08 (major), 113.86 (major), 110.15, 80.96 

(major), 80.95, 53.84 (major), 53.12, 51.52 (major), 51.45, 32.84, 32.35 (major), 28.27, 28.20 

(major). 

ethyl 4-benzoyl-1-methyl-3-phenylcyclopent-2-ene-1-carboxylate (3k) 

3k was synthesized according to the general procedure from 1d (22.2 mg, 0.1 

mmol) and phenylacetylene (59 mg, 0.5 mmol). The reaction was complete 

after 24 h. The crude product was purified by column chromatography (9:1, 

Hexane/Et2O) to give 23 mg (52% yield) of cycloadduct as two separable 

diastereomers (2:1 d.r.). 

Major: 1H-NMR (400 MHz, CDCl3) δ 8.03 (dt, J = 8.5, 1.7 Hz, 2H), 7.61 – 7.55 (m, 1H), 7.51 – 7.45 

(m, 2H), 7.35 – 7.29 (m, 2H), 7.25 – 7.16 (m, 3H), 6.39 (d, J = 1.5 Hz, 1H), 4.97 (ddd, J = 9.8, 5.0, 

1.4 Hz, 1H), 4.13 (dtt, J = 10.8, 7.3, 3.7 Hz, 2H), 2.81 (dd, J = 13.4, 5.1 Hz, 1H), 2.38 (dd, J = 13.4, 

9.9 Hz, 1H), 1.47 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H). 13C-NMR (101 MHz, CDCl3) δ 199.87, 175.55, 

141.86, 136.41, 135.02, 133.40, 133.23, 128.82, 128.58, 127.84, 126.22, 110.15, 61.11, 55.54, 

53.13, 40.45, 25.95, 14.27. HRMS calculated for C22H22O3 (M-Na): 357.1461 found: 357.1461. 

Minor: 1H-NMR (400 MHz, CDCl3) δ 8.09 – 8.01 (m, 2H), 7.64 – 7.59 (m, 1H), 7.56 – 7.43 (m, 3H), 

7.32 – 7.27 (m, 2H), 7.26 – 7.17 (m, 2H), 6.36 (d, J = 1.6 Hz, 1H), 5.12 (ddd, J = 10.2, 5.3, 1.6 Hz, 

1H), 4.26 – 4.07 (m, 2H), 3.20 (dd, J = 13.4, 10.2 Hz, 1H), 1.94 (dd, J = 13.4, 5.4 Hz, 1H), 1.45 (s, 

3H), 1.28 (t, J = 7.1 Hz, 3H). 13C-NMR (101 MHz, CDCl3) δ 201.13, 176.23, 142.36, 136.42, 135.00, 

133.49, 133.26, 128.83, 128.57, 127.83, 126.22, 110.15, 61.15, 56.18, 53.01, 40.40, 25.49, 

14.38. HRMS calculated for C22H22O3 (M-Na): 357.1461 found: 357.1462. 
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tert-butyl 4-(4-fluorobenzoyl)-3-phenylcyclopent-2-ene-1-carboxylate (3l) 

3l was synthesized according to the general procedure from 1c 

(26.4 mg, 0.1 mmol) and phenylacetylene (90 µL, 0.5 mmol). The 

reaction was complete after 30 h. The crude product was purified 

by column chromatography (9:1, Hexane/Et2O) to give 28 mg (78% 

yield) of cycloadduct as two separable diastereomers (5:2 d.r.). 

Major: 1H-NMR (499 MHz, CDCl3) δ 8.09 – 8.03 (2H, m), 7.32 – 7.28 (2H, m), 7.25 – 7.22 (2H, 

m), 7.21 – 7.17 (1H, m), 7.17 – 7.10 (2H, m), 6.39 (1H, dd, J=2.9, 1.7 Hz), 4.83 (1H, ddt, J=9.6, 

5.8, 1.8 Hz), 3.73 (1H, dddd, J=8.8, 5.1, 2.8, 1.8 Hz), 2.74 (1H, ddd, J=13.4, 10.0, 9.0 Hz), 2.48 

(1H, dt, J=13.4, 5.6 Hz), 1.45 (9H, s). 19F NMR (376 MHz, CDCl3) δ -105.31. 13C-NMR (126 MHz, 

CDCl3) δ 198.43, 172.00, 165.86 (d, J = 254.9 Hz), 143.63, 135.09, 132.74 (d, J = 3.0 Hz), 131.52 

(d, J = 9.3 Hz), 128.60, 128.01, 127.86, 126.19, 115.90 (d, J = 21.8 Hz), 81.24, 53.73, 51.57, 32.28, 

28.21. HRMS calculated for C23H23FO3 (M-Na): 389.1523 found: 389.1522. 

Minor: 1H-NMR (499 MHz, CDCl3) δ 8.10 – 8.04 (2H, m), 7.31 – 7.22 (5H, m), 7.22 – 7.14 (2H, 

m), 6.39 (1H, dd, J=2.5, 1.4 Hz), 5.10 – 5.05 (1H, m), 3.79 (1H, ddt, J=8.7, 6.4, 2.4 Hz), 2.82 (1H, 

ddd, J=13.4, 10.1, 6.4 Hz), 2.27 (1H, ddd, J=13.2, 8.6, 4.3 Hz), 1.48 (9H, s). 19F NMR (376 MHz, 

CDCl3) δ -104.77. 13C-NMR (126 MHz, CDCl3) δ 199.22, 172.95, 166.06 (d, J = 255.6 Hz), 143.80, 

134.94, 132.81 (d, J = 3.0 Hz), 131.46 (d, J = 9.3 Hz), 128.60, 128.33, 127.91, 126.16, 116.07 (d, 

J = 21.9 Hz), 81.22, 53.05, 51.56, 32.80, 28.28. HRMS calculated for C23H23FO3 (M-Na): 389.1523 

found: 389.1524. 

tert-butyl-4-nicotinoyl-3-phenylcyclopent-2-ene-1-carboxylate (3m) 

3m was synthesized according to the general procedure from 1b (24.7 

mg, 0.1 mmol) and phenylacetylene (59 mg, 0.5 mmol). The reaction 

was complete after 24 h. The crude product was purified by column 

chromatography (2:1, Cyclohex/EtOAc) to give 25 mg (66% yield) of 

cycloadduct as two separable diastereomers (1:1 d.r.). 

Major: 1H-NMR (400 MHz, CDCl3) δ 9.28 (s, 1H), 8.84 (s, 1H), 8.38 (d, J = 7.8 Hz, 1H), 7.58 – 7.52 

(m, 1H), 7.31 – 7.18 (m, 5H), 6.41 (dd, J = 2.5, 1.4 Hz, 1H), 5.07 (d, J = 9.9 Hz, 1H), 3.81 (dd, J = 

8.7, 6.4 Hz, 1H), 2.86 (ddd, J = 13.5, 10.1, 6.5 Hz, 1H), 2.31 (ddd, J = 13.2, 8.6, 4.3 Hz, 1H), 1.48 

(s, 9H).13C-NMR (126 MHz, CDCl3) δ 199.64, 172.73, 153.50, 149.84, 143.36, 136.48, 134.75, 

131.83, 128.72, 128.68, 128.06, 126.20, 124.17, 81.36, 53.70, 51.58, 32.44, 28.25. HRMS 

calculated for C22H23NO3 (M-H): 350.1751 found: 350.1752. 
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Minor: 1H-NMR (400 MHz, CDCl3) δ 9.26 (1H, s), 8.79 (1H, m), 8.34 (1H, dt, J=8.0, 1.9 Hz), 7.47 

(1H, m), 7.33 – 7.20 (5H, m), 6.40 (1H, dd, J=2.9, 1.6 Hz), 4.84 (1H, ddt, J=9.9, 5.4, 1.6 Hz), 3.82 

– 3.72 (1H, m), 2.77 (1H, ddd, J=13.5, 10.2, 9.1 Hz), 2.52 (1H, dt, J=13.5, 5.3 Hz), 1.45 (9H, s). 13C 

NMR (126 MHz, CDCl3) δ 198.90, 171.86, 153.57, 150.21, 143.16, 136.32, 134.91, 131.66, 

128.69, 128.21, 128.01, 126.21, 123.87, 81.38, 54.22, 51.59, 31.93, 28.20. HRMS calculated for 

C22H23NO3 (M-Na): 372.1570 found: 372.1572. 

3.5.6 Screening of the Conditions of the [3+2] Cycloaddition  

We compared different bases for the [3+2] cycloaddition between 1a and 2a. DIPEA significantly 

outperformed all the bases tested. 

Table 3.2 Comparative study on different bases in the [3+2] cycloaddition reaction between 2a and 1a. The general procedure of this 
reaction is described in Section 3.5.5 

 

[a] 1H-NMR based yields using 1,3,5-trimethoxybenzene as the internal 

standard. [b] Reactions performed without A because NaOt-Bu and 

Cs2CO3 are strong bases. 

 

We performed the [3+2] cycloaddition between 1a and 2a using chiral thioureas A1 and A2. 

Unfortunately, no satisfying results in terms of enantiomeric excess (ee) were obtained.  

 

Entry Base Yield [%][a] 

1 DIPEA 98 

2 DABCO 0 

3 TMG <5 

4[b] NaOt-Bu 9 

5[b] Cs2CO3 0 
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Table 3.3 Study of enantioselective version of [3+2] cycloaddition reaction between 2a and 1a using enantiopure thioureas. The 
general procedure of this reaction is described in Section 3.5.5 

 

Entry Enantiopure thiourea Yield [%][a] ee [%][b] 

1 (S)-2-[[3,5-Bis(trifluoromethyl)phenyl]thioureido]-N-

benzyl-N-3,3-trimethylbutanamide (A1) 

68 7 

2 1-[3,5-bis(trifluoromethyl)phenyl]-3-[(1R,2R)-(-)-2-

(dimethylamino)cyclohexyl]thiourea (A2) 

55 0 

[a] The yield was determined by 1H-NMR analysis on the crude mixture using 1,3,5-trimethoxybenzene as internal standard. [b] The 

enantiomeric excess was evaluated on the crude mixture. HPLC: Phenomenex AD-H; n-hexane/iPrOH, 10 to 20% iPrOH, flow-rate 0.75 

mL/min; t1 = 11.6 min; t2 = 14.4 min. 

3.5.7 Experiment for the Monitoring of the Catalytic Adduct  

To confirm the formation of the complex between p-CDs + A + DIPEA in the initial 2h of the [3+2] 

cycloaddition, we performed the reaction between 1a and 2a as follows. First (i) p-CDs, A and DIPEA 

were mixed in acetonitrile for 2 h to assess the formation of the photocatalytic system under 456 

nm irradiation, then (ii) the reactants (1a and 2a) were added to this solution which was stirred for 

additional 6 h under light irradiation. This experiment almost provided a quantitative yield of product 

3a. 
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Figure 3.19 Illustration of the experiment about the formation of the catalytic adduct (p-CDs + A + DIPEA) 

3.5.8 Stern-Volmer Study  

To further demonstrate the feasibility of a SET between the catalytic system (composed by p-CDs, A 

and DIPEA) and cyclopropane 1a, a series of Stern-Volmer quenching studies were performed in 

acetonitrile. The emission spectrum, depicted in Figure 3.15b, was obtained upon excitation at 456 

nm, and showed a decreased intensity when 1a was added. The fluorescence quenching turned out 

to be linear in the range 25 - 80 mM. The Stern-Volmer constant was derived by the slope of equation 

below, which is 4.66 M-1. 

 

Figure 3.20 Stern-Volmer study 
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3.5.9 Uv-Vis Experiments  

Absorption spectra for [3+2] cycloaddition 

We carried out UV-Vis experiments of each component (1a, 2a, p-CDs, DIPEA, A) of the [3+2] 

cycloaddition and their relative mixtures in acetonitrile. Within these experiments, the possible 

formation of an EDA complex between the components of the reaction in acetonitrile was excluded. 

A red-shifted absorption was observed only for the solution containing p-CDs + A + DIPEA overtime.  

 

Figure 3.21 Optical absorption spectra recorded in MeCN: [DIPEA] = 100 mM; [A] = 10 mM; [p-CDs] = 50 mM; [1a] = 50 mM; [2a] = 

250 mM. 

Absorption spectra with molecular phenol 

To test the behaviour of molecular phenols in the presence of DIPEA and A in acetonitrile, we carried 

out UV-Vis experiments using the 4-tert-butylphenol as molecular phenol. We recorded absorption 

spectra of the components (4-tert-butylphenol red line, A black line, DIPEA blue line) and the 

mixture containing 4-tert-butylphenol + A + DIPEA. A red-shifted absorption was observed after 2 h 

(violet line) and after 5 h (yellow line) for the solution containing 4-tert-butylphenol + A + DIPEA. 
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Figure 3.22 Optical absorption spectra recorded in MeCN: [DIPEA] = 100 mM; [A] = 10 mM; [phenol] = 50 mM; 

3.5.10 Recycling Experiments  

To perform the recycling tests of the [3+2] cycloaddition, we selected the substrates cyclopropane 

1a and styrene 2a under the optimised reaction conditions for 16h. In Figure 3.23 is illustrated the 

procedure for the recyclability. The reaction was set into a Schlenk tube with the standard ground 

socket to allow direct attachment to rotavapor equipment. After the reaction, the reaction vessel 

was exposed to reduce pressure to remove the solvent mixture.  Then, the crude was diluted with 

diethyl ether (2 mL) and sonicated to induce the precipitation of the p-CDs. The solids were allowed 

to decant and then the supernatant, containing the molecular species, were removed always 

maintaining the catalyst in the same reaction vessel. The extraction and p-CDs washing step were 

repeated for three times.  Subsequently, the recovered p-CDs were dried and reused in subsequent 

cycloaddition up to three cycles in the same reaction vessel. Meanwhile, the combined organic 

phases were reunited and dried over Na2SO4. The crude was diluted with deuterated solvent and 

spiked with the internal standard to allow for NMR analysis. At the end of each cycle, the vessel was 

again exposed to reduce pressure to eliminate diethyl ether and then it was re-charged with the 

precursors and 50% of the quantity of base and A. The catalyst was recycled 3 times. At the end of 

 



160 
 

the recycling process, the catalyst was collected by filtration over a PTFE membrane and washed 

with 0.1M HCl. After this, 21% of the mass of p-CDs could be collected. Remarkably, the recyclability 

tests were performed two times to have a deviation. The performances in terms of reaction yield 

and diastereoselectivity are depicted in the histogram below (Figure 3.24). In addition, the UV-Vis 

and fluorescence analysis of the p-CDs, after 3 recycling cycles, were carried out (Figure 3.25). 

 

 

Figure 3.23 Illustration of the recycling test procedure. 

 

Figure 3.24 Histogram of the reaction yields of 3a after each recycling cycle. 

 

 

 

99 ± 1 % 98 ± 5 % 

79 ± 7 % 
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Figure 3.25 Optical absorption and fluorescence of recovered p-CDs after 3 recycling cycles 
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Chapter 4.  

Direct C2–H Alkylation of Indoles Driven by the 

Photochemical Activity of Halogen-bonded Complexes 

Abstract 

In this Chapter is discussed the development of a new protocol for the metal-free homolytic aromatic 

substitution of indoles under visible light absorption. 

Specifically, different substituted indoles reacted with α-iodosulfones 2 leading to the alkylated 

heteroaromatic compounds 3 in high yields (up to 96%). The process is driven by the photochemical 

activity of halogen-bonded complexes formed upon the complexation of a sacrificial donor, namely 

1,4-diazabicyclo[2.2.2]octane (DABCO), with α-iodosulfones. This new aggregate may be defined as 

electron-donor acceptor complex (EDA). This system is capable of absorbing visible light and turning 

into the excited-state undergoing an intramolecular single-electron-transfer (SET) process. 

Moreover, we investigated deeply the reaction mechanism using both UV-Vis and nuclear magnetic 

resonance (NMR) spectroscopies which confirmed the formation of the halogen-bonded EDA 

complex between the α-iodosulfones 3 and DABCO.  

This project was conducted in the carbon nanotechnology group, together with Prof. Maurizio Prato, 

who supervised the project, and with Dr Giacomo Filippini, who conceived the idea. Dr Giuseppe 

Gentile collaborated in the scope study. Dr Jacopo Dosso helped to perform the NMR experiments. 

A significant part of this work has been published in 2023 under the title: “Direct C2–H alkylation of 

indoles driven by the photochemical activity of halogen-bonded complexes”.1  

 

 

  



170 
 

4.1 Introduction  

4.1.1 Aromatic C-H Functionalization Strategy 

Organic chemistry relies on the transformations of natural or available structures to achieve different 

molecules through customized synthetic strategies. Generally, the installment of a new bond 

requires the presence of either a heteroatom, such as oxygen or a halogen, or unsaturation in the 

carbon backbone.2 Over the past two decades there has been an explosive growth in the 

development of methods for the transformation of aromatic carbon-hydrogen (C-H) bonds unlocking 

opportunities for significantly different synthetic methodologies.3,4 First of all, the direct C-H bond 

functionalization of simple arenes avoids the need for the pre-installation of a leaving group on the 

aromatics.2 Notably, these reactions enable the formation of new carbon-carbon (C-C) or carbon-

heteroatom (C-X) bonds.5,6 These methodologies have been widely applied in the synthesis of 

complex targets, including natural products and pharmaceutical agents.7,8 Historically, organic 

chemists have extensively relied on the use of noble metal-based catalysts (e.g., Pd, Rh, Ir, among 

others) to achieve such type of functionalization.9–11 There is a multitude of examples where 

expensive metals were employed as catalysts, such as the use of iridium complexes to catalyse 

regioselective borylation on different arenes.12 Another representative case reported the directed 

metalation by a platinum complex enabling selective aromatic C-H functionalization in a synthetic 

step of the total synthesis of the Antimitotic Rhazinilam.13 

However, metal complexes have become a declining trend in recent years due to their toxicity, high 

cost and lack of availability.14 As a result, modern principles of sustainable chemical production 

schemes have discouraged their use. For this reason, organic photochemistry has emerged as a 

powerful tool to guide the development of environmentally friendly and more convenient synthetic 

protocols for aromatic C-H functionalization.15,16 By harnessing the energy of light, photochemical 

methods offer milder reaction conditions, reduced use of toxic reagents, and often increased 

selectivity in synthetic transformations.17,18  

Photoredox catalysis has mostly been responsible for the advancement of novel photochemical 

methods. This strategy relies on the use of coloured photocatalysts which absorb visible light to 

activate available bench-stable substrates generating reactive radicals under very mild reaction 

conditions.19,20 However, the limitations of this approach may include the utilization of expensive 

photocatalysts that require multi-step synthesis and are usually not recyclable. 
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Paving the way for atom-economical functionalization reactions, in recent years the synthetic 

community has recognized the potential of a novel photochemical approach. This method exploits 

the association of an electron acceptor substrate and a donor molecule leading to the formation of 

a new molecular aggregation in the ground state, called an electron donor−acceptor (EDA).21,22 

In the next paragraph, we will discuss the characteristics of these photochemically activated 

complexes. 

4.1.2 EDA Complex 

EDA complexes are non-covalent aggregates that involve the interaction between an electron 

acceptor substrate “A” and a donor molecule “D”  (Figure 4.1).21,23 While the two compounds may 

not directly absorb visible light, the resulting formed complex typically exhibits a charge transfer 

state which causes a bathochromic shift of the absorption towards the visible range.24,25  

 

Figure 4.1 Exploitation of EDA complexes in organic synthesis. 

 

Upon light irradiation, the EDA complex may undergo an intramolecular single-electron-transfer 

(SET) process, from the highest occupied molecular orbital (HOMO) of the electron donor to the 

lowest occupied molecular orbital (LUMO) of the acceptor, to produce radical ions (D•+, A•-).26 The 

radical ion pair, formed after the first photo-induced electron transfer, may either return to the initial 

state through a rapid back-electron-transfer (BET) process or undergo subsequent transformations 

(Figure 4.2). The BETs typically occur faster than other processes that could happen after the SET 

(kBET > kP). To prevent BET, a suitable leaving group (LG) may be included in one of the precursors. In 

this manner, reactive intermediates (e.g., radical species) may be generated in solution through the 

irreversible fragmentation of the substrates.27,28 These intermediates eventually can initiate 

synthetically useful transformations to yield the final products "A-D".  
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Figure 4.2 Photochemical activity of electron donor-acceptor (EDA) complexes. 

 

In 2013, the Melchiorre group discovered the formation of an EDA complex upon aggregation of an 

electron-rich enamine and a suitable alkyl halide capable of generating reactive radical species under 

mild reaction conditions.29 The authors investigated the direct α-alkylation of aldehydes with 

electron-deficient alkyl bromides, catalysed by a chiral amine, to obtain the corresponding 

enantioenriched products (Figure 4.3a). Firstly, the condensation of aldehydes with the chiral 

aminocatalyst led to the formation of chiral enamines. Subsequently, the electron-rich enamine 

intermediates, in the presence of the electron-deficient benzyl bromide, underwent the formation 

of a yellow-colored EDA complex and confirmed by the optical absorption spectroscopic studies. 

Noteworthy, the colored solution is characteristic of the formation of an EDA complex. Then, the 

irradiation with visible light (23W CFL bulb) of the EDA complex promoted the SET from the enamine 

to the bromo compound providing the two reactive open-shell species that triggered the 

stereoselective catalytic α-alkylation of the aldehydes. The reaction efficiently afforded 

enantioenriched aldehyde products in good yields and excellent enantiomeric excess (e.e.). 

Another representative example was reported by Melchiorre and co-workers which used 23W CFL 

light to promote carbon−carbon bond-forming processes.27 Specifically, electron-rich 3-substituted 

indoles have served as donor, while electron-poor benzyl bromide compounds have been used as 
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acceptors for the direct alkylation of indoles at the C2-H position (Figure 4.3b). In this case, the 

halides acted as suitable leaving groups. Significantly, the X-ray single-crystal spectroscopic analysis 

of the visible-light-absorbing EDA complex confirmed the intermolecular binding between the indole 

scaffold and the aromatic ring of the bromide compound.  

 

Figure 4.3 a) Photochemical C2-alkylation of indoles via EDA complex, formed upon association of indole and benzyl bromide; b) C-H 
alkylation and cyanation of arenes upon formation of EDA complex between the acceptor sulfonium salt and the sacrificial donor 

triarylamine. 

 

Importantly, this method is not limited to reagents with appropriate donor-acceptor 

characteristics.21 One strategy to bypass this limitation is to use sacrificial electron donor compounds 

that promote the EDA formation with electron-deficient radical precursors.28,30–32 Upon 

photoinduced formation of corresponding radicals, electrophilic open-shell species can 

subsequently react with electron-rich substrates, which serve as radical trap.33 
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For instance, Yu and colleagues reported the use of stoichiometric amounts of a secondary amine as 

a sacrificial donor to activate perfluoroalkyl iodides via EDA complex formation (Figure 4.3c).33 In 

particular, the halogen-bonded EDA complex generated perfluoroalkyl radicals by visible-light-

induced SET process between the donor and acceptor. Then, the perfluoroalkyl open-shell species 

were trapped by diisocyanoarenes to give quinoxaline derivatives while propagating a radical chain 

via regeneration of perfluoroalkyl radicals carried on the reactivity. This strategy allowed the 

construction of 2-fluoroalkylated 3-iodoquinoxalines in high yields under mild conditions. 

Recently, Procter and colleagues reported an elegant example of an EDA complex for the C-H 

functionalization of arenes (Figure 4.3d).34 In detail, heterocyclic sulfonium molecules, used as 

redox-active label, formed with arenes the corresponding in situ triarylsulfonium salts, capable of 

generating visible light-absorbing EDA complexes in combination with triarylamines, present in 

catalytic amounts. The photoactivation of these complexes led to the formation of aryl radicals, 

offering a mild and metal-free strategy for the C-H functionalization of the aryl open-shell 

intermediates. Specifically, these radicals reacted with silyl enol ethers to give the corresponding C-

H alkylated arenes. Moreover, the authors explored the cyanation of the aryl radicals using the tert-

butyl isocyanide to yield aryl nitriles. Thus, a broad scope study provided α-arylated carbonyl 

compounds and C–H-cyanation products in excellent yields.  

Overall, the design and application of EDA complexes demonstrate the potential for greener, more 

sustainable methodologies in organic synthesis. Therefore, novel sophisticated EDA strategies are 

nowadays investigated.   

4.2 Aim of the Project 

In this project, we investigated the process of the direct C2-H alkylation of indoles 1 with α-

iodosulfones 2 to achieve alkylated heteroaromatic compounds 3 under blue light irradiation (Figure 

4.4). Interestingly, this strategy exploited the EDA complex formation between 1,4-

diazabicyclo[2.2.2]octane (DABCO) with substrates 2.  

 

Figure 4.4 C-H alkylation of indoles 1 with α-iodosulfones 2 using halogen-bonded EDA complexes 
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4.3 Results and Discussion  

Originally, as described in the previous chapter, the HAS reaction between 3-methylindole 1a and α-

iodosulfone 2a was explored utilizing the photoredox catalysts phenol rich carbon dots (p-CDs). 

During control experiments, we noticed the formation of the corresponding product 3a in moderate 

yield without the use of p-CDs. The experiment was performed at ambient temperature and under 

visible-light irradiation in the presence of 1,8-diazabiciclo[5.4.0]undec-7-ene (DBU) in acetonitrile. 

This result prompted us to investigate deeply the formation of the product 3a in a catalytic-free 

environment.  

Table 4.1 Optimization of the reaction conditions and control experiments. 

 

Entry Donor [M]  2a:1a:Donor (equiv.) Light Source (nm) Yield (%)[a] 

1[b] DBU 0.5 1:2:1 456 56 

2 DBU 0.5 1:2:1 Light off 0 

3 - 0.5 1:2:1 456 0 

4[c] DBU 0.5 1:2:1 456 0 

5[d] DBU 0.5 1:2:1 456 0 

6 2,6-lutidine 0.5 1:2:1 456 0 

7 TMG 0.5 1:2:1 456 64 

8 NEt3 0.5 1:2:1 456 64 

9 DABCO 0.5 1:2:1 456 77 

10 DABCO 0.25 1:2:1 456 64 

11 DABCO 1.0 1:2:1 456 69 



176 
 

12 DABCO 0.5 1:1:1 456 65 

13 DABCO 0.5 2:1:1 456 73 

14 DABCO 0.5 2:1:1.5 456 95 

[a] Yield determined by 1H-NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard. [b] Conditions: indole 1a (0.1 

mmol), α-iodosolfone 2a (0.2 mmol), acetonitrile MeCN (200 μL), DABCO (0.1 mmol), ambient temperature. [c] Reaction in air. [d] 

Reaction performed in the presence of 2 equiv. of TEMPO. 

 

The first result showed 56% yield of 3a in the presence of DBU in acetonitrile under 456 nm light 

irradiation (Table 4.1, Entry 1).  Meanwhile, a set of control experiments were conducted to obtain 

more mechanistic clues (Table 4.1, Entries 2-5). The photochemical nature of the reaction was 

established by the experiment in the dark which proved the complete inhibition of the process (Table 

4.1, Entry 2). In addition, we verified the requirement of the donor for the transformation, since no 

reaction occurred in its absence (Table 4.1, Entry 3). The reactivity was also suppressed under an 

aerobic atmosphere and in the presence of 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO). These 

experiments supported the postulated radical mechanism (Table 4.1, Entries 4-5).35 Subsequently, 

we started a thorough optimization of the reaction conditions. The impact of the different sacrificial 

donors on the reaction was evaluated (Table 4.1, Entries 6-9). Specifically, we tested 2,6-lutidine, 

1,1,3,3-tetramethylguanidine (TMG), triethylamine (NEt3) and DABCO. Surprisingly, DABCO was 

found to be the best candidate in terms of reactivity, delivering compound 3a in 77% yield. Either 

increasing or decreasing the concentration of the reaction mixture did not provide any beneficial 

effects in terms of yield (Table 4.1, Entries 10-11). Then we moved to set the best 2a/1a/DABCO ratio 

to optimize the alkylation reaction. Using 1:1:1 ratio of 2a/1a/DABCO slightly dropped the yield of 

3a (Table 4.1, Entry 12), while increasing the equivalent of 2a resulted in 73% yield of 3a (Table 4.1, 

Entries 13). Due to an easier purification of 3a from the reaction crude by flash column 

chromatography, we decided to keep optimizing the transformation using the stoichiometric ratio 

indicated in Entry 13. Remarkably, a 2:1:1.5 ratio between 2a/1a/DABCO reached the best yield 

observed so far (Table 4.1, Entry 14). 

Moving to the investigation of the reaction mechanism, the interaction between the α-iodosulfone 

2a and DABCO was examined using both UV-Vis and nuclear magnetic resonance (NMR) 

spectroscopy.23   
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Figure 4.5 Optical absorption spectra recorded in acetonitrile in 1 mm path quartz cuvettes. [DABCO]: 0.5 M; [2a]: 0.5 M. 

 

Firstly, the optical absorption spectra of 2a, DABCO and the solution containing both 2a and DABCO 

(blue line) were recorded in acetonitrile. Notably, the addition of DABCO to the solution of 2a 

induced a bathochromic shift of the absorption bands towards visible region. Moreover, the 

yellowish color observed for the solution containing 2a and DABCO suggested the visible-light shift 

(Figure 4.5). This effect indicates the formation of an EDA complex between these chemical species. 

In fact, a red-shifted absorption is typical of the formation of these aggregates. Importantly, 

additional UV-Vis spectroscopic analysis was performed to exclude other chemical interactions 

between the components of the reaction.  
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Figure 4.6 1H-NMR titration of DABCO in a solution of 2a in ACN-d3 to detect their halogen-bonding association through the shift of 
the signal of Hα. 

 

To further support the hypothesis that an EDA complex underlies the observed reactivity, NMR 

studies were conducted. An NMR sample containing iodosulfone 2a and additional concentrations 

of DABCO in deuterated acetonitrile was analyzed. Notably, a shift in the chemical signal of the 

diagnostic α-protons of 2a was observed with increasing amounts of DABCO, indicating the presence 

of a halogen-bond interaction. Specifically, the 1H-NMR signal corresponding to the α-hydrogens 

(Hα) in 2a shifted to lower ppm values, suggesting that the Hα nuclei experienced increased electron 

density due to the formation of a halogen-bonded complex between 2a and DABCO (Figure 4.6). To 

further verify that this shift in Hα was indeed caused by halogen-bonding, 19F-NMR analysis was 

performed on compound 2d, which contains a difluoromethylene group (-CF2-) adjacent to the 

iodine (Figure 4.10, section 4.5.5). A significant shift in the fluorine signal was also detected in this 

case.  
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Figure 4.7 Proposed reaction mechanism for the photochemical alkylation of 1a with the α-iodosulfone 2a in the presence of DABCO. 

 

Mechanistically, this experiment corroborated that the reaction is driven by the formation of a 

halogen-bonded EDA complex (Ia) between 2a and DABCO. Hence, the proposed mechanism for this 

C-H alkylation was based on the photoinduced electron transfer step from DABCO to the 

iodosulfone. As shown in Figure 4.7, the irradiation at 456 nm of this aggregate would generate 

reactive alkyl radicals (IIa), which may react with indole 1a forming the open-shell intermediate IIIa. 

This species can undergo SET with another molecule of 2a yielding 3a through a classical HAS 

pathway.36–38  

After the mechanistic studies, we evaluated the reaction scope (Scheme 4.1). The formation of the 

EDA intermediate occurred with a diverse set of α-iodosulfones 2 affording the corresponding 

products 3a-d from moderate to excellent yields (up to 73% yield). Different indoles actively 

participated in the photochemical alkylation, leading to the products 3e-h (up to 96% yield). In 

particular, alkyl substituents at the N position of indoles were well tolerated providing products 3g-

h up to 96% yield. Remarkably, derivatives 3e-f were isolated in moderate yields as single 

regioisomer since the alkylation step took place exclusively in position two of the starting indoles. In 

contrast, the presence of an aldehyde in position 3 of indole, instead of the methyl group, unveiled 

the limitation of this methodology. 
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Scheme 4.1 Study scope of the HAS reaction between indoles 1 and α-iodosulfones 2. Yields in parentheses were determined by 1H-
NMR analyses, using 1,3,5-trimethoxybenzene as an internal standard. 

4.4 Conclusion 

In this study, we presented a catalytic-free, light-driven alkylation reaction of indoles with α-

iodosulfones under mild conditions. The C-C bond-forming process has been successfully optimized. 

In detail, through a series of mechanistic experiments, we established the formation of the halogen-

bonded EDA complex between the sacrificial donor DABCO and α-iodosulfones. This EDA complex 

played a pivotal role in generating reactive alkyl radicals under visible light, leading to the alkylation 

of the indoles.  

4.5 Experimental Section  

4.5.1 General Information  

UV-Vis measurements were carried out on Cary 5000 UV-Vis-NIR. All the spectra were recorded at 

room temperature using 10 mm path-length quartz cuvettes. The NMR spectra were recorded on 

Varian 400 spectrometer (1H: 400 MHz; 19F NMR: 376.0 MHz 13C: 101.0 MHz) or Varian Inova 
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spectrometer (500 MHz 1H and 126 MHz 13C). The chemical shifts (δ) for 1H and 13C are given in ppm 

relative to residual signals of the solvents (CHCl3 @ 7.26 ppm for 1H-NMR, and @ 77.16 ppm for 13C 

NMR). 

General procedures. Chromatographic purification of products was accomplished using flash 

chromatography on silica gel (SiO2, 0.04-0.063 mm, 60 Å) or using a Biotage Isolera automated flash 

chromatography system with cartridges packed with silica (SiO2, 0.04-0.063 mm, 60 Å). For thin layer 

chromatography (TLC) analysis throughout this work, Merck pre-coated TLC plates (silica gel 60 

GF254, 0.25 mm) were employed, using UV light as the visualizing agent (254 nm), basic aqueous 

potassium permanganate (KMnO4) or vanillin stain solutions, and heat as developing agents. Organic 

solutions were concentrated under reduced pressure on a Büchi rotatory evaporator.  

The homolytic-aromatic-substitution (HAS) reactions were set up under an argon atmosphere in 

Schlenk tubes unless otherwise stated. The light sources used in this work were purchased from 

Kessil. Detail Kessil lamp 456nm PR160L-456 (50W).  

ESI-High resolution mass spectrometry (ESI-HRMS). ESI-HRMS was performed at University of 

Trieste Chemistry department, High resolution mass spectra (HRMS) were obtained on Bruker 

micrOTOF-Q (ESI-TOF). Photophysical analysis: Absorption spectra of compounds were recorded on 

air equilibrated solutions at room temperature with an Agilent Cary 5000 UV-Vis spectrophotometer, 

using quartz cells with path length of 1.0 cm.  

Materials. Commercial reagents and solvents were purchased from Sigma-Aldrich, Fluka, Alfa Aesar, 

Fluorochem and VWR. They were used as received, without further purification, unless otherwise 

stated. Synthesis grade and anhydrous solvents were used as purchased. The preparation of starting 

materials 1d-e, 2a-e is detailed in Section 4.5.2. 

4.5.2 General Procedures for the Synthesis of Starting Materials  

PREPARATION OF INDOLE 1d 
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3-Methylindole (3.8 mmol, 500 mg) was added in a flame dried Schlenk tube under argon and 

dissolved in anhydrous THF (10 mL). The solution was then cooled to -78°C (acetone liq. N2) and 

nBuLi (2.5 M hexanes) was then added dropwise. After 30 min. the reaction was quenched by 

addition of MeI (237 mL, 3.8 mmol), allowed to reach room temperature and stirred for 1h at the 

same temperature. The resulting solution was then added H2O (30 mL) and extracted with CH2Cl2 (3 

x 20 mL). The organic layers were then washed with H2O (2 x 20 mL) and brine (30 mL), dried over 

Na2SO4, filtered and evaporated. The residue was purified on a silica gel plug (eluent: PE to PE/ CH2Cl2 

4/1) to give 1d as a white solid (350 mg, 63% yield). 

Characterization Data 

1H-NMR (CDCl3, 400 MHz) δ 7.57 (dt, J = 7.9 Hz, 1.0 Hz, 1H), 7.28 (dt, J = 8.2 Hz, 0.9 Hz, 1H), 7.22 

(ddd, J = 8.2 Hz, 6.9 Hz, 1.2 Hz, 1H), 7.11 (ddd, J = 7.9 Hz, 6.9 Hz, 1.1 Hz, 1H), 6.83 (d, J = 1.0 Hz, 1H), 

3.74 (s, 3H), 2.33 (d, J = 1.1 Hz, 3H). The characterization of the compound matches with the data 

reported in the literature.39 

PREPARATION OF INDOLE 1e 

 

Procedure for the synthesis of 1e has been carried out following a modified literature procedure.40 

To a stirred solution of NaH (160 mg, 4 mmol, 60% suspension in mineral oil) in dry DMF (1.6 mL), 3-

methylindole (263 mg, 2 mmol, 1.0 equiv.) in DMF (1.0 mL) was added dropwise at 0°C. The mixture 

was then stirred at room temperature for 30 min. After cooling down to 0°C, a solution of benzyl 

bromide (475 μL, 4 mmol) in DMF (2.0 mL) was added dropwise. The reaction mixture was stirred at 

room temperature for another 5 h. and then it was quenched by the addition of water and was 

extracted with ethyl acetate (3 x 10 mL). The combined organic layer was washed with brine, dried 

over anhydrous Na2SO4, and concentrated under reduced pressure. The residue was purified by 

column chromatography on silica gel (eluent: Cyclohexane/ CH2Cl2 7/3) to give the corresponding 

product as white solid (345 mg, 78% yield). 

Characterization Data 
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1H-NMR (400 MHz, CDCl3) δ 7.89 – 7.76 (m, 1H), 7.52 – 7.30 (m, 6H), 7.27 (m, 2H), 7.03 (d, J = 0.8 

Hz, 1H), 5.36 (s, 2H), 2.55 (d, J = 1.0 Hz, 3H). The characterization of the compound matches with 

the data reported in the literature.40  

PREPARATION OF α-IODOSULFONES 2a-c 

 

STEP 1, has been carried out following a modified literature procedure.41 A mixture of thiol S1 (10 

mmol, 1 equiv.), Potassium peroxymonosulfate (25 mmol, 2.5 equiv.), KCl (10 mmol, 1 equiv.) and 

H2O (30 mL) were introduced in a single neck round bottom flask and stirred at room temperature 

for 2 h. The aqueous phase was extracted with ethyl acetate (3 x 50 mL). The combined organic layer 

was dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (cyclohexane) affording the desired products S2. The 

characterization data matched with the reported one.42  

STEP 2, according to a literature procedure.43 The selected sulfonyl chloride S2 (7 mmol, 1 equiv.) 

was dissolved in H2O (25 mL). Sodium sulfite (11.2 mmol, 1.6 equiv.) and sodium bicarbonate (11.2 

mmol, 1.6 equiv.) were added, and the reaction mixture was refluxed for 3 h. Water was removed 

by evaporation. Ethanol was added to the solid and the so obtained suspension was heated for 10 

min., cooled and filtered. This procedure was repeated twice using the residue of the filtration. The 

ethanol fractions were combined, and the solvent was evaporated under reduced pressure. Sodium 

sulfinate S3 was used without any further purification. The characterization data matched the 

reported one.42  

STEP 3, according to a reported procedure.44 A solution of sodium sulfinate S3 (5 mmol, 1 equiv.) in 

DMF (20 mL) was stirred at room temperature for 15 min. Diiodomethane (6 mmol, 1.2 equiv.) was 

added dropwise, and the solution was heated up to 80°C for 17h. The reaction was quenched by the 

addition of 5% LiCl water solution (100 mL). Subsequently, the aqueous solution was extracted with 

ethyl acetate (3 x 30 mL). The organic phases were combined and washed with brine (50 mL), 

saturated solution of sodium thiosulfate (50 mL) and then dried over Na2SO4 before being 

concentred in vacuo. The product was purified by flash column chromatography (eluent: 
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cyclohexane/ethyl acetate) to afford the desired α-iodo sulfone 2a-c. (R= -phenyl 88% Yield; R= 4-

fluorophenyl 75% Yield; R= cyclohexyl- 35% Yield) 

PREPARATION OF α-IODOSULFONE 2d 

  

STEP 1, was performed following a modified reported procedure.45 Into an oven-dried schlenk tube 

equipped with a stirring bar, thiophenol (20 mmol, 1 equiv., 2.2g) and K2CO3 (1.5 equiv., 30mmol) 

were introduced and dissolved in dry DMF (25 mL). Chlorodifluoroacetic acid S4 (2.0 equiv., 40 

mmol) was solubilized in dry DMF and added dropwise into the reaction mixture. The reaction was 

kept under argon atmosphere. The reaction was then heated at 95°C for 30 min. Subsequently, it 

was quenched through the addition of 5% LiCl water solution and extracted with cyclohexane (3 x 

20 mL). The organic layers were reunited, dried with Na2SO4 and concentrated under reduced 

pressure. The crude intermediate from the first step was used as obtained after extraction. It was 

dissolved in 20 mL of CH2Cl2 under argon and cooled to 0°C. Meta-Chloroperoxybenzoic acid (60 

mmol, 3 equiv.) was slowly added. The reaction was stirred overnight (approximately 16 h). The day 

after, 0.1 M NH4Cl water was added and the product S5 was extracted with ethyl acetate (3 x 20mL). 

The ethyl acetate fractions were combined and dried over Na2SO4 and the solvent was evaporated 

under reduced pressure. Product S5 was obtained with a yield of 40%.  

1H-NMR (CDCl3, 400 MHz) δ 6.20 (t, J = 53.1 Hz, 1H), 7.62-7.68 (m, 2H), 7.79-7.85 (m, 1H), 7.97-8.02 

(m, 2H). 19F NMR (CDCl3, 376 MHz) δ -121.9 (d, J = 53.5 Hz, 2F). The characterization of the 

compound matches with the data reported in the literature.46  

STEP 2, The last reaction step was carried out according to the literature.47 S5 (8.5 mmol, 1.470 g) 

was introduced in an oven-dried double neck round bottom flask with stirring bar along with dry 

DMF (20 mL). The reaction was cooled to -30°C and placed under argon. I2 (2.5 equiv., 21.25 mmol) 

was added in small aliquots followed by a dropwise addition of t-BuOK (2.0 equiv., 17 mmol). The 

reaction was stirred at -30°C for 1h. Subsequently, the reaction was allowed to reach room 

temperature in approximately 1h. A saturated NaCl aqueous solution (15 mL) was added, and the 

mixture was extracted with Et2O (3 x 15 mL). The combined organic phase was dried over Na2SO4, 

and the solvent was removed in a rotary evaporator. The crude was purified by silica gel column 
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chromatography (eluent: cyclohexane/ethyl acetate 9/1) to afford the product (2d) (2.22 g, 35% 

overall yield) as a white crystalline solid. The product has been kept in the dark at 4°C.  

1H-NMR (400 MHz, CDCl3) δ 7.65 (t, J = 7.3 Hz, 2H); 7.82 (t, J = 7.4 Hz, 1H); 7.99 (d, J = 7.5 Hz, 2H). 

19F NMR (376 MHz, CDCl3) δ – 51.9 (s, 2F). The characterization of the compound matches with the 

data reported in the literature.46  

PREPARATION OF α-IODOSULFONE 2e 

 

STEP 1, according to a modified literature procedure.44 S3 (5 mmol, 1 equiv.) and 3-chloro butanone 

S6 (5 mmol, 1 equiv.) were mixed in DMF (10 mL, 0.5 M). The reaction mixture was stirred at room 

temperature for 24 h. The reaction was quenched by the addition of water (50 mL) and extracted 

with ethyl acetate (3 x 35 mL), dried over Na2SO4 and the solvent was removed under reduced 

pressure. The corresponding adduct S7 was used without any further purification.  

STEP 2, iodine (10 mmol, 4 equiv.) has been added to a dioxane-water (1:1, 0.5 M) solution of the 

starting material S7 (2.5 mmol, 1 equiv.) in the presence of potassium iodide (20 mmol, 8 equiv.). 

Then a 1 M solution of NaOH was added dropwise until the discolouration of the excess of iodine. 

After 20 min. of stirring, the reaction mixture was diluted with water and extracted with CH2Cl2 (3 x 

20 mL). The final α-iodo sulfones 2e was used without any further purification. 

4.5.3 General Procedure for the C-H Alkylation of Indoles 

 

A 10 mL Schlenk tube was charged with indole 1 (0.2 mmol), α-iodosulfone 2 (0.1 mmol, 1.0 equiv.) 

and DABCO (0.15 mmol, 1.5 equiv.). Acetonitrile was then added to this mixture (200 μL). The 

reaction mixture was thoroughly degassed via 3 cycles of freeze-pump-thaw, and the vessel was 

refilled with argon, placed under light irradiation for 24h (λ = 456 nm). The temperature was kept at 

around 30°C by using a fan. The reaction mixture was then quenched with an aqueous solution of 
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HCl (5 mL, 0.5 M). The reaction was extracted with ethyl acetate (3 x 10 mL). The volatiles were 

removed in vacuo and the residue was purified by column chromatography (eluent: Cyclohexane/ 

CH2Cl2) to give the C-H functionalization products 3. 

Characterization Data  

3-methyl-2-((phenylsulfonyl)methyl)-1H-indole (3a) 

Prepared according to the general procedure 3. using indole 1a (0.2 mmol, 26 

mg), and α-iodosolfone 2a (0.1 mmol, 28 mg). The product 3a was obtained as 

white solid (20 mg, 71% yield). 

1H-NMR (499 MHz, CDCl3) δ 8.50 (s, 1H), 7.63 – 7.56 (m, 3H), 7.45 – 7.38 (m, 3H), 7.36 (d, J = 8.2 Hz, 

1H), 7.25 – 7.18 (m, 1H), 7.14 – 7.06 (m, 1H), 4.50 (s, 2H), 1.70 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 

137.50, 136.56, 134.10, 129.21, 128.43, 128.13, 123.18, 121.08, 119.60, 119.12, 113.45, 111.23, 

54.48, 7.80. The characterization of the compound matches with the data reported in the 

literature.48  

2-(((4-fluorophenyl)sulfonyl)methyl)-3-methyl-1H-indole (3b) 

Prepared according to the general procedure 3. using indole 1a (0.2 mmol, 

26 mg), and α-iodosulfone 2b (0.1 mmol, 30 mg). The product 3b was 

obtained as white solid (20 mg, 64% yield).  

1H-NMR (400 MHz, CDCl3) δ 8.50 (s, 1H), 7.63 – 7.53 (m, 2H), 7.43 (d, J = 8.1 Hz, 1H), 7.39 – 7.33 (m, 

1H), 7.23 (m, 1H), 7.15 – 7.03 (m, 3H), 4.49 (s, 2H), 1.72 (s, 3H). 19F NMR (376 MHz, CDCl3) δ -102.73 

(tt, J = 8.3, 5.1 Hz). 13C NMR (101 MHz, CDCl3) δ 166.16 (d, J = 257.1 Hz), 136.55, 133.44 (d, J = 3.2 

Hz), 131.36 (d, J = 9.7 Hz), 128.06, 123.35, 120.88, 119.74, 119.20, 116.51 (d, J = 22.6 Hz), 113.47, 

111.24, 54.58, 7.89. HRMS calculated for C13H14FNO2S (M-Na): 326.0623, found: 326.0621.  

2-((cyclohexylsulfonyl)methyl)-3-methyl-1H-indole (3c) 

Prepared according to the general procedure 3. using indole 1a (0.2 mmol, 26 

mg), and α-iodosulfone 2c (0.1 mmol, 29 mg). The product 3c was obtained as 

white solid (20 mg, 62% yield). 

1H-NMR (499 MHz, CDCl3) δ 8.65 (s, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.27 – 7.21 

(m, 1H), 7.18 – 7.10 (m, 1H), 4.40 (s, 2H), 2.72 (tt, J = 12.2, 3.5 Hz, 1H), 2.31 (s, 3H), 2.14 – 1.98 (m, 
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2H), 1.87 (dd, J = 7.4, 2.6 Hz, 2H), 1.67 (d, J = 5.6 Hz, 1H), 1.60 – 1.45 (m, 2H), 1.25 – 1.05 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 136.58, 128.35, 123.23, 121.30, 119.75, 119.10, 112.07, 111.37, 59.06, 

48.02, 25.11, 25.02, 24.98, 8.82. HRMS calculated for C16H21NO2S (M-Na): 314.1184, found: 

314.1185. 

2-(difluoro(phenylsulfonyl)methyl)-3-methyl-1H-indole (3d) 

Prepared according to the general procedure 3. using indole 1a (0.2 mmol, 44 

mg), and α-iodosulfone 2d (0.1 mmol, 28 mg). The product 3d was obtained as 

white solid (24 mg, 73% yield).  

1H-NMR (499 MHz, CDCl3) δ 8.46 (s, 1H), 7.96 (d, J = 7.7 Hz, 2H), 7.77 (ddd, J = 8.7, 2.4, 1.2 Hz, 1H), 

7.65 – 7.58 (m, 3H), 7.39 (d, J = 8.3 Hz, 1H), 7.36 – 7.30 (m, 1H), 7.18 (ddd, J = 7.0, 5.4, 0.9 Hz, 1H), 

2.31 (t, J = 2.5 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -99.73, -99.73. 13C NMR (126 MHz, CDCl3) δ 

136.69, 135.57, 132.77, 130.92, 129.50, 128.24, 125.32, 120.44, 120.42 (t, J = 285.4 Hz), 120.21, 

118.87 (t, J = 2.8 Hz), 117.97 (t, J = 27.2 Hz), 111.82, 8.72 (t, J = 2.0 Hz). The characterization of the 

compound matches with the data reported in the literature.45  

(S)-2-(1-((4-fluorophenyl)sulfonyl)ethyl)-1H-indole (3e) 

Prepared according to the general procedure 3. using indole 1b (0.2 mmol, 

23 mg), and α-iodosulfone 2e (0.1 mmol, 31 mg). The product 3e was 

obtained as white solid (14 mg, 45% yield). 

1H-NMR (400 MHz, CDCl3) δ 8.83 (s, 1H), 7.49 (ddd, J = 8.0, 5.0, 2.6 Hz, 3H), 7.42 (d, J = 8.2 Hz, 1H), 

7.23 (dd, J = 8.2, 1.1 Hz, 1H), 7.13 – 7.08 (m, 1H), 7.07 – 7.00 (m, 2H), 6.16 – 6.10 (m, 1H), 4.48 (q, J 

= 7.1 Hz, 1H), 1.75 (d, J = 7.1 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -102.81 (dd, J = 9.2, 4.2 Hz). 13C 

NMR (101 MHz, CDCl3) δ 166.14 (d, J = 257.0 Hz), 136.94, 132.08 (d, J = 9.6 Hz), 130.41, 127.40, 

123.23, 120.88, 120.35, 116.29 (d, J = 22.7 Hz), 111.37, 110.16, 104.24, 60.48, 13.63. HRMS 

calculated for C16H14FNO2S (M-Na): 326.0621, found: 326.0624. 

5-chloro-2-(1-((4-fluorophenyl)sulfonyl)ethyl)-1H-indole (3f) 

Prepared according to the general procedure 3. using indole 1c (0.2 

mmol, 30 mg), and α-iodosulfone 2e (0.1 mmol, 31 mg). The product 3f 

was obtained as white solid (12 mg, 36% yield). 
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1H-NMR (499 MHz, CDCl3) δ 8.88 (s, 1H), 7.51 – 7.46 (m, 2H), 7.45 (d, J = 1.9 Hz, 1H), 7.34 (d, J = 8.7 

Hz, 1H), 7.19 (dd, J = 8.7, 2.0 Hz, 1H), 7.11 – 7.00 (m, 2H), 6.11 – 6.02 (m, 1H), 6.14 – 6.00 (m, 1H), 

1.74 (d, J = 7.1 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -102.43 – -102.53 (m). 13C NMR (126 MHz, 

CDCl3) δ 166.05 (d, J = 257.4 Hz), 135.23, 132.04 (d, J = 9.8 Hz), 131.94, 131.14 – 130.98 (m), 128.40, 

125.40, 123.64, 120.25, 116.23 (d, J = 22.6 Hz), 112.41, 103.79, 60.36, 13.57. HRMS calculated for 

C16H13ClFNO2S (M-Na): 360.0235, found: 360.0232. 

1-benzyl-3-methyl-2-((phenylsulfonyl)methyl)-1H-indole (3g) 

Prepared according to the general procedure 3. using indole 1d (0.2 mmol, 44 

mg), and α-iodosulfone 2a (0.1 mmol, 28 mg). The product 3g was obtained as 

white solid (29 mg, 78% yield).  

1H-NMR (499 MHz, CDCl3) δ 7.65 (m, 3H), 7.48 (m, 3H), 7.36 – 7.17 (m, 5H), 7.13 (t, J = 7.4 Hz, 1H), 

6.87 (d, J = 6.8 Hz, 2H), 5.56 (s, 2H), 4.41 (s, 2H), 1.66 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 137.84, 

137.65, 137.57, 134.01, 129.14, 128.87, 128.73, 127.52, 127.43, 125.88, 123.04, 122.64, 119.37, 

119.16, 114.26, 109.67, 53.38, 46.65, 8.12. HRMS calculated for C23H21NO2S (M-Na): 376.1364, 

found: 376.1366. 

1,3-dimethyl-2-((phenylsulfonyl)methyl)-1H-indole (3h) 

Prepared according to the general procedure 3. using indole 1e (0.2 mmol, 23 

mg), and α-iodosulfone 2a (0.1 mmol, 31 mg). The product 3h was obtained as 

white solid (29 mg, 45% yield).1H-NMR (499 MHz, CDCl3) δ 7.70 – 7.57 (m, 3H), 

7.51 – 7.39 (m, 3H), 7.35 – 7.21 (m, 2H), 7.10 (t, J = 7.3 Hz, 1H), 4.56 (s, 2H), 3.72 (s, 3H), 1.66 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 137.94, 137.68, 134.11, 129.23, 128.88, 127.43, 122.98, 122.83, 119.24, 

119.16, 113.24, 109.46, 53.38, 30.38, 8.21. HRMS calculated for C17H17NO2S (M-Na): 322.0877, 

found: 322.0872. 

4.5.4 UV-Vis Experiments  

Herein, we reported the absorption spectrum of all components of the C-H alkylation of indole 1a. 

The absorption bands of the mixtures containing indole 1a (line violet and green and brown) do not 

absorb at 456 nm confirming that 1a and 2a do not form a photo-active EDA complex. Only the 

absorption band of the mixture of 2a and DABCO (line blue) is bathochromic shifted towards the 

visible region thus indicating the formation of the EDA complex between these chemical specie. 
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Figure 4.8 Optical absorption spectra of  α-iodosulfone 2a (black line), DABCO (red line), the mixture between α-iodosulfone 2a and 
DABCO (blue line), the mixture between α-iodosulfone 2a and 3-methylindole 1a (violet line), the mixture between α-iodosulfone 2a 

and 3-methylindole 1a (green line) and 3-methylindole 1a (brown line). Recorded in CH3CN in quartz cuvettes (1 mm path). [1a] = 
[DABCO] = [2a] = 0.05 M. 

4.5.5 NMR Titration 

GENERAL PROCEDURE 

A solution of host iodosulfone 2a (17 mM) in ACN-d3 was prepared. To this solution, 10 equiv. of 

guest DABCO was added as solid until saturation of the change in chemical shift () at the host’s 

observed nuclei was reached (100 equiv. of DABCO). 1,3,5-trimethoxybenzene ( = 6.1 ppm) was 

used as an internal standard for the determination of DABCO in solution. The constant component 

during the titration is called “host” and the varied component is called “guest” throughout. 1H and 

19F NMR spectra were recorded on a 500 and 400 MHz Varian Mercury spectrometer. 

1H-NMR studies 

Regarding the 1H-NMR studies, a change to lower chemical shift of the diagnostic α-protons of 2a 

was displayed upon addition of increasing amounts of DABCO, suggesting the presence of the 

halogen-bonding interaction. After adding 100 equiv. of DABCO, the saturation of the formation of 

the complex was achieved.   
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Figure 4.9 1H-NMR spectra of titration between host 2a and increasing quantity of DABCO until 100 equiv. 
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19F-NMR studies 

Regarding the 19F-NMR studies, a change to lower chemical shift of the diagnostic α-fluorine of 2d 

was displayed upon addition of increasing amounts of DABCO, suggesting the presence of the 

halogen-bonding interaction. An important shift of the fluorine signal was observed confirming that 

the halogen-bonding interaction between 2a and DABCO.  

 

 

Figure 4.10 19F NMR spectra of titration between host 2d and increasing quantity of DABCO until 20 equiv.   
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Chapter 5.  

A Logic Approach to the Photopermutation Reaction of 

Indazoles to Benzimidazoles 

Abstract 

The following chapter describes the study of the photopermutation reaction of indazole derivatives 

to easily afford the corresponding benzimidazoles. Few works reported the photochemical 

behaviour of five-membered heterocyclic compounds and their tendency to rearrange under Hg high 

pressure lamp. Starting from this, we first carried out an in-depth optimization of the reaction 

conditions for the benzimidazole formation under UV light. Subsequently, we assessed the generality 

of this methodology by investigating the impact of the indazole substituents on the reactivity, thus 

providing a comprehensive study of the generality of the photopermutation on indazoles.  

This work was conducted in the Leonori group during the four-month research period at the RWTH 

University of Aachen. The project was supervised and conceived by Prof. Daniele Leonori. Dr Thiago 

Dos Santos and Dr Cornelia Büttner performed the optimization experiments and collaborated in the 

photochemical reactions.  
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5.1 Introduction 

5.1.1 Nitrogen Containing Cyclic Compounds 

Heterocyclic compounds have garnered increasing attention in synthetic chemistry due to their 

significant roles across various chemical domains ranging from biomedical to pharmaceutical 

applications.1,2 The structure of heterocyclic compounds is demonstrated to have a great influence 

in aspects such as target recognition and pharmacokinetic, thus they can be defined “privileged 

scaffolds”. Indeed, heterocyclic moieties are present in over ninety of the top 100 most frequently 

used cyclic scaffolds in small drugs listed in the FDA's Orange Book.3 Specifically, nitrogen containing 

heterocycles, such as pyrimidine (ranked 11), imidazoline (ranked 13), and benzimidazole (ranked 

22), are widely represented in a variety of available pharmaceuticals. A critical challenge in medicinal 

chemistry is to accelerate the synthetic processes for obtaining heterocyclic derivatives, facilitating 

quicker access to potential hit molecules for medicinal applications.4–6 Therefore, the demand for 

accessible heterocyclic compounds, particularly five-membered rings containing nitrogen atoms, is 

pivotal in drug discovery. 

 

Figure 5.1 Selected five-membered nitrogen containing compounds and examples of pharmaceutic molecules 
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Generally, synthesizing nitrogen containing heterocycles involves multi-step preparations of suitable 

functionalized precursors and subsequent reactions. In literature, these synthetic processes are 

often described as time-consuming, involving toxic reagents or harsh reaction conditions.4,5 

Although strategies based on transition metal-catalysed C–H activation or radical intermediates have 

significantly simplified these synthetic efforts, they still require directing groups for targeting 

functionalization.6 For example, almost all reported syntheses of benzimidazoles employ benzene 

derivatives possessing ortho di nitrogen atoms as starting materials, which undergo condensation 

reaction with carboxylic acids by heating at high temperature in toxic solvents.7,8 The preparation of 

bendamustine (Figure 5.1), an approved antineoplastic agent, containing the benzimidazole scaffold, 

requires more than six synthetic steps, starting from nitroaniline, including hydrogenations and 

reflux with HCl.9 

Among the nitrogen containing heterocycles, the structure of benzimidazole along with imidazole 

moiety, stands out as notable five-membered heterocycles essential to many natural products and 

synthetic compounds.10 The electron-rich nature of imidazole-based derivatives allows for versatile 

binding with various receptors and enzymes, thereby showing broad biological activity. Indeed, 

several imidazole-based molecules (e.g. Bindarit, dacarbazine, and clemizole, depicted in Figure 5.1), 

exhibit high therapeutic potency and antifungal properties.11 Therefore, new economically viable 

and environmentally sustainable methods are now under investigation to develop protocols for the 

large production of benzimidazoles or similar nitrogen containing cyclic compounds. Photochemical 

reactions may provide a valuable tool for delivering the desired products under mild reaction 

conditions.12 Several studies have explored the photochemical behaviour of various nitrogen 

containing cyclic compounds, including pyrazoles, benzisoxazoles, thiazoles, and indazoles, revealing 

significant potential for further exploration in this field. 

5.1.2 Photochemical Rearrangement Reaction on Five-Membered Heterocycles 

In light of the recent interest in photochemical strategies aimed at minimizing multi-step procedures, 

and complex synthetic designs, rearrangement reactions promoted by light appear an interesting 

synthetic tool.13 Since the mid-twentieth century, many scientists have recognized the potential of 

energy derived from light irradiation to affect a variety of compounds. The alteration of electronic 

configurations of the irradiated compounds leads to the cleavage and formation of novel chemical 

bonds, resulting in the migration of one or more atoms inside the molecules to gain the rearranged 

product.14–16 Usually, energy transfer process can initiate these rearrangements by exploiting the 
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energy of the excited species. As an example, in the family of nitrogen containing five-membered 

cyclic compounds, the pyrazole scaffold can be transformed into the imidazole one by migration of 

nitrogen. Thereby, photochemical rearrangements may provide one-step synthesis for complex 

novel molecules. Indeed, considerable attention has been focused in the past years on the 

photochemistry of five-membered heterocycle ring systems. An interesting essay has identified five 

distinct mechanistic pathways for the photoisomerization of five-membered heterocycles.17 The 

mechanisms are described as follows: 

Mechanism I begin with the homolytic cleavage of the weakest bond upon light irradiation of the 

cyclic compound (Figure 5.2a). The resulting biradical species undergo the formation of a three-

membered ring, which is in equilibrium with its rearranged product. The photostability of the species 

significantly affects the formation of the final isomer. This pathway, called “ring contraction-ring 

expansion”, is commonly proposed for many photochemical rearrangements involving cyclic 

compounds with two heteroatoms. 

Another notable pathway is the “internal cyclization-isomerization” pathway (mechanism II) 

involving an initial disrotatory formation of a bicyclic isomer, followed by a [1,3] sigmatropic shift 

(Figure 5.2b). Then, a disrotatory ring-opening takes place affording the rearranged product. 

Importantly, the [1,3] sigmatropic shift may occur twice, potentially yielding a second product 

following the disrotatory electrocyclic reaction. However, the selectivity of the different isomer 

product depends on the photostability of the bicyclic intermediates. 

A third general mechanistic proposal for all five-membered ring compounds is known as the Van 

Tamelen-Whitesides mechanism. This pathway initiates with the cleavage of the weakest single 

bond, forming a three-membered ring species depicted in Figure 5.2c. This intermediate may 

generate the five-membered ring isomer, as discussed in Mechanism I, while simultaneously 

establishing an equilibrium with the bicyclic isomer, leading to the formation of another isomer as a 

secondary product of photoisomerization. 

Mechanism IV specifically addresses the photochemical rearrangements of the thiophene ring 

system. This mechanism proposes that the 3d orbitals of sulphur interact with the neighbouring 

double bond to yield a tricyclic zwitterion, which subsequently collapses into the rearranged product 

(Figure 5.2d). 
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Figure 5.2 Mechanistic possibilities for photoisomerizations of five-membered heterocycles 

 

Finally, mechanism V focuses on heterocyclic compounds containing at least one nitrogen atom, 

described as the “fragmentation-readdition” route (Figure 5.2e). Under light irradiation, the starting 

material is fragmented into a nitrile molecule and corresponding 1,3-dipole substrate. This allows 

the intermediates to rearrange into a new isomer. 

In summary, these pathways illustrate how heteroaromatic compounds, upon light irradiation, can 

transform into (i) biradical species through cleavage of the weakest bond and (ii) bicyclic isomers via 
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internal cyclization. However, identifying the correct pathway remains a challenging issue in the field. 

Various studies have attempted to clarify the photochemical rearrangements of nitrogen containing 

five-membered cyclic compounds. Notable efforts were spent on the photoactivity of pyrazole 

moiety, which plays a key role in biologically active chemistry.  

One of the first studies addressing the photostability of pyrazole scaffold and the formation of 

structural isomers was conducted by Schmid and colleagues in 1964.18 They reported the formation 

of benzimidazole, using Hg high pressure lamp, from the respective indazole (Figure 5.3a). 

Additionally, they tested indazoles with methyl substituent in 3-, 4-, 5-, 6-, 7-position, yielding the 

corresponding products in low yields (10-22%). They noticed the impact of the substituent on the 

yields of products, albeit modest. 

The same authors continued the investigation on this promising topic. In the work of 1967, they 

performed experiments with indazoles led to the identification of the side product ortho-

aminobenzonitrile, likely arising from the biradical intermediate described in Mechanism I. 

Meanwhile, they studied also the photoisomerization of pyrazole compounds. They analysed the 

effects of temperature, type and concentration of the reaction solvent on the photopermutation of 

pyrazoles (Figure 5.3b).19 Although their results did not yield definitive conclusions, they observed 

significant influences of the studied reaction parameters on product yields.  

A few years later, Messer and Beak proposed a pathway for the formal photorearrangement of 1,4-

dimethylimidazole.20 They explained that the photoisomerization of various substituted N-

methylimidazoles under a Hg high pressure lamp proceeds via a cascade of ring contraction and ring 

expansion (mechanism II), ultimately yielding the corresponding N-methylimidazole isomer. As 

illustrated in Figure 5.3c, the formation of the three-membered ring and the subsequent interchange 

of adjacent ring atoms lead to the reformation of five-membered heterocyclic compounds. 
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Figure 5.3 Examples of photopermutations of pyrazole and indazole to afford imidazole and benzimidazole respectively 

 

Pavlik significantly contributed to the field of five-membered heterocyclic permutations in the late 

twentieth century.21–23 In a notable work, Pavlik and colleagues conducted a detailed analysis of the 

photopermutation of 1-phenylpyrazole and its 3-, 4-, and 5-methyl derivatives under a 254 nm lamp 

(Figure 5.3d).21 They notably observed the substantial influence of methyl substituents on the yields 

of the corresponding imidazole products. Specifically, the 3-methyl-1-phenylimidazole was 
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generated in 23% yield while the one of 5-methyl substituted was 81%. Furthermore, 

the mechanistic analysis revealed that these reactivities were attempted by the energy transfer 

process. Moreover, the formation of aminoalkylnitrile was detected in trace amounts, providing 

further insight into the proposed “ring contraction-ring expansion” mechanism. Later studies on CF₃-

substituted pyrazoles detected photoisomerization reactivity via the internal “internal cyclization-

isomerization” pathway, underscoring the critical impact of substituents on the pyrazole scaffold. 

In conclusion, the existing literature in this field is limited and often unclear. Moreover, the examples 

studied are not exhaustive, lacking a cohesive view of the reactivity and its advantages in synthetic 

chemistry. 

5.2 Aim of the Project 

Historically, photoinduced rearrangements of heteroaromatic compounds have attracted significant 

interest, even if the knowledge of the subject remains unclear. In particular, photopermutation of 

indazoles 1 provided an efficient pathway to easily prepare valuable substituted benzimidazole 

derivatives 2 in one synthetic step. Therefore, we aimed to investigate the photopermutation of 

various indazoles to address these gaps. Our goal is to overcome several limitations associated to 

the synthesis of pharmaceutical valuable benzimidazoles, such as harsh reaction conditions and 

limited scope. 

To do this, we conducted a detailed study of the optimal conditions for the photorearrangements, 

along with a comprehensive investigation of the scope of the reaction. 

 

Figure 5.4 Study of the permutation of indazole derivates to overcome the strategy limitations 

5.3 Results and Discussion  

In previous reports it was shown that heterocyclic compounds 1H- and 2H-indazoles are unstable 

under UV light irradiation at around 90°C, thus generating the rearranged benzimidazole 

compounds. 

Based on these reports, we chose 3-methyl-1H-indazole as model compound 1a to investigate its 

behaviour under UV light irradiation. Preliminary results attested the formation of 2-methyl-1H-
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benzimidazole as the main product from the corresponding indazole upon irradiation at 300 nm. 

Instead, the reaction under 254 nm UV light displayed several by-products.  

Table 5.1 Optimization study of the photopermutation of indazole 1a 

 

Entry  Wavelength (nm) Solvent [M] Time (h) Yield 2a[a] [%] rsm[a] [%] 

1 300 Methanol [0.05] 16 20 78 

2 300 Isopropanol [0.05] 16 21 53 

3 300 Isobutanol [0.05] 16 n.d. 80 

4 300 H2O [0.05] 16 n.d. 95 

5 300 TFE [0.05] 16 27 71 

6 300 HFIP [0.05] 16 86 n.d. 

7 300 EtOAc [0.05] 16 7 93 

8 300 Toluene [0.05] 16 n.d. 90 

9 300 MeCN [0.05] 16 5 91 

10 300 HFIP [0.025] 16 81 8 

11 300 HFIP [0.075] 16 84 11 

12 300 HFIP [0.1] 16 71 25 

13 300 HFIP [0.2] 16 69 27 

14 300 HFIP [0.05] 8 54 45 

15 300 HFIP [0.05] 12 67 31 

[a] Yield determined by 1H-NMR spectroscopy using 1,3-dinitrobenzene as the internal standard. rsm: remaining starting material; 

HFIP: hexafluoroisopropanol; TFE: 2,2,2-Trifluoroethanol. 

 

Starting from this result, we carried out an in-depth optimization of the three reaction conditions, 

namely solvent, concentration and time, under 300 nm light irradiation. Initially, different solvents 

were tested with the same concentration of 1a (0.05 M). The photorearrangement using protic and 

polar solvents (Table 5.1, Entries 1-5) showed traces of 2a but a large amount of remaining starting 
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material (rsm). Since carrying out the reaction in 2,2,2-Trifluoroethanol (TFE) slightly improved the 

yield (Table 5.1, Entry 5), the solvent hexafluoroisopropanol (HFIP), with a longer fluoroalcohol chain, 

was tested. Remarkably, we achieved product 2a in 86% yield using HFIP (Table 5.1, Entry 6). 

Furthermore, no formation of 2a was detected employing toluene and ethyl acetate (EtOAc) as non-

polar and aprotic solvents. The same outcome was obtained with acetonitrile. Considering that HFIP 

gave the best results in terms of yield, we then evaluated the influence of the concentration of 1a 

on the reaction. Therefore, reactions in HFIP at 0.025, 0.075, 0.1 and 0.2 M were performed (Table 

5.1, Entries 10-14). We found out that 0.05 M was the optimal concentration of HFIP for the reaction, 

noticing a decrease in the yield of 2a with the rise in the concentration. Finally, a short screening of 

the time of the photopermutation revealed lower conversation of 1a at 8 and 12 h, thus confirming 

16 h as the best time for the transformation (Table 5.1, Entry 6). After the optimization of the 

reaction conditions, we moved to prove the generality of the reactivity.  

Indazole 1b photopermutated smoothly affording 28% yield of benzimidazole 2b. Reactions with 

substituents at 1N position of indazoles, such as methoxymethyl ether (MOM) or tert-

butyloxycarbonyl (Boc), did not provide satisfactory results. Unfortunately, the same outcome was 

observed with N-functionalised indazoles with methyl in position 3 (2e-2f). Thus, these results 

indicated the lack of reactivity for indazoles with functional groups at the 1N position. Notably, 

indazoles with alkyl substituents at position 3 gave the corresponding benzimidazoles 2g-2i in 

excellent yields (up to 99%). On the contrary, methyl ester group was not tolerated by this strategy 

resulting in almost rsm. By these results, we noticed that position 3 of the reactive indazoles needs 

an adjacent aliphatic carbon to yield the corresponding benzimidazoles. Accordingly, indazoles 

containing ester or alcohol in β position, led to the corresponding products in good yields (2k-2l).  
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Figure 5.5 Preliminary photopermutation reactions on indazole derivatives 1 

 

Considering these unsatisfying preliminary results, we reasoned that the type of substituents greatly 

influences the reactivity. Consequently, a series of designed experiments on photopermutations 

were carried out to study the effects of the different indazole substituents on the yields of the 

corresponding products. Hence, Figure 5.6 displayed the results of these experiments by delivering 

an extensive guideline to logically comprehend the reactivity. In particular, the photopermutations 

were performed on the model 3-methylindazole bearing, for each position, the following functional 

groups: methyl, phenyl, methyl ether, halogens (F, Cl, Br). The yields illustrated in Figure 5.6 

correspond to the final benzimidazole derivatives.  
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Figure 5.6 Guideline for substitution pattern indazoles containing yields of benzimidazole products 

 

Initially, we investigated the influence on the yields of 2 using indazoles bearing methyl group at 

each position of the phenyl ring in 0.05M of HFIP. The corresponding benzimidazoles were achieved 

in very good yields: methyl group in positions 4 and 6 exhibited higher yields (up to 94%) compared 

to the ones with methyl in positions 5 and 7 (up to 46%). Similar results in terms of yields were 

obtained in a more diluted solution. Based on these tests, substituents in positions 4 and 6 activate 

strongly the substrates for the photorearrangements while positions 5 and 7 show reduced yields 

and remaining starting materials. This attitude was detected also for the substrates with phenyl 
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functionality. Phenyl ring in positions 4 and 6 accessed to low yields of corresponding 

benzimidazoles, while only starting material was recovered for indazoles with positions 5 and 7 

occupied. Unfortunately, we did not observe any formation of products using indazoles with methyl 

ester or bromide moieties on the positions from 4 to 7. Pleasantly, indazoles bearing halogen 

substituents -F and -Cl in each position of the aromatic ring under 300 nm irradiation, delivered the 

respective benzimidazoles with remarkable results. Even in this case, the positions 4 and 6 were the 

more activating positions for the photopermutations, thus displaying an increased yield of the 

desired products.  

From the guidelines outlined in Figure 5.6, several key aspects of the photochemical rearrangement 

of indazoles emerge. Firstly, the selectivity to achieve the desired benzimidazoles, based on their 

yields, depends on the type of substituents on the indazole back ring. The indazole substitutions 

presumably have an impact on their photostability making them low reactive if their photostability 

rises. The final high percentage of rsm may prove this logic, for instance using indazoles bearing 

methyl ester. On the other hand, low amount of both product and rsm indicated photodegradation 

of the reagents, notably among those Br substituted indazoles. Remarkably, the presence of 

functional groups at positions 4 or 6 consistently enhanced the product yields. Furthermore, we 

observed that the concentration of the HFIP strongly influenced the reaction outcomes in most 

cases. 

Subsequently, considering the promising results of photopermutations on methyl substituted 

indazoles, we expanded the scope using different aliphatic groups on the indazole scaffold. 

 

Figure 5.7 Scope study of the photopermutation on the alkyl functionalised indazoles 1 based on the guideline table 
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Once we optimised the synthesis of different indazoles, bearing secondary and tertiary aliphatic 

groups, following a cross-coupling reaction (details in section 5.5.2), we then evaluated their 

reactivity. In Figure 5.7, 4-isobutylindazole underwent photopermutation to provide product 2m in 

58% yield. Secondary alkyl substituted indazoles 1n-1o reacted smoothly to afford the corresponding 

desired products bearing isopropyl or cyclohexyl groups in good yields (up to 75%). Furthermore, 

benzyl moiety in position 7 was well tolerated, while previous experiments on 7-phenylindazole did 

not provide any formation of the corresponding product.  

5.4 Conclusion 

A comprehensive study on the photopermutation reaction of indazole derivatives was 

accomplished. The radical process involving indazoles successfully provides benzimidazole products 

under UV light irradiation, achieving yields ranging from moderate to excellent (up to 99%). 

Specifically, we thoroughly investigated and optimized the photopermutation process paying 

particular attention to the effects of substituents on the scaffold of the indazole. Therefore, a series 

of photopermutations were carried out and summarized in a guideline table to proceed with a logic 

approach to the study of the reaction scope. As future perspective, detailed mechanistic studies will 

be carried out as well as additional examples of photopermutation involving pharmaceutical targets. 

5.5 Experimental Section  

5.5.1 General Information  

All required fine chemicals were used directly without purification unless stated otherwise. All air 

and moisture sensitive reactions were carried out under nitrogen atmosphere using standard 

Schlenk manifold technique. All solvents were bought from Acros as 99.8% purity and degassed by 

N2 bubbling. 1H and 13C Nuclear Magnetic Resonance (NMR) spectra were acquired at various field 

strengths as indicated and were referenced to CDCl3 (7.27 and 77.16 ppm for 1H and 13C 

respectively). 1H-NMR coupling constants are reported in Hertz and refer to apparent multiplicities 

and not true coupling constants. The spectra measurements were specified when decoupled (e.g., 

19F{1H}). Data are reported as follows: chemical shift, integration, multiplicity (s = singlet, br s = broad 

singlet, d = doublet, t = triplet, q = quartet, qi = quintet, sx = sextet, sp = septet, m = multiplet, dd = 

doublet of doublets, etc.), proton assignment (determined by 2D NMR experiments: COSY, HSQC and 

HMBC) where possible. High-resolution mass spectra were obtained using a JEOL JMS-700 

spectrometer or a Fissions VG Trio 2000 quadrupole mass spectrometer. Spectra were obtained 

using electron impact ionization (EI) and chemical ionization (CI) techniques, or positive electrospray 
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(ESI). Analytical TLC: aluminum backed plates pre-coated (0.25 mm) with Merck Silica Gel 60 F254. 

Compounds were visualized by exposure to UV-light or by dipping the plates in permanganate 

(KMnO4) stain followed by heating. Flash column chromatography was performed using Merck Silica 

Gel 60 (40–63 μm). All mixed solvent eluents are reported as v/v solutions. Reactions were run in a 

RPR-200 Rayonet reactor using 300 nm light, with a fan placed above the photoreactor. No stirrer 

bars were added to the reaction mixtures. All the reactions were conducted in CEM 9 mL glass 

microwave tubes capped with a LABSOLUTE crimp seal with septum (PTFE/butyl) purchased from 

Th. Geyer. 

5.5.2 General Procedures for the Preparation of Indazoles 

PREPARATION OF 5-ALKYL-3-METHYL-1H-INDAZOLE 

 

To a solution of 5-bromo-3-methyl-1H-indazole (211 mg, 1 mmol, 1 eq.) and [1,1’- 

bis(diphenylphosphino)ferrocene]dichloropalladium complex  (73 mg, 0.1 mmol, 0.1 eq.) in dry THF 

(15 mL) N,N-dimethylethanolamin (26 μL, 0.2 mmol, 0.2 eq.) and a dialkyl zinc solution (2.0 mmol, 

2 eq.) was added under argon. The yellow solution was stirred for 1 h. Then additional N,N-

dimethylethanolamin (0.2 eq.) and dialkyl zinc solution (2 eq.) were added and the mixture were 

heated to 60°C. After 16-24 h at 60°C the solution was quenched with a saturated ammonium 

chloride solution. The layers were separated, and the aqueous layer was extracted with ethyl 

acetate (3 x 50 mL). The combined organic layers were dried (MgSO4), filtered and evaporated. 

Purification by flash column chromatography on silica gel gave the products.24  

Characterization data 

3,5-dimethyl-1H-indazole 

Following the general procedure for 24 h, 5-bromo-3-methyl-1H-indazole (424 

mg, 2 mmol) and Zn(Me)2 (2.0 M in toluene, 2 x 1 mL, 2 x 2 mmol) gave, after 

purification by column chromatography on silica gel eluting with Pentane–EtOAc 

(9:1 to 6:4), 3,5-dimethyl-1H-indazole (198 mg, 68%) as a solid. Rf 0.25 [Petroleum ether:EtOAc 

(4:1)]. 

 1H-NMR (600 MHz, CDCl3) δ 7.44 (1H, s), 7.32 (1H, d, J =8.5 Hz), 7.21 (1H, d, J =8.5 Hz), 2.56 (3H, d, 

J =1.7 Hz), 2.47 (3H, s). 13C-NMR (151 MHz, CDCl3) δ 143.1, 139.1, 129.8, 128.9, 123.3, 119.4, 109.4, 
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21.4, 12.1. HRMS (ESI): Found MH+ 147.0917, C9H11N2 requires 147.0917. 

5-isopropyl-3-methyl-1H-indazole (1n) 

Following the general procedure for 16 h, 5-bromo-3-methyl-1H-indazole (212 

mg, 1 mmol) and Zn(iPr)2 (1.0 M in toluene, 2 x 2 mL, 2 x 4 mmol) gave, after 

purification by column chromatography on silica gel eluting with DCM–EtOAc 

(9:1 to 8:2), 5-isopropyl-3-methyl-1H-indazole (173 mg, 99%) as a solid. Rf 0.22 [DCM:EtOAc (4:1)]. 

1H-NMR (600 MHz, CDCl3) δ 9.77 (1H, br s), 7.48 (1H, s), 7.35 (1H, d, J = 8.6 Hz), 7.29 (1H, dd, J = 8.6, 

1.6 Hz), 3.04 (1H, p, J = 6.9 Hz), 2.59 (3H, s), 1.32 (6H, d, J = 7.0 Hz). 13C-NMR (151 MHz, CDCl3) δ 

143.1, 141.0, 139.9, 126.5, 122.9, 116.4, 109.4, 34.0, 24.4, 11.9. HRMS (ESI): Found MH+ 175.1230, 

C11H15N2 requires 175.1229. 

PREPARATION OF ALKYL SUBSTITUTED 3-METHYL-1H-INDAZOLE  

 

To a solution of bromo-3-methyl-1H-indazole (211 mg, 1 mmol, 1 eq.) and tri-tert-

butylphosphonium tetrafluoroborate (0.12 mmol, 35 mg, 0.12 equiv) in dry THF (2 mL) under N2 

were added Pd(OAc)2 (0.1 mmol, 23 mg, 0.1 equiv) and zinc bromide anhydrous (67 g, 0.3 mmol, 0.3 

equiv). Grignard reagent (2 mmol, 2 equiv) was added slowly over 30 min at room temperature. The 

reaction mixture was stirred for an additional 16-24h and monitored by GCMS. The crude was cooled 

to 0 °C, and water (10 mL) was added slowly. The layers were separated, and the aqueous layer was 

extracted with ethyl acetate (3 x 50 mL). The combined organic layers were dried (MgSO4), filtered 

and evaporated. Purification by flash column chromatography on silica gel gave the products.25 

Characterization data 

4-isobutyl-3-methyl-1H-indazole (1m) 

Following the general procedure for 24h, 4-bromo-3-methyl-1H-indazole (212 

mg, 1 mmol) and iBuMgBr (1.0 M in THF, 2 mL, 2 mmol) gave, after purification 

by column chromatography on silica gel eluting with pentane–EtOAc–DCM (8:2:1 

to 6:3:1), 4-isobutyl-3-methyl-1H-indazole (108 mg, 57%) as a solid. Rf 0.25 

[pentane:EtOAc:DCM (8:2:1)]. 

1H-NMR (600 MHz, CDCl3) δ 9.89 (1H, s), 7.26 (2H, d, J = 4.2 Hz), 6.85 (1H, t, J = 4.0 Hz), 2.87 (2H, d, 

J = 7.1 Hz), 2.73 (3H, s), 1.94 (1H, hept, J = 6.7 Hz), 0.98 (d, J = 6.5 Hz, 6H). 13C-NMR (151 MHz, CDCl3) 
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δ 143.2, 142.2, 136.4, 126.8, 121.7, 121.6, 107.5, 42.4, 30.8, 22.6, 15.3. HRMS (ESI): Found MH+ 

189.1386, C14H19N2 requires 189.1383. 

6-cyclohexyl-3-methyl-1H-indazole (1o) 

Following the general procedure for 16h, 6-bromo-3-methyl-1H-indazole (212 

mg, 1 mmol) and CyhexMgBr (1.0 M in hexane, 2 mL, 2 mmol) gave, after 

purification by column chromatography on silica gel eluting with DCM–MeOH 

(99:1 to 97:3), 6-cyclohexyl-3-methyl-1H-indazole (40 mg, 18%) as a solid. Rf 0.40 [DCM:MeOH 

(98:2)]. 

1H-NMR (600 MHz, CDCl3) δ 10.40 (1H, s), 7.59 (1H, d, J = 8.4 Hz), 7.23 (1H, s), 7.04 (1H, d, J = 8.3 

Hz), 2.70 – 2.57 (4H, m), 1.94 (2H, d, J = 11.9 Hz), 1.87 (2H, d, J = 11.1 Hz), 1.78 (1H, d, J = 13.4 Hz), 

1.57 – 1.36 (4H, m), 1.34 – 1.19 (1H, m). 13C-NMR (151 MHz, CDCl3) δ 147.5, 143.2, 141.9, 121.4, 

120.7, 119.9, 106.9, 45.1, 34.8, 27.0, 26.3, 12.2. HRMS (ESI): Found MH+ 215.1540, C14H19N2 requires 

215.1543. 

7-benzyl-3-methyl-1H-indazole (1p) 

Following the general procedure for 16h, 7-bromo-3-methyl-1H-indazole (212 mg, 

1 mmol) and BenzylMgCl (2.0 M in THF, 1.0 mL, 1 mmol) and gave, after purification 

by column chromatography on silica gel eluting with pentane–EtOAc–DCM (8:2:1 

to 6:3:1), 7-benzyl-3-methyl-1H-indazole (73 mg, 33%) as a solid. Rf 0.30 

[pentane:EtOAc:DCM (8:2:1)]. 

1H-NMR (600 MHz, CDCl3) δ 9.50 (1H, s), 7.59 (1H, d, J = 8.0 Hz), 7.32 (2H, t, J = 7.0 Hz), 7.28 – 7.24 

(3H, m), 7.22 (1H, d, J = 7.0 Hz), 7.13 (1H, t, J = 7.5 Hz), 4.26 (2H, s), 2.58 (3H, s). 13C-NMR (151 MHz, 

CDCl3) δ 143.9, 140.8, 139.0, 129.0, 128.8, 126.9, 126.9, 123.2, 122.8, 120.7, 118.7, 38.4, 12.2. HRMS 

(ESI): Found MH+ 223.1224, C15H15N2 requires 223.1229. 

5.5.3 General Procedure for the Photopermutation of Indazoles (GP) 

 

A microwave vial was charged with the 1H-indazole (1.0 equiv.) and the tube was capped with a 

Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (×3). Then 

degassed HFIP was added, the lid sealed with parafilm, and the reaction mixture placed under 300 
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nm light. After the specified time, the reaction mixture was removed, a solution of 1,3-

dinitrobenzene in CDCl3 (1.0 equiv, 0.2 M) was added as an internal standard and the reaction 

analysed by 1H-NMR. 

 

Characterization data for the guideline products 

Benzimidazoles with the same substituents in positions 4 and 7 are tautomers. Hence, the products 

characterisations below will indicate only for one of the tautomer. The same logic is applied for 

benzimidazoles with the same substituents in positions 5 and 6.   

 

2,4-Dimethyl-1H-benzo[d]imidazole  

Following GP, 3,4-Dimethyl-1H-indazole (14.6 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with EtOAc–MeOH 

(9:1), benzimidazole (12.6 mg, 86%) as a solid.  

2,7-Dimethyl-1H-benzo[d]imidazole  

Following GP, 3,7-Dimethyl-1H-indazole (14.6 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with EtOAc–MeOH 

(9:1), benzimidazole (8.8 mg, 60%) as a solid. Rf 0.47 [EtOAc:MeOH (9:1)];  

1H-NMR (400 MHz, CDCl3) δ 7.35 (1H, d, J = 8.0 Hz), 7.12 (1H, t, J = 7.5 Hz), 7.02 (1H, d, J = 7.5 Hz), 

2.62 (3H, s), 2.57 (3H, s); 13C-NMR (CDCl3, 151 MHz) δ 13C-NMR (101 MHz, CDCl3) δ 150.7, 138.8, 

137.8, 122.8, 122.3, 111.6, 17.2, 15.1; HRMS (EI): Found M+ 146.0835, C9H10N2 requires 146.0844. 

Data in accordance with literature.26  
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2,5-Dimethyl-1H-benzo[d]imidazole  

Following GP, 3,5-Dimethyl-1H-indazole (15 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with 

pentane–EtOAc (8:2 to 0:1), benzimidazole (45%) as a solid.  

2,6-Dimethyl-1H-benzo[d]imidazole  

Following GP, 3,7-Dimethyl-1H-indazole (15 mg, 0.10 mmol) gave, after 

purification by column chromatography on silica gel, eluting with EtOAc–

MeOH (1:0 to 19:1), benzimidazole (12 mg, 82%) as a solid. Rf 0.18 [EtOAc];  

1H-NMR (600 MHz, CDCl3) δ 7.42 (d, J = 8.2 Hz, 1H), 7.31 (s, 1H), 7.04 (dd, J = 8.2, 1.6 Hz, 1H), 2.60 

(s, 3H), 2.45 (s, 3H); 13C-NMR (151 MHz, CDCl3) δ 150.7, 138.6, 137.3, 132.1, 123.8, 114.6, 114.1, 

21.7, 15.2; HRMS (ESI): Found MH+ 147.0913, C9H11N2 requires 147.0917. Data in accordance with 

literature.27  

2-Methyl-4-phenyl-1H-benzo[d]imidazole 

Following GP, 0.025 M, 24 h, 3-Methyl-4-phenyl-1H-indazole (21 mg, 0.10 

mmol) gave, after purification by column chromatography on silica gel, eluting 

with pentane–EtOAc (1:1 to 0:1), benzimidazole (9 mg, 43%) as a solid. Rf 0.41 

[EtOAc];  

2-Methyl-6-phenyl-1H-benzo[d]imidazole  

Following GP, 3-Methyl-6-phenyl-1H-indazole (20.8 mg, 0.1 mmol) gave, 

after purification by column chromatography on silica gel eluting with 

EtOAc– MeOH (8:2), benzimidazole (14.6 mg, 70%) as an oil.  

1HNMR (600 MHz, CDCl3) δ 7.70 (d, J = 7.0 Hz, 2H), 7.56 (dd, J = 5.7, 3.4 Hz, 1H), 7.44 (t, J = 7.7 Hz, 

2H), 7.34 (td, J = 7.2, 1.3 Hz, 1H), 7.31 – 7.28 (m, 2H), 2.55 (s, 3H); 13CNMR (151 MHz, CDCl3) δ 151.3, 

138.8, 132.2, 129.0, 128.8, 128.7, 128.5, 127.6, 122.7, 122.2, 115.3, 15.1; HRMS (EI): Found M+ 

208.0992, C14H12N2 requires 208.0995. 

5-chloro-2-methyl-1H-benzo[d]imidazole 

Following GP, 5-chloro-3-methyl-1H-indazole (17 mg, 0.10 mmol) gave, after 

purification by column chromatography on silica gel, eluting with EtOAc–

MeOH (1:0 to 95:5), benzimidazole (10 mg, 59%) as a solid. Rf  0.10 [EtOAc]; 

6-Chloro-2-methyl-1H-benzo[d]imidazole  
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Following GP, 6-Chloro-3-methyl-1H-indazole (16.7 mg, 0.1 mmol) gave, 

after purification by column chromatography on silica gel eluting with 

EtOAc–MeOH (4:1), benzimidazole (13.7 mg, 82%) as a solid. Rf 0.34 

[EtOAc:MeOH (4:1)]; 

1H-NMR (600 MHz, CDCl3) δ 7.51 (1H, s), 7.43 (1H, d, J = 8.5 Hz), 7.19 (1H, dd, J = 8.5, 1.9 Hz), 2.62 

(3H, s); 13C-NMR (151 MHz, CDCl3) δ 152.2, 137.2, 128.1, 123.0, 115.4, 114.7, 15.2; HRMS (EI): Found 

M+ 166.0291, C8H7ClN2 requires 166.0298. Data in accordance with literature.28  

4-Chloro-2-methyl-1H-benzo[d]imidazole  

Following GP, 4-Chloro-3-methyl-1H-indazole (17 mg, 0.10 mmol) gave, after 

purification by column chromatography on silica gel, eluting with EtOAc–MeOH 

(1:0 to 98:2), benzimidazole (15 mg, 90%) as a solid. Rf 0.29 [EtOAc];  

1H-NMR (CDCl3, 400 MHz) δ 7.43 (1H, dd, J = 7.9, 1.1 Hz), 7.23 (1H, dd, J = 7.8, 

1.1 Hz), 7.14 (1H, t, J = 7.9 Hz), 2.66 (3H, s); 13C-NMR (101 MHz, CDCl3) δ 152.1, 136.9, 123.1, 122.2, 

120.0, 15.1; HRMS (ESI): Found MH+ 167.0366, C8H8N2Cl requires 167.0371. Data in accordance with 

literature.29  

7-Chloro-2-methyl-1H-benzo[d]imidazole  

Following GP, 7-Chloro-3-methyl-1H-indazole (17 mg, 0.10 mmol) gave, after 

purification by column chromatography on silica gel, eluting with EtOAc–MeOH 

(1:0 to 9:1), benzimidazole (12 mg, 72%) as a solid.  

5-Fluoro-2-methyl-1H-benzo[d]imidazole  

Following GP, 5-Fluoro-3-methyl-1H-indazole (15 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with pentane–

EtOAc (8:2 to 0:1), benzimidazole (57%) as a solid. Rf 0.12 [pentane:EtOAc 

(1:9)];  

1H-NMR (600 MHz, CDCl3) δ 7.44 (1H, dd, J = 8.8, 4.7 Hz), 7.21 (1H, d, J = 9.0 Hz), 6.97 (1H, td, J = 

9.1, 2.4 Hz), 2.63 (3H, s); 13C-NMR (151 MHz, CDCl3) δ 159.5 (d, J = 237.8 Hz), 152.4, 139.0, 135.2, 

115.0, 110.5 (d, J = 25.4 Hz), 101.1, 15.2; 19F-NMR (565 MHz, CDCl3) δ -120.66; HRMS (ESI): Found 

MH+ 151.0662, C8H8N2F requires 151.0666; Data in accordance with literature.30  

4-Fluoro-2-methyl-1H-benzo[d]imidazole  

Following GP, 4-Fluoro-3-methyl-1H-indazole (15 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with pentane–EtOAc 

(8:2 to 0:1), benzimidazole (81%) as a solid.  
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7-Fluoro-2-methyl-1H-benzo[d]imidazole  

Following GP, 7-Fluoro-3-methyl-1H-indazole (13.2 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with EtOAc–MeOH 

(4:1), benzimidazole (6.3 mg, 42%) as a solid. Rf 0.48 [EtOAc:MeOH (4:1)]; 

 1H-NMR (600 MHz, DMSO-d6, major isomer) δ 12.47 (1H, s), 7.23 (1H, d, J = 7.1 Hz), 7.11 – 7.05 

(1H, m), 6.92 – 6.85 (1H, m), 2.49 (3H, s); 1H-NMR (600 MHz, DMSO-d6, minor isomer) δ 12.70 (1H, 

s), 7.34 (1H, d, J = 7.1 Hz), 7.11 – 7.05 (1H, m), 6.99 – 6.92 (1H, m), 2.49 (3H, s); 13C-NMR (DMSO-d6, 

151 MHz) δ 152.5 (J = 248.1 Hz), 151.9, 137.6 (J = 9.8 Hz), 131.6 (J = 16.7 Hz), 121.8 (J = 7.3 Hz), 107.1 

(J = 3.5 Hz), 106.2 (J = 17.7 Hz), 14.5; 19F-NMR (565 MHz, DMSO-d6) δ -129.69. HRMS (EI): Found M+ 

150.0584, C8H7FN2 requires 150.0593. Data in accordance with literature.31  

6-Fluoro-2-methyl-1H-benzo[d]imidazole 

Following GP, 6-Fluoro-3-methyl-1H-indazole (15 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with EtOAc–

MeOH (4:1), benzimidazole (6.8 mg, 45%) as an oil.  

Characterization data for scope substrates 

2-Methyl-1H-benzo[d]imidazole (2a)  

Following GP, 3-Methyl-1H-indazole (13.2 mg, 0.1 mmol) gave, after purification 

by column chromatography on silica gel eluting with EtOAc–MeOH (4:1), 

benzimidazole (11.4 mg, 86%) as a solid. Rf 0.38 [EtOAc:MeOH (4:1)];  

1H-NMR (400 MHz, CDCl3) δ 7.55 (2H, dd, J = 6.0, 3.2 Hz), 7.25 – 7.19 (2H, m), 2.65 (3H, s); 13C-NMR 

(101 MHz, CDCl3) δ 151.3, 138.8, 122.3, 114.7, 15.1; HRMS (ESI): Found MH+ 133.0761, C8H9N2 

requires 133.0760. Data in accordance with literature.32  

1H-Benzo[d]imidazole (2b) 

Following GP, 1H-indazole (11.8 mg, 0.1 mmol) gave, after purification by column 

chromatography on silica gel eluting with EtOAc–MeOH (4:1), benzimidazole (3.3 mg, 

28%) as a solid. Rf 0.45 [EtOAc:MeOH (4:1)];  

1H-NMR (400 MHz, DMSO-d6) δ 12.45 (1H, s), 8.21 (1H, s), 7.59 (2H, dd, J = 6.0, 3.3 Hz), 7.21–7.16 

(2H, m); 13C-NMR (101 MHz, DMSO-d6) δ 141.9, 138.0, 121.7, 115.3; GC-MS m/z (EI): 118.10 (M+), 

63.15. Data in accordance with literature.33  

2-Isopropyl-1H-benzo[d]imidazole (2g) 
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Following GP, 3-Isopropyl-1H-indazole (16, 0.10 mmol) gave, after purification 

by column chromatography on silica gel, eluting with pentane–EtOAc (4:2 to 

1:1), benzimidazole (15 mg, 94%) as a solid. Rf 0.30 [cyclohexane:EtOAc (1:1)]; 

1H-NMR (CDCl3, 600 MHz) δ 7.49 (2H, dd, J = 6.0, 3.1 Hz), 7.15 (2H, dd, J = 6.0, 3.1 Hz), 3.19 (1H, 

hept, J = 7.0 Hz), 1.40 (6H, d, J = 7.0 Hz); 13C-NMR (151 MHz, CDCl3) δ 159.7, 122.4, 29.1, 21.6; HRMS 

(EI): Found M+ 160.0999, C10H12N2 requires 160.0995. Data in accordance with literature.34  

2-Pentyl-1H-benzo[d]imidazole (2h) 

Following GP, 3-Pentyl-1H-indazole (19 mg, 0.10 mmol) gave, after 

purification by column chromatography on silica gel, eluting with pentane–

EtOAc (4:1 to 1:1), benzimidazole (19 mg, quant.) as a solid. Rf 0.37 

[pentane:EtOAc (1:1)];  

1H-NMR (CDCl3, 600 MHz) δ 7.55 (2H, dd, J = 5.8, 3.1 Hz), 7.21 (2H, dd, J = 5.8, 3.1 Hz), 2.94 (2H, t, J 

= 7.7 Hz), 1.86 (2H, p, J = 7.7 Hz), 1.38 – 1.22 (4H, m), 0.83 (3H, t, J = 7.2 Hz); 13C-NMR (151 MHz, 

CDCl3) δ 155.6, 138.6, 122.2, 114.7, 31.6, 29.5, 28.2, 22.5, 14.0; HRMS (ESI): Found MH+ 189.1384, 

C12H17N2 requires 189.1386. Data in accordance with literature.34 

2-(But-3-en-1-yl)-1H-benzo[d]imidazole (2i) 

Following GP, 3-(But-3-en-1-yl)-1H-indazole (17 mg, 0.10 mmol) gave, after 

purification by column chromatography on silica gel, eluting with pentane–

EtOAc (4:1 to 1:1), benzimidazole (13 mg, 76%) as a solid. Rf 0.34 

[pentane:EtOAc (1:1)];  

1H-NMR (600 MHz, CDCl3) δ 7.55 (2H, s), 7.22 (2H, dd, J = 6.0, 3.2 Hz), 5.92 (1H, ddt, J = 17.1, 10.3, 

6.6 Hz), 5.13 (1H, dd, J = 17.1, 1.4 Hz), 5.07 (1H, dd, J = 10.3, 1.4 Hz), 3.04 (2H, t, J = 7.5 Hz), 2.63 (2H, 

q, J = 7.4 Hz). 13C-NMR (151 MHz, CDCl3) δ 154.4, 137.0, 122.4, 116.4, 32.1, 28.8. HRMS (ESI): Found 

MH+ 173.1070, C11H13N2 requires 173.1073. Data in accordance with literature.35 

(1H-Benzo[d]imidazol-2-yl)methanol (2k)  

Following GP, (1H-indazole-2-yl)methanol (14.8 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with EtOAc–MeOH 

(4:1), benzimidazole (11 mg, 74%) as a solid. Rf 0.31 [EtOAc:MeOH (4:1)]; 

 1H-NMR (600 MHz, CD3OD) δ 7.54 – 7.50 (2H, m), 7.21 – 7.18 (2H, m), 4.83 (2H, s); 13C-NMR (151 

MHz, CD3OD) δ 156.2, 139.3, 123.3 (2C), 115.6 (2C), 58.9; HRMS (EI): Found M+ 148.0631, C8H8N2O 

requires 148.0637. Data in accordance with literature.36  
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Methyl 2-(1H-benzo[d]imidazol-2-yl)acetate (2l) 

Following GP, Methyl 3-(1H-indazol-2-yl)acetate (19 mg, 0.10 mmol) gave, 

after purification by column chromatography on silica gel, eluting with 

pentane–EtOAc (1:1 to 0:1), benzimidazole (16 mg, 84%) as an oil. Rf 0.38 

[EtOAc];  

1H-NMR (CDCl3, 400 MHz) δ 7.58 (2H, br s), 7.26 – 7.23 (2H, m), 4.09 (2H, s), 3.79 (3H, s); 13CNMR 

(101 MHz, CDCl3) δ 170.4, 146.9, 122.8, 52.8, 34.5; HRMS (ESI): Found MH+ 191.0810, C11H13O2N2 

requires 191.0815. Data in accordance with literature.37  

4-isobutyl-2-methyl-1H-benzo[d]imidazole (2m) 

Following GP, 4-isobutyl-3-methyl-1H-indazole (17 mg, 0.1 mmol) gave, 

after purification by column chromatography on silica gel eluting with 

pentane–EtOAc (8:2 to EtOAc), benzimidazole (58%) as a solid. Rf 0.12 

[pentane:EtOAc (1:9)];   

1H-NMR (600 MHz, CDCl3) δ 7.39 (1H, d, J = 8.0 Hz), 7.14 (1H, t, J = 7.6 Hz), 

7.00 (1H, d, J = 7.3 Hz), 2.77 (2H, d, J = 7.3 Hz), 2.61 (3H, s), 2.08 (1H, hept, J = 6.8 Hz), 0.87 (6H, d, J 

= 6.2 Hz). 13C-NMR (151 MHz, CDCl3) δ 150.7, 138.9, 137.8, 128.3, 122.9, 122.1, 112.4, 41.1, 29.3, 

22.7, 15.0. HRMS (ESI): Found MH+ 189.1387, C12H17N2 requires 189.1386. 

5-isopropyl-2-methyl-1H-benzo[d]imidazole (2n) 

Following GP, 5-isopropyl-2-methyl-1H-indazole (15 mg, 0.1 mmol) gave, 

after purification by column chromatography on silica gel eluting with 

pentane–EtOAc (8:2 to EtOAc), benzimidazole (56%) as a solid. Rf 0.16 

[pentane:EtOAc (1:9)];  

1H-NMR (600 MHz, CDCl3) δ 7.45 (1H, d, J = 8.2 Hz), 7.37 (1H, s), 7.11 (1H, dd, J = 8.3, 1.7 Hz), 3.02 

(1H, hept, J = 6.7 Hz), 2.61 (3H, s), 1.29 (6H, d, J = 6.9 Hz). 13C-NMR (151 MHz, CDCl3) δ 150.7, 143.7, 

131.0, 129.6, 129.0, 121.5, 114.6, 34.4, 24.7, 15.2. HRMS (ESI): Found MH+ 175.1233, C11H15N2 

requires 175.1240. 

6-cyclohexyl-2-methyl-1H-benzo[d]imidazole (2o) 

Following GP, 6-cyclohexyl-3-methyl-1H-indazole (21 mg, 0.1 mmol) 

gave, after purification by column chromatography on silica gel eluting 

with pentane–EtOAc (8:2 to EtOAc), benzimidazole (75%) as a solid. Rf 

0.12 [pentane:EtOAc (1:9)]; 
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1H-NMR (600 MHz, CDCl3) δ 7.45 (1H, d, J = 8.2 Hz), 7.36 (1H, s), 7.09 (1H, d, J = 8.2 Hz), 2.64 – 2.56 

(4H, m), 1.91 (2H, d, J = 12.0 Hz), 1.84 (2H, d, J = 12.1 Hz), 1.75 (1H, d, J = 13.3 Hz), 1.51 – 1.35 (4H, 

m), 1.28 – 1.23 (1H, m). 13C-NMR (151 MHz, CDCl3) δ 151.0, 143.0, 142.9, 122.0 121.8, 114.4, 111.9, 

44.9, 35.2, 27.2, 26.3, 15.0. HRMS (ESI): Found MH+ 215.1547, C14H19N2 requires 215.1557. 

7-benzyl-2-methyl-1H-benzo[d]imidazole (2p) 

Following GP, 7-benzyl-3-methyl-1H-indazole (22 mg, 0.1 mmol) gave, after 

purification by column chromatography on silica gel eluting with pentane–

EtOAc (8:2 to EtOAc), benzimidazole (49%) as a solid. Rf 0.12 [pentane:EtOAc 

(1:9)];  

1H-NMR (600 MHz, CDCl3) δ 7.41 (1H, d, J = 8.0 Hz), 7.24 – 7.22 (2H, m), 7.19 – 7.14 (4H, m), 6.99 

(1H, d, J = 7.3 Hz), 4.29 (2H, s), 2.46 (3H, s). 13C-NMR (151 MHz, CDCl3) δ 151.0, 140.1, 139.0, 137.5, 

128.8, 128.5, 127.1, 126.2, 122.8, 122.3, 113.0, 37.5, 14.8. HRMS (ESI): Found MH+ 223.1224, 

C15H15N2 requires 223.1230. 
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