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Resumo 

“SÍNTESE DE N-HETEROCICLOS E BLOCOS DE CONSTRUÇÃO USANDO 

ABORDAGENS MULTICOMPONENTE, FOTOQUÍMICA E ELETROQUÍMICA.” 

Reações multicomponentes e protocolos mediados por luz e eletroquímica são ferramentas 

poderosas para a síntese orgânica moderna. Além disso, elas obedecem a vários princípios da 

química verde, tais como: economia atômica, catálise, redução de resíduos, eficiência 

energética, condições brandas de reação, etc. Portanto, o desenvolvimento de novas 

metodologias sintéticas, empregando essas ferramentas poderosas, é altamente desejável e 

desafiador. O capítulo 1 descreve a eficiência do NbCl5 para a promoção de RMCs entre             

4-formilftalonitrilo, anilinas e fenilacetilenos através de um processo pericíclico de hetero-

Diels-Alder. Essa abordagem multicomponente exibiu um amplo escopo de substrato e, para 

demonstrar a versatilidade da biblioteca de ftalonitrilos, três novos derivados ftalocianínicos 

foram sintetizados e caracterizados. O capítulo 2 aborda uma metodologia livre de metais para 

a fotoarilação de piridinas e outros heterociclos (tais como quinolina e quinoxalina) com sais 

de arenodiazônio, em água, usando um fotorreator construído de forma artesanal. Essa 

abordagem fotoquímica demonstrou um amplo escopo de substrato em relação ao componente 

sal de diazônio e investigações adicionais do mecanismo reacional suportam um mecanismo 

através de um complexo EDA. Finalmente, o capítulo 3 apresenta a síntese de fluoretos de 

sulfonila através do acoplamento oxidativo eletroquímico de tióis e fluoreto de potássio. Essa 

abordagem também mostrou um amplo escopo de substrato, incluindo uma variedade de alquil, 

benzil, aril e heteroaril tióis ou dissulfetos. Além disso, estudos cinéticos e outros estudos 

adicionais foram realizados na tentativa de esclarecer o mecanismo dessa reação eletroquímica. 

 

Palavras-chave: reações multicomponentes, ftalonitrilo, fotocatálise, eletrossíntese, sal de 

arenodiazônio, complexo EDA, fluoreto de sulfonila.  
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Abstract 

“SYNTHESIS OF N-HETEROCYCLES AND BUILDING BLOCKS USING 

MULTICOMPONENT, PHOTOCHEMICAL AND ELECTROCHEMICAL 

APPROACHES.” Multicomponent reactions and protocols mediated by light and 

electrochemistry are powerful tools for modern organic synthesis. Moreover, they obey several 

principles of green chemistry such as atom economy, catalysis, waste reduction, energy 

efficiency, mild reaction conditions, etc. Therefore, the development of new synthetic 

methodologies employing these powerful tools is highly desirable and challenging. Chapter 1 

describes the efficiency of NbCl5 for the promotion of MCRs between 4-formylphthalonitrile, 

anilines, and phenylacetylenes through a pericyclic hetero-Diels-Alder process. This 

multicomponent approach exhibited a wide substrate scope and, to demonstrate the versatility 

of the phthalonitrile library, we synthesized and characterized three new phthalocyanine 

derivatives. Chapter 2 covers a metal-free methodology for the photoarylation of pyridines and 

other heterocycles (such as quinoline and quinoxaline) with aryldiazonium salts in water using 

a homemade photoreactor. This photochemical approach displayed a broad scope regarding the 

diazonium salt component and further mechanistic investigations support a mechanism through 

an EDA complex. Finally, chapter 3 outlines the synthesis of sulfonyl fluorides through 

electrochemical oxidative coupling of thiols and potassium fluoride. This approach also showed 

a wide substrate scope, including a variety of alkyl, benzyl, aryl, and heteroaryl thiols or 

disulfides. Furthermore, kinetic and other additional studies were performed in an attempt to 

clarify the mechanism of this electrochemical reaction. 

 

Keywords: multicomponent reactions, phthalonitrile, photocatalysis, electrosynthesis, 

aryldiazonium salt, EDA complex, sulfonyl fluoride.  
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1 Chapter 1 

Chapter 1 is based on our paper published in Dyes and Pigments in 2018, and it 

presents the results obtained on the development of an MCR approach for the one-pot synthesis 

of a library of phthalonitrile-quinoline dyads. Examples of phthalocyanine syntheses were 

performed to demonstrate the versatility of the new functionalized building blocks.  

 

1.1 Introduction 

1.1.1 Phthalocyanines 

The name phthalocyanine was coined by Patrick Linstead and is a combination 

of the prefix phthal, originally from the Greek naphtha (rock oil), and the word cyanine, from 

the Greek kyanos (blue).1  

Phthalocyanines (tetrabenzotetraazaporphyrins or tetrabenzoporphyrazines) are 

planar aromatic macrocycles consisting of four isoindole units linked together through nitrogen 

atoms. They possess an 18 π-electron aromatic cloud delocalized over an arrangement of 

alternated carbon and nitrogen atoms (Figure 1.1).2  

 

 

 Figure 1.1 – Chemical structure and nomenclature of the phthalocyanine core.  
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The preparation of phthalocyanines has traditionally been carried out by 

cyclotetramerization of phthalonitriles (a), but also of various other precursors, such as phthalic 

anhydrides (b), phthalimides (c), 1,3-diiminoisoindolines (d), and phthalamides (e) (Figure 

1.2).3  

 

 

Figure 1.2 – Phthalocyanine precursors: (a) phthalonitrile, (b) phthalic anhydrides, (c) 

phthalimides, (d) 1,3-diiminoisoindolines, and (e) phthalamides. 

 

An intense Q-band at 650-700 nm is present in the UV-Vis spectrum of 

metallated phthalocyanines (Figure 1.3a – red curve), which is associated with π-π* doubly 

degenerated transition 1a1u→1eg (Figure 1.3b).2,4 For metal-free phthalocyanines, the Q-band 

is split into two components (see Figure 1.3a – blue curve) due to possessing lower symmetry 

(D2h) than planar MPCs (D4h).
2,4 The UV-vis spectrum also presents a broadband near 350 nm 



 

3 
 

(the so-called Soret or B-band) due to two π-π* transitions (1a2u→1eg and 1b2u→1eg) (see Figure 

1.3a and 1.3b). Moreover, a series of vibrational components is observed near the Q-band.4 
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Figure 1.3 – (a) UV-Vis spectra of H2PC(t-butyl)8 (blue line) and ZnPC(t-butyl)8 (red line) in 

EtOAc.5 (b) Schematic representation of the energy levels and transitions (Q- and B-bands) in 

a metallated phthalocyanine.2,4 

 

Obviously, it is noteworthy that the electronic characteristics can be influenced 

by parameters such as the nature and position of the peripheral substituents, the nature and 

oxidation state of the central atom, the extent of the conjugation in the macrocycle system, and 

deviations from planarity.4,6 For example, Furuyama et al. (2014) synthesized a series of PCs 

that absorb and emit in the near-infrared region using chalcogen elements (S, Se, and Te) and 

pnictogen elements (P, As, and Sb) as peripheral and central (core) substituents, respectively.7  

Due to their remarkable properties, PCs have applications in many different 

fields. Initially, these compounds were used as dyes and pigments in the textile, printing, and 

paint industries due to their high thermal stability and low reactivity and solubility.8,9 PCs and 

MPCs have been used more recently in high-tech applications such as semiconductor 

(a) (b) 
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materials,10-12 solar cells,13 liquid crystals,14,15 catalysis,16,17 and others.18-22 Moreover, these 

compounds have also been studied and employed as photosensitizers in photodynamic 

therapy.21,23-25  

Unsubstituted PCs in the α- and β-positions of the macrocycle (see Figure 1.1) 

have negligible solubility in the most common organic solvents (DMSO, THF, DMF, etc.) and 

in water. In fact, even highly aromatic organic solvents such as 1-chloronaphthalene and 

quinoline do not yield solutions with concentrations greater than 10-5 M. Sulfuric acid (> 8 M) 

is the only effective solvent to solubilize these compounds. However, protonation of the         

aza-nitrogens alters the properties of the macrocycle and limits the usefulness of these solutions. 

For example, a strong bathochromic shift in the Q-band (ca. 80–120 nm) can be observed when 

the aza-nitrogens are protonated.3 

The low solubility of unsubstituted PCs can be mainly attributed to the extreme 

hydrophobicity of the aromatic core and planarity of the PC,3 which favors the occurrence of 

non-covalent attractive interactions (especially π-π stacking interactions, but also van de Waals 

forces and, in particular cases more specific interactions, such as hydrogen bonds) between the 

electronic clouds of the aromatic system, leading to the formation of dimers, trimers and   

higher-order structures in solution, a phenomenon well-known as aggregation.26 This 

phenomenon depends on concentration, temperature, nature of the substituents and solvents, 

and complexed metal ions.26 

The structure of PCs can be modified by the replacement of the central atom, 

introduction of substituents into the peripheral and non-peripheral positions of the macrocycle, 

replacement of the meso-atoms, and substitution of the core isoindole nitrogen(s) by other 

elements (Figure 1.4).8,9,27 Obviously, the modification of the PC core allows the tuning of their 

properties, e.g., chemical, optical, electrochemical, coordination, etc.4,28 
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Figure 1.4 – Phthalocyanine core functionalizations. 

 

Among the above-mentioned strategies, the introduction of substituents at the 

peripheral (β) and/or non-peripheral (α) positions of the macrocycle, and the use of transition 

metal cations of octahedral coordination geometry are the most effective manners of not only 

reducing aggregation but also increasing the solubility of PC compounds.29 

Peripheral substituents can be introduced into the PC core by using two 

approaches: direct modification of the macrocycle (e.g., electrophilic aromatic substitution 

reactions) or cyclotetramerization of an already substituted precursor.9 

The first approach usually results in the formation of complex regioisomeric 

mixtures from which the desired product can be isolated only with considerable difficulty and 

also in low yield, which is due to the drastic reaction conditions employed.3 However, such 

problems have been circumvented through the use of cross-coupling chemistry.30-33 

The second approach permits the introduction of a controlled number of 

substituents into the phthalocyanine core. Thus, through this approach, it is possible to obtain 

functionalized PCs in the peripheral (β) and/or non-peripheral (α) positions of the macrocycle 

and these analogs have improved photophysical, photochemical, and biological properties.9 In 

this context, multicomponent reactions should be very useful for the synthesis of these PC 
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precursors (building blocks), providing extended conjugation and, at the same time, 

functionalities that can help to decrease or suppress aggregation. 

 

1.1.2 Proposed mechanism for the formation of PC macrocycle 

Although it is difficult to gain a detailed understanding of the reaction 

mechanism due to the different conditions employed in the synthesis of these compounds, in 

some synthetic routes the intermediates were isolated and their structures characterized by 

spectroscopic and spectrometric analyses including IR, X-ray diffraction, 1H and 13C-NMR, 

and MS.34-38 

A proposed mechanism to explain the formation of PC macrocycle from 

phthalonitriles in a reaction medium containing an alcohol and its alkoxide is presented in 

Scheme 1.1.35,36,39 

In this stepwise mechanism, alcohol is first deprotonated by a non-nucleophilic 

base, such as DBU or DBN, to give alkoxide ions (nucleophile), which carries out a nucleophilic 

attack at the cyano group of the phthalonitrile 1.1, thus giving the isoindole derivative 1.2 

(monomeric intermediate),40 which is in equilibrium with intermediate 1.3. Then, intermediate 

1.2 (nucleophile) reacts with another molecule of phthalonitrile 1.1 to form the dimeric 

intermediate 1.4, which can coordinate with metal cations and self-condense or react 

sequentially with two other molecules of phthalonitrile 1.1 to produce intermediate 1.5. Finally, 

intermediate 1.5 is subsequently aromatized with the loss of alkoxy groups giving aldehydes or 

alcohol forms (identified by mass spectrometry),41 to produce phthalocyanine 1.6. 
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Scheme 1.1 – Formation of PC macrocycle by a stepwise mechanism. 

 

It is noteworthy that the monomeric intermediate 1.7, the dimeric lithium salt 

1.8, and the nickel complexes 1.9-1.11 were also isolated and identified in methodologies in 

which the solvent used was an alcohol (Figure 1.5),34,35,41,42 supporting the proposed 

mechanism. 
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Figure 1.5 – Some isolated intermediates in PC synthesis. 

  

A concerted mechanism has also been proposed to explain the formation of PC 

macrocycle in solid-state reactions (without solvent or other additives) (Scheme 1.2).43 In this 

mechanism, initially, four units of phthalonitrile (1.12) coordinate with the metal ion forming 

a complex (1.13), which leads to the formation of the macrocycle (1.14). 

 

 

Scheme 1.2 – Formation of PC macrocycle by metal-induced coordination of the four 

phthalonitrile units (a concerted mechanism). 

 

1.1.3 Phthalonitriles 

Phthalonitriles (1,2-dicyanobenzenes) are mainly known to be phthalocyanine 

precursors,3 but also have several desirable physical and chemical properties for technological 
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applications. Phthalonitrile-based resins have applications such as adhesives, thin films, 

composite matrices, high-performance polymers, and electrical conductors.44-49 Recently, it has 

also been reported that a series of C4-substituted phthalonitriles are potent reversible inhibitors 

of recombinant human monoamine oxidase B (MAO-B).50,51 Also, two other phthalonitrile 

derivatives containing pharmacophore groups like morpholine and triazole in the same 

molecule or an aminopyrazole group showed interesting inhibition profiles against enzymes (or 

isozymes) such as xanthine oxidase (XO) and the human carbonic anhydrases I and II (hCA-I 

and hCA-II), respectively.52,53  

Phthalonitriles can be synthesized from the other ortho-phthalic acid derivatives. 

A stepwise progression from the dicarboxylic acid is as follows: dicarboxylic acid → anhydride 

→ imide → diamide → phthalonitrile (the so-called acidic route to substituted phthalonitriles).3 

The reaction pathway involves the ammonolysis of dicarboxylic acid followed by dehydration 

of the resulting diamide to give the phthalonitrile.54 Examples of the application of this synthetic 

approach are shown in Schemes 1.3 and 1.4 for the synthesis of 4,5-dichlorophthalonitrile 

(1.19) and 4-trimethylsilyl-phthalonitrile (1.26), respectively.55  

 

 

Scheme 1.3 – Synthesis of 4,5-dichlorophthalonitrile. 
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Scheme 1.4 – Synthesis of 4-trimethylsilyl-phthalonitrile. 

 

The Rosenmund-von Braun reaction is a very popular method for preparing 

nitriles such as phthalonitriles.3 In these reactions, phthalonitriles are obtained by refluxing 

aromatic vicinal dihalides (usually 1,2-dibromobenzenes) in the presence of an excess of CuCN 

in a polar high-boiling point solvent such as N,N-dimethylformamide, pyridine or nitrobenzene. 

However, the reaction conditions employed to obtain these compounds favor the formation of 

the corresponding CuPCs as a by-product, as well as other by-products that can be formed with 

the other functionalities present in the dihalides, which explains the low yields observed in the 

synthesis of many phthalonitriles by this method.3,54 

As shown in Scheme 1.5 below, the Rosenmund-von Braun reaction was used 

in the last step of the synthetic route to convert 1-alkyl-5,6-dibromobenzoimidazoles (1.32) to 

1-alkyl-5,6-dicyanobenzoimidazoles (1.33).56 
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Scheme 1.5 – Synthesis of 1-alkyl-5,6-dicyanobenzoimidazoles. 

 

Phthalonitriles, naphthalonitriles or other aromatic ortho-dinitriles can also be 

synthesized by the Diels-Alder reaction or other cycloaddition reactions.3 Although not widely 

used for this purpose, the Diels-Alder reaction is suitable for the synthesis of polysubstituted 

six-membered rings, such as phthalonitriles. For example, tetrasubstituted phthalonitriles 1.37 

were obtained by the reaction between tetrasubstituted cyclopentadienones (1.34) (dienes) and 

2-chloromaleonitrile (1.35) (dienophile). This Diels-Alder reaction affords the intermediate 

1.36 which aromatizes after CO extrusion and HCl elimination (Scheme 1.6).3,57 

 

 

Scheme 1.6 – Synthesis of tetrasubstituted phthalonitriles via Diels-Alder chemistry. 

 

A Diels-Alder reaction has also been used in the preparation of acetylenic 

phthalonitriles (1.41a and 1.41b), as shown in Scheme 1.7 below. This cycloaddition reaction 

between dicyanoacetylene (1.39) (dienophile) and conjugated dimethylenehexadiynes (1.38a 

and 1.38b) (dienes) leads to the intermediates 1.40a and 1.40b which are oxidized in the 

presence of DDQ to give the phthalonitriles 1.41a and 1.41b, respectively.3,58,59 
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Scheme 1.7 – Synthesis of acetylenic phthalonitriles via Diels-Alder chemistry. 

 

A recent approach for the synthesis of phthalonitriles involves the transition 

metal-catalyzed cyanation of aryl triflates/nonaflates.3 In these reactions, the reagent system is 

comprised of a cyanide source (usually KCN or Zn(CN)2) and a palladium(0) or nickel(0) 

catalyst in the presence of a ligand.3 

In a study by Drechsler et al. (1999), the synthesis of phthalonitrile 1.49 was 

performed from the protected catechol 1.42 (Scheme 1.8).3,60 Initially, 1.42 was converted to 

protected alkyl catechol 1.44 using n-BuLi and the alkyl bromide 1.43 (directed ortho 

metalation). Then the ortho ester group in the resulting alkyl catechol 1.44 was converted into 

the methyl ester 1.46 in two steps, the first being an acid-catalyzed ring-opening of the bicyclic 

system to the dihydroxy ester 1.45, and the second being a re-esterification in methanol to give 

1.46. Next, the ketal group of 1.46 was cleaved at r.t. using a TFA/H2O mixture (95: 5), leading 

to the formation of the catechol 1.47. Finally, the hydroxyl groups of 1.47 were first converted 

to triflates and subsequently replaced by cyanide using Zn(CN)2 and a Pd2(dba)3/dppf catalyst 

to give the phthalonitrile 1.49. 
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Scheme 1.8 – Synthesis of 3-(4-methyloxycarbonyl)butylphthalonitrile. 

 

Functionalized phthalonitriles can also be prepared by modification of 

preexisting phthalonitrile molecules.3 This approach is relevant because a considerable number 

of substituted phthalonitriles and naphthalonitriles bearing chemically versatile groups are 

commercially available.3 In addition, simpler phthalonitriles can be easily synthesized from 

inexpensive commercially available starting materials using one of the aforementioned 

methods. 

The most widely used reactions employed in the modification of substituted 

phthalonitriles and naphthalonitriles are nucleophilic aromatic substitution reactions.3  

An example of an efficient SNAr reaction was reported by Ng et al. (1999) 

(Scheme 1.9).61 Treatment of phenols 1.51 with 4-nitrophthalonitrile (1.50) in dry DMF in the 

presence of anhydrous K2CO3 resulted in the formation of desired dendritic phthalonitriles 

(1.52a-c) in 76–88% yields. These phthalonitriles were later cyclotetramerized to PCs that are 

essentially non-aggregated in organic solvents.61 
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Scheme 1.9 – Preparation of dendritic phthalonitriles. 

 

Gök et al. (2016) also reported the functionalization of nitrophthalonitriles with 

a hydroxycoumarin employing SNAr reactions (Scheme 1.10).62 The authors first synthesized 

7-hydroxy-3-biphenylcoumarin (1.55) via Perkin-Oglialoro condensation of 4-biphenylacetic 

acid (1.54) with 2,4-dihydroxybenzaldehyde (1.53) in the presence of NaOAc/Ac2O. Treatment 

of coumarin 1.55 with nitrophthalonitriles 1.50 and 1.56 in dry DMF in the presence of 

anhydrous K2CO3 resulted in the formation of functionalized phthalonitriles 1.57 and 1.58 in 

75 and 80% yields, respectively. These phthalonitriles were later cyclotetramerized to H2PCs 

and MPCs (Zn, Co, and InCl).62 
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Scheme 1.10 – Preparation of functionalized phthalonitriles 1.57 and 1.58. 

 

An alternative approach for functionalizing phthalonitriles is through palladium-

catalyzed cross-coupling reactions such as Sonogashira, Suzuki, Stille, and Heck–Cassar (also 

known as the Heck alkynylation or Cu-free Sonogashira reaction).3 These coupling reactions 

are advantageous because they often proceed with high yield and are tolerant to a variety of 

functional groups present in the starting phthalonitriles. Examples of such reactions are 

illustrated in Schemes 1.11–1.14.63-66 
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Scheme 1.11 – Pd-Catalyzed Sonogashira coupling reaction of 3-ethynylthiophene with      

4,5-dichlorophthalonitrile. 

 

 

Scheme 1.12 – Pd-Catalyzed Suzuki coupling reaction of phenylboronic acids with            

4,5-dichlorophthalonitrile. 

 

 

Scheme 1.13 – Pd-catalyzed Stille coupling reaction of organostannanes with                         

4-iodophthalonitrile. 
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Scheme 1.14 – Pd-Catalyzed Heck–Cassar coupling reaction of terminal alkynes with        

4,5-diiodophthalonitrile. 

 

It is clear from the above examples that cross-coupling reactions are a powerful 

tool for functionalizing phthalonitriles. However, these methodologies are not always            

cost-competitive and not easily scalable. 

Functionalized phthalonitriles can also be prepared by halogenation of a 

commercially available substrate followed by SNAr reactions or transition metal-catalyzed 

cross-coupling reactions. In addition, functionalized phthalonitriles can be prepared by 

modifying sulfonated phthalonitriles or 2,3-dicyanohydroquinone derivatives.3 

Finally, there are a variety of methods that can be used to synthesize or 

functionalize phthalonitriles. However, the functionalization of these compounds through 

MCRs, as described in this thesis, was not previously reported in the literature. The synthetic 

route established here for the preparation of functionalized phthalonitriles should be useful for 

the synthesis of these important building blocks. 
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1.2 Results and discussion 

1.2.1 Synthesis of 4-formylphthlonitrile (1.77) 

Initially, the synthesis of 4-formylphthlonitrile (1.77) was planned as described 

in Scheme 1.15,67-69 starting from 4-bromobenzaldehyde (1.74) which was nitrated at the             

3-position with sodium nitrate in a mixture of concentrated sulfuric acid at 70 ºC to give                 

4-bromo-3-nitrobenzaldehyde (1.75). In the next step, reduction of the nitro group of 1.75 with 

an SnBr2 solution (generated in situ from Sn0 and HBr) followed by diazotization and reaction 

with CuBr (Sandmeyer reaction) gave 1.76. Finally, compound 1.76 was transformed into the 

4-formylphthalonitrile (1.77) by the Rosenmund-von Braun reaction. 

 

 

Scheme 1.15 – Synthetic route of 4-formylphthalonitrile. 

 

The results obtained in our study together with those reported previously are 

summarized in Table 1.1.67-69 

Analyzing the results shown in Table 1.1, it is evident that compounds 1.75-1.77 

were synthesized with similar and optimized yields over those previously reported in the 

literature. Moreover, the synthetic route used herein could be scaled-up without loss of yield. 
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Table 1.1 – Results obtained and reported for the synthesis of compounds 1.75-1.77. 

Entry Compound 
Starting material 

(g) 

Product 

(g) 

Yield 

(%)[a] 
Reference 

1 

1.75 

10 11.5 93 Swoboda et al.69 

2 4 4.5 90 This study 

3 10.1 11.6 92 This study 

4 

1.76 

10.5 8.1 68 Swoboda et al.69  

5 2.1 1.9 79 This study 

6 10.6 10.1 83 This study 

7 

1.77 

4.3 1.15 46 Schweikart et al.67 

8 4.3 1.3 53 An et al.68 

9 1 0.26 43 This study 

10 4.4 1.57 60 This study 

[a]Isolated yields. 

 

1.2.2 Synthesis of phthalonitrile derivatives (1.80a-q) 

After the synthesis and characterization of phthalonitrile 1.77, it was used 

together with substituted anilines (1.78a-g) and phenylacetylenes (1.79a,b) in MCRs promoted 

by NbCl5 to obtain the phthalonitriles 1.80a-i (Table 1.2). 
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Table 1.2 – Synthesis of phthalonitriles 1.80a-i.[a] 

 

Entry Aniline Product R1 R2
 Yield (%)[f] 

1[b] 1.78a 1.80a H H 0 

2[c] 1.78a 1.80a H H 26 

3[d] 1.78a 1.80a H H 29 

4 1.78a 1.80a H H 40 

5[d] 1.78b 1.80b F H 42 

6 1.78b 1.80b F H 76 

7[e] 1.78c 1.80c Cl H 6 

8[d] 1.78c 1.80c Cl H 49 

9 1.78c 1.80c Cl H 80 

10[d] 1.78d 1.80d OMe H 52 

11 1.78d 1.80d OMe H 75 

12[d] 1.78e 1.80e NO2 H 41 

13 1.78e 1.80e NO2 H 55 

14 1.78f 1.80f Et H 75 

15 1.78g 1.80g O-n-Dec H 76 

16 1.78d 1.80h OMe n-pentyl 70 

17 1.78g 1.80i O-n-Dec n-pentyl 81 

[a]Conditions: 4-formylphthalonitrile (1.77) (0.5 mmol), aniline derivatives (1.78a-g) (0.5 mmol), 

phenylacetylenes (1.79a,b) (0.55 mmol), NbCl5 (50 mol%), p-chloranil (0.55 mmol) in CH3CN (5 

mL) were heated in a glass pressure tube at 100 ºC for 24 h.  

[b]The reaction was carried out in the absence of NbCl5 and p-chloranil at room temperature.  

[c]The reaction was carried out in the absence of p-chloranil at r.t. for 96 h.  

[d]The reaction was carried out in the absence of p-chloranil.  

[e]The reaction was carried out in the absence of NbCl5.  

[f]Isolated yields. 
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We initially tested 4-formylphthalonitrile (1.77) and phenylacetylene (1.79a) as 

model substrates to explore the aniline scope. When the MCR was carried out with aniline 

(1.78a) in the absence of NbCl5 and p-chloranil at r.t. for 24 h, the desired phthalonitrile (1.80a) 

was not obtained (Table 1.2, entry 1). The formation of an imine (an intermediate isolable in 

this MCR) was detected. When the same MCR was carried out in the presence of NbCl5 at r.t. 

for 96 h, the phthalonitrile 1.80a was obtained in 26% yield (entry 2). A similar result (29%) 

was observed when the MCR was performed at 100 °C for 24 h (entry 3). However, when 

NbCl5 and p-chloranil were used together also at 100 °C for 24 h, the compound 1.80a was 

obtained in 40% yield (entry 4). Interestingly, when the MCR was carried out with aniline 1.78c 

and p-chloranil (without NbCl5), the phthalonitrile 1.80c was obtained in 6% yield (entry 7). 

Similar results had already been reported by Nanni and co-workers (1992, 1993) for the 

synthesis of 2,4-diphenylquinolines from imines and phenylacetylene under oxidizing 

conditions.70,71  

It is also clear from Table 1.2 that anilines which contain either electron-donating 

or electron-withdrawing groups can be tolerated in this MCR (entries 5, 6, and 8–17) with no 

evident changes in yield. For example, the MCRs carried out with the substituted anilines 

1.78b-e in the presence of the NbCl5/p-chloranil system at 100 °C for 24 h provided the 

phthalonitriles 1.80b-e in yields ranging from 55 to 80% (entries 6, 9, 11, and 13). These results 

are better than those obtained using only NbCl5 under the same conditions (41–52%, Table 1.2, 

entries 5, 8, 10, and 12). In addition, the MCRs carried out with the anilines 1.78f,g and 

phenylacetylene (1.79a) or 1.78d,g and 1-ethynyl-4-pentylbenzene (1.79b) in the presence of 

the NbCl5/p-chloranil system at 100 °C for 24 h afforded the compounds 1.80f-i in 70–81% 

yields (entries 14–17). 

Subsequently, we used 4-formylphthalonitrile (1.77) and 4-chloroaniline (1.78c) 

as model substrates to explore the phenylacetylene scope (Table 1.3). 
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Table 1.3 – Synthesis of phthalonitriles 1.80j-p.[a] 

 

Entry Acetylene Product R2 Yield (%)[b] 

1 1.79b 1.80j n-pentyl 80 

2 1.79c 1.80k n-butyl 73 

3 1.79d 1.80l tert-butyl 79 

4 1.79e 1.80m OMe 78 

5 1.79f 1.80n Me 80 

6 1.79g 1.80o F 79 

7 1.79h 1.80p CO2Me 57 

[a]Conditions: NbCl5 (50 mol%), p-chloranil (0.55 mmol), 4-formylphthalonitrile (1.77) (0.5 mmol), 

4-chloroaniline (1.78c) (0.50 mmol) and phenylacetylene derivatives (1.79b-h) (0.55 mmol) in 

CH3CN (5 mL) at 100 ºC for 24 h. 

[b]Isolated yields. 

 

Aniline 1.78c was selected due to its efficiency in the MCR, as previously 

demonstrated (80%, Table 1.2, entry 9). It was found that substituted phenylacetylenes       

(1.79b-g) were suitable substrates for this MCR (Table 1.3), and the expected phthalonitriles 

(1.80j-o) were obtained in 73–80% yields (entries 1–6) using the NbCl5/p-chloranil system at 

100 °C for 24 h. Notably, when phenylacetylene 1.79h (R2 = CO2Me) was used in the MCR 

under the same conditions, the phthalonitrile 1.80p was obtained in only 57% yield (entry 7), 

possibly due to the strong electron-withdrawing and mesomeric effect of the ester group. 

Furthermore, we have successfully performed a scaled-up experiment of 1.77 (2.5 mmol) with 
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1.78c and 1.79a using the same conditions established in Table 1.2 (entry 9), and obtained 640.2 

mg of 1.80c in 70% yield (see Section 1.4.6). 

Intriguingly, the literature suggests that these reactions proceed through a 

stepwise pathway involving the propargylamine A as a key intermediate (Scheme 1.16a),72-79 

or by a concerted pathway (not proven).70,80 

To obtain our own insight into the mechanism of this MCR, a deuterium labeling 

experiment using phenylacetylene-d (99% atom D) (1.79i) with 4-formylphthalonitrile (1.77) 

and 4-chloroaniline (1.78c) was carried out under the same reaction conditions, as described in 

Table 1.3. To our delight, the deuterated phthalonitrile 1.80q was obtained as a single product 

in 74% yield, showing that C–D bond rupture does not occur during the MCR. Unsurprisingly, 

the same reaction with anhydrous FeCl3 (50 mol%) also provided the deuterated phthalonitrile 

1.80q as single product (66% yield), thus supporting a concerted pericyclic mechanism and 

refuting a stepwise mechanism as shown in Scheme 1.16a. Thereby, we propose the initial 

formation of an imine between formylphthalonitrile 1.77 and the substituted anilines 1.78 

promoted by NbCl5. This is followed by a hetero-Diels-Alder reaction with the 

phenylacetylenes 1.79 also promoted by NbCl5. Finally, the dihydroquinoline intermediate is 

oxidized by p-chloranil to the phthalonitrile-quinoline dyads 1.80 (Scheme 1.16b). 

As illustrated in the 1H NMR spectrum of phthalonitrile 1.80c (Figure 1.6a), the 

H-3 signal of the quinoline nucleus appearing at δ 7.86 ppm (singlet, 1H) is absent in the 

spectrum of the deuterium-labeled phthalonitrile 1.80q (Figure 1.6b). The structure of 1.80q 

was confirmed by HRMS with a molecular ion peak at m/z 367.0865 [M (deuterated) + H]+ 

(Figure 1.7b). 

After optimizing the methodology, testing the scope, and elucidating the 

mechanism of this NbCl5 mediated MCR, we demonstrated the versatility of selected 

phthalonitrile-quinoline dyads as precursors to synthesize novel phthalocyanines (see Section 

1.2.3 below). 
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Scheme 1.16 – (a) Mechanism proposed by Cao et al.72 (b) Our mechanistic proposal based 

on experimentation. 
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Figure 1.6 – 1H NMR (400 MHz) spectra in CDCl3 of 1.80c (a) and 1.80q (b). 

 

 

Figure 1.7 – Comparison of HRMS spectra of 1.80c (a) and 1.80q (b). 

 (a) 

 (b) 

  (a) 

  (b) 
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1.2.3 Synthesis of zinc phthalocyanine-quinoline dyads (1.81a-c) 

ZnPCs 1.81a-c were prepared by cyclotetramerization of phthalonitriles      

1.80g-i, respectively, in the presence of Zn(OTf)2 and HMDS, in DMF at 130 °C for 24 h 

(Scheme 1.17).81 The compounds 1.81a-c were obtained in 54–64% yields as non-separable 

regioisomeric mixtures. Phthalonitriles 1.80g-i do not yield PCs using standard methodologies 

such as heating with Zn(OAc)2 in DMAE.82  

The 1H NMR spectra of ZnPCs 1.81a-c (see Section 4.1.20–22, Figures         

4.54–56) show that the peaks are broadened due to the presence of regioisomers and the slight 

aggregation in solution at the concentrations used for the NMR. The structures of ZnPCs   

1.81a-c were confirmed by MALDI-TOF mass spectrometry (see Figures S82–S84 of SI in the 

article).83 In order to measure the preliminary photophysical properties of these new dyads, 

aggregation, fluorescence, and photodegradation studies were performed as described below.  

 

 

Scheme 1.17 – Synthesis of zinc phthalocyanine-quinoline dyads (1.81a-c). 
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1.2.4 Aggregation, photobleaching and photophysical properties of zinc 

phthalocyanine-quinoline dyads (1.81a-c) 

 

The UV-Vis spectra of dyads 1.81a-c show intense Q band absorption in THF at 

695 nm. Compared with the unsubstituted zinc phthalocyanine (666 nm), the Q bands of ZnPCs 

1.81a-c are red-shifted by 29 nm, showing the effect of the extended π-system (quinoline 

moieties). 

The aggregation behavior of the ZnPCs 1.81a-c was studied by concentration-

dependent UV-Vis spectral measurements in THF at room temperature. As observed for 

compound 1.81a (Figure 1.8), the intensity of the Q-band absorption increased with the 

concentration without producing new bands (normally blue-shifted). The bands perfectly 

followed Lambert-Beer’s law (Figure 1.8 inset plot), suggesting no aggregation in this solvent 

at the concentrations tested. Similar behavior was found for ZnPCs 1.81b and 1.81c (see Section 

1.4.8, Figures 1.11 and 1.12). 
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Figure 1.8 – Aggregation behavior of ZnPc 1.81a in THF at different concentrations. The 

inset plots the Q band absorption at 695 nm vs. the concentration of 1.81a. 
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Fluorescence measurements were studied under identical conditions in degassed 

THF at r.t. (Figure 1.9). Upon excitation at 630 nm, fluorescence emissions at 705 nm were 

found for all compounds, with the quantum yields of 0.16 (ZnPC 1.81a) and 0.15 (ZnPCs 1.81b 

and 1.81c) relative to ZnPC standard (ΦF = 0.25 in THF),84 and Stokes shifts of 10 nm (Table 

1.4).  
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Figure 1.9 – Normalized emission spectra for Std-ZnPc (black line), 1.81a (red line), 1.81b 

(blue line) and 1.81c (green line). 

 

Table 1.4 – Photophysical parameters of ZnPCs 1.81a-c in THF. 

ZnPc λ (nm) (log ε) λem
[a] (nm) Stokes (nm) ΦF

[b] 

1.81a 357 (5.14), 626 (4.89), 695 (5.59) 705 10 0.16 

1.81b 355 (5.05), 626 (4.77), 695 (5.50) 705 10 0.15 

1.81c 355 (5.19), 626 (4.92), 695 (5.63) 705 10 0.15 

[a]Excited at 630 nm. All the emission analyses were carried out in degassed THF at r.t.  

[b]Relative to Std-ZnPc in THF as the reference (ΦF = 0.25).84 
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The photobleaching studies (example in Figure 1.10 for ZnPC 1.81a) were also 

performed in THF, and the ZnPCs 1.81a-c showed no significant degradation after irradiation 

for 2 h with a white LED lamp (30 W) (see Section 1.4.11, Figures 1.15 and 1.16). 
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Figure 1.10 – Photobleaching study of ZnPc 1.81a in THF. 
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1.3 Conclusion 

We have developed a multicomponent approach for the synthesis of 

phthalonitrile-quinoline dyads by the reaction of 4-formylphthalonitrile, anilines, and 

phenylacetylenes in acetonitrile at 100 ºC for 24 h in the presence of NbCl5 and p-chloranil. 

The methodology describes the scope (17 examples, 40–81% yield) and scalability for the 

preparation of the phthalonitrile-quinoline dyad 1.80c on a 600 mg-scale. Experimental 

mechanistic insights on the key MCR process are described, using a deuterated reagent, clearly 

showing the pericyclic nature of a hetero-Diels-Alder reaction between imines (generated in 

situ from anilines and 4-formylphthalonitrile) and phenylacetylenes.  

To show the versatility of our phthalonitrile library, we have also synthesized 

three new zinc phthalocyanine derivatives and measured their photophysical properties 

including UV-Vis absorption spectra, fluorescence emissions, molar absorption coefficients, 

Stokes shifts and the relative fluorescence quantum yields in THF solution. The aggregation 

behavior of the ZnPCs in THF was investigated by concentration-dependent UV-Vis 

measurements (from 5.4 x 10-6 M to 0.6 x 10-6 M) and no aggregation was observed in this 

concentration range. Finally, photobleaching studies were also performed in THF and no 

significant degradation of ZnPCs occurred after continuous irradiation with a white LED lamp 

(30 W) for 2 h, which showed high resistance to photobleaching. 
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1.4 Experimental 

1.4.1 Chemicals and materials 

The niobium pentachloride was supplied by Companhia Brasileira de Metalurgia 

e Mineração (CBMM, Brazil) and used as received. All the other reagents were purchased from 

Sigma-Aldrich or Synth (Brazil) and used as supplied. Anhydrous potassium carbonate was 

dried at 110 ºC for 12 h before use. Tetrahydrofuran was distilled over sodium/benzophenone 

before use, degassed by bubbling argon through it and stored over molecular sieves (4 Å). 

Aniline, acetonitrile, and N,N-dimethylformamide were dried with calcium hydride, distilled 

following standard protocols85 and stored over molecular sieves (4 Å) under an argon 

atmosphere. Bis(trimethylsilyl)amine was distilled and stored over molecular sieves (4 Å) 

under an argon atmosphere. Analytical thin-layer chromatography (TLC) was performed on 

Merck aluminum sheets coated with silica gel 60 F254 and visualized with ultraviolet light (254 

or 366 nm) or heating with TLC stains. Gravity column chromatography was performed on 

silica gel (70-230 mesh, 63-200 µM, pore size 60 Å, Merck), and flash column chromatography 

was performed on silica gel (230-400 mesh, 40-63 µM, pore size 60 Å, Merck). 

 

1.4.2 Equipment 

1H NMR, 13C NMR, and DEPT-135 spectra were recorded on a Bruker Avance 

III 400 (operating at 400.15 and 100.62 MHz for 1H and 13C, respectively) or 600 (operating at 

600.23 and 150.93 MHz for 1H and 13C, respectively) spectrometers with tetramethylsilane as 

the internal reference and CDCl3 or CDCl3/DMSO-d6 as solvents. All coupling constants            

(J values) are reported in hertz. The following abbreviations were used to describe NMR peak 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, etc. All NMR data 
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were processed using the MestReNova 9.0.1 software package. FT-IR spectra were recorded 

on a Shimadzu IR Prestige-21 spectrophotometer using KBr pellets in the range of 4000-400 

cm-1. UV-Vis absorption spectra were recorded on a Perkin Elmer Lambda 25 

spectrophotometer using 1 cm optical length quartz cuvettes at 25 ºC and tetrahydrofuran 

(HPLC grade) as the solvent. The fluorescence spectra were recorded on a Shimadzu                    

RF-5301PC spectrofluorophotometer using 1 cm optical length cuvettes at 25 ºC and degassed 

tetrahydrofuran (HPLC grade) as the solvent. EI-MS spectra were acquired at 70 eV on a 

Shimadzu GCMS-QP5000 mass spectrometer coupled with a Shimadzu GC-17A gas 

chromatograph. HRMS (ESI-TOF) spectra were registered in a positive ion mode on a Bruker 

Daltonics (Impact HD) UHR-QqTOF (Ultra-High Resolution Qq-Time-Of-Flight) mass 

spectrometer. HRMS (MALDI-TOF) spectra were obtained on a Bruker Daltonics 

Ultraflextreme MALDI-TOF/TOF mass spectrometer in positive reflector mode using                   

α-cyano-4-hydroxycinnamic acid as the matrix. All melting points were determined on a 

MicroquímicaTM MQRPF-301 apparatus. The organic solvents were evaporated using a Büchi 

Rotavapor R-215 at 40 ºC. 

 

1.4.3 Procedure for synthesis of 4-Formylphthalonitrile (1.77) 

Phthalonitrile 1.77 was prepared in three steps by previously reported 

procedures.68,69 Nitration of commercially available 4-bromobenzaldehyde (1.74) with a 

mixture of H2SO4 and NaNO3 yielded 4-bromo-3-nitrobenzaldehyde (1.75) in 92% yield (11.58 

g, 50.34 mmol). 3,4-Dibromobenzaldehyde (1.76) was then obtained in 83% yield (10.09 g, 

38.23 mmol) by the reduction with tin(II) bromide (generated in situ from Sn0 and HBr), 

followed by diazotization and reaction with CuBr (Sandmeyer reaction). Finally, 

dibromobenzaldehyde 1.76 was converted into 1.77 by the Rosenmund-von Braun reaction 

(CuCN) in 60% yield (1.57 g, 10.05 mmol).  
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Mp: 138–140 ºC (Lit.86 138 ºC). 1H NMR (CDCl3, 400.15 MHz, ppm): δ 

10.13 (s, 1H, CHO), 8.34 – 8.29 (m, 1H), 8.24 (dd, J = 8.0, 1.6 Hz, 1H), 

8.04 (d, J = 8.0 Hz, 1H). 13C NMR (CDCl3, 100.62 MHz, ppm): δ 188.3 

(CHO), 138.8, 134.5, 133.8, 133.3, 120.3, 117.2, 114.6 (CN), 114.4 (CN). 13C NMR (DEPT-

135) (CDCl3, 100.63 MHz, ppm): δ 134.5, 133.8, 133.3. FT-IR (KBr, cm-1): ν = 3105, 3071, 

2878 (CHO), 2234 (C≡N), 1709 (C=O), 1597, 1381, 1194, 1096, 945, 851, 752, 530. EI-MS 

(m/z (%)): 156 (54) [M+], 155 (100) [M+ – H], 127 (38) [M+ – CHO], 100 (21), 75 (20), 50 (25).  

 

1.4.4 Procedure for synthesis of 4-(Decyloxy)aniline (1.78g) 

Aniline 1.78g was prepared in two steps following reported procedures with 

some slight modifications.87,88  

 

I. Alkylation of the phenol: A mixture of 4-nitrophenol (3.48 g, 0.025 mol), K2CO3 (13.8 g, 

0.1 mol) and 1-bromodecane (7.8 mL, 0.0375 mol) in cyclohexanone (50 mL) was stirred under 

reflux for 3 h. The resultant reaction mixture was filtered to separate the K2CO3 and then the 

cyclohexanone was distilled off under reduced pressure. The residue obtained was purified by 

silica gel column chromatography (hexane/EtOAc, 9:1 v/v) to afford a yellow oil that was 

crystallized from ethanol to give 1-(decyloxy)-4-nitrobenzene in 93% yield (6.48 g, 23.2 

mmol). 

 

II. Hydrogenation of the aromatic nitro group: 1-(decyloxy)-4-nitrobenzene (1 g, 3.58 

mmol) was dissolved in dry THF (5 mL) and 10% Pd/C (0.1 g) was added. The reaction mixture 

was degassed and stirred under H2 gas (1 atm) for 12 h at room temperature. The resultant 

reaction mixture was filtered through a plug of Celite, which was rinsed with CH2Cl2. The 

solvents were removed under vacuum and the remaining residue was purified by flash column 
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chromatography (silica gel, hexane/EtOAc, 8:2 v/v) to afford the desired aniline 1.78g in 97% 

yield (869 mg, 3.48 mmol).  

 

Mp: 40–41 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 6.75 

(d, J = 8.8 Hz, 2H), 6.65 (d, J = 8.8 Hz, 2H), 3.88 (t, J = 6.6 

Hz, 2H), 3.46 (s, 2H), 1.75 (dt, J = 14.8, 6.7 Hz, 2H), 1.50 – 

1.39 (m, 2H), 1.39 – 1.20 (m, 12H), 0.89 (t, J = 6.7 Hz, 3H). 13C NMR (CDCl3, 100.63 MHz, 

ppm): δ 152.4, 139.8, 116.4, 115.7, 68.7, 31.9, 29.6, 29.5, 29.4, 29.3, 26.1, 22.7, 14.1. 13C NMR 

(DEPT-135) (CDCl3, 100.63 MHz, ppm): δ 116.4, 115.7, 68.7, 31.9, 29.6, 29.5, 29.4, 29.3, 

26.1, 22.7, 14.1. FT-IR (KBr, cm-1): ν = 3385 (NH), 3312 (NH), 2955, 2918, 2849, 1516, 1474, 

1246, 1030, 827, 766, 525. EI-MS (m/z (%)): 249 (7) [M+], 109 (100), 80 (7), 43 (13), 41 (17).  

 

1.4.5 General procedure for the synthesis of phthalonitriles   

To a 15-mL glass pressure tube (Ace tube®, back seal, Aldrich Z181064) with 

magnetic stirring, were added sequentially p-chloranil (135.2 mg, 0.55 mmol), NbCl5 (67.5 mg, 

0.25 mmol, 50 mol%) and anhydrous CH3CN (1 mL) under an argon atmosphere. To this 

mixture was added a previously prepared solution of 4-formylphthalonitrile (1.77) (78.1 mg, 

0.5 mmol), anilines (1.78a-g) (0.5 mmol) and phenylacetylenes (1.79a-i) (0.55 mmol) in 4 mL 

of anhydrous CH3CN under argon. Then, the tube was closed and the resulting mixture was 

stirred at 100 ºC in an oil bath for 24 h. After cooling to r.t., the resultant reaction mixture was 

quenched with H2O (5 mL) and extracted with CH2Cl2 (3 x 20 mL). The combined organic 

extracts were washed with sat. aqueous NaHCO3 (3 x 20 mL) and H2O (3 x 50 mL), dried over 

Na2SO4, filtered, and concentrated under vacuum. Two different methods for purification were 

used: 

 

Method 1: The residue was chromatographed on silica gel (70-230 mesh) and eluted with 

CH2Cl2/hexane (9:1, v/v). After solvent removal, the product was sonicated with ethanol (10 
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mL) for 20 min, followed by cooling in a refrigerator for 12 h, filtration, and dried under 

vacuum at room temperature. 

 

Method 2: The residue was sonicated with ethanol (10 mL) for 20 min, followed by cooling in 

a refrigerator for 12 h, and filtration. This was repeated two more times with ethanol (10 mL) 

and once with pentane/EtOAc (7:3, v/v; 10 mL). Finally, the product was dried under vacuum 

at room temperature. 

 

The same procedure was used when the multicomponent reaction was performed 

in the absence of p-chloranil. 

 

1.4.6 Characterization data of phthalonitrile-quinoline dyads 

4-(4-Phenylquinolin-2-yl)phthalonitrile (1.80a): The MCR was carried out according to the 

general procedure with aniline (1.78a) (46.6 mg, 0.5 mmol) and phenylacetylene (1.79a) (57.3 

mg, 0.55 mmol), and purified by method 1 to afford the phthalonitrile 1.80a in 40% yield (66.9 

mg, 0.202 mmol). When the same reaction was carried out in the absence of p-chloranil, 

compound 1.80a was obtained in 29% yield (48.6 mg, 0.147 mmol). A similar result (43.1 mg, 

0.130 mmol, yield 26%) was observed when the MCR was performed in the absence of                

p-chloranil at r.t. for 96 h.  

 

Mp: 240–241 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.77 (d, J = 1.7 

Hz, 1H), 8.59 (dd, J = 8.3, 1.8 Hz, 1H), 8.26 (d, J = 8.6 Hz, 1H), 7.97 (d, 

J = 8.2 Hz, 2H), 7.86 – 7.80 (m, 2H), 7.63 – 7.55 (m, 6H). 13C NMR 

(CDCl3, 100.62 MHz, ppm): δ 151.8, 150.5, 148.8, 144.3, 137.6, 133.9, 

132.5, 131.4, 130.5, 130.4, 129.5, 128.9, 128.8, 127.9, 126.5, 125.9, 

118.4, 116.5, 115.6, 115.4. 13C NMR (DEPT-135) (CDCl3, 100.62 MHz, ppm): δ 133.9, 132.5, 
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131.4, 130.5, 130.4, 129.5, 128.9, 128.8, 127.9, 125.9, 118.4. FT-IR (KBr, cm-1): ν = 3115, 

3076, 3051, 2234 (C≡N), 1589, 1489, 1416, 1362, 1217, 924, 887, 854, 766, 698, 579, 528. 

HRMS (ESI-TOF): m/z calcd. for C23H14N3
+ [M + H]+: 332.1182; Found: 332.1195. 

 

4-(6-Fluoro-4-phenylquinolin-2-yl)phthalonitrile (1.80b): The MCR was carried out 

according to the general procedure with 4-fluoroaniline (1.78b) (56.1 mg, 0.5 mmol) and 

phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the 

phthalonitrile 1.80b in 76% yield (132.5 mg, 0.379 mmol). When the same reaction was carried 

out in the absence of p-chloranil, compound 1.80b was obtained in 42% yield (74.1 mg, 0.212 

mmol).  

 

Mp: 238–239 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.74 (d, J = 

1.8 Hz, 1H), 8.56 (dd, J = 8.3, 1.8 Hz, 1H), 8.30 – 8.23 (m, 1H), 7.96 

(d, J = 8.2 Hz, 1H), 7.85 (s, 1H), 7.63 – 7.51 (m, 7H). 13C NMR (CDCl3, 

100.62 MHz, ppm): δ 161.4 (d, J = 250.5 Hz), 151.3 (d, J = 2.5 Hz), 

150.0 (d, J = 5.7 Hz), 146.0, 144.0, 137.2, 134.0, 133.0 (d, J = 9.2 Hz), 

132.4, 131.3, 129.3, 129.2, 129.0, 127.4 (d, J = 9.7 Hz), 120.9 (d, J = 26.0 Hz), 118.9, 116.6, 

115.7, 115.4, 109.4 (d, J = 23.2 Hz). 13C NMR (DEPT-135) (CDCl3, 100.62 MHz, ppm): δ 

134.0, 133.0 (d, J = 9.2 Hz), 132.4, 131.3, 129.3, 129.2, 129.0, 120.9 (d, J = 26.0 Hz), 118.9, 

109.4 (d, J = 23.2 Hz). FT-IR (KBr, cm-1): ν = 3115, 3076, 3049, 2234 (C≡N), 1626, 1591, 

1493, 1364, 1234, 1198, 826, 773, 702, 527. HRMS (ESI-TOF): m/z calcd. for C23H13FN3
+ [M 

+ H]+: 350.1088; Found: 350.1098. 

 

4-(6-Chloro-4-phenylquinolin-2-yl)phthalonitrile (1.80c): The MCR was carried out 

according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and 

phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the 

phthalonitrile 1.80c in 80% yield (147.4 mg, 0.403 mmol). When the same reaction was carried 

out in the absence of p-chloranil, compound 1.80c was obtained in 49% yield (90.5 mg, 0.247 
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mmol). In the absence of NbCl5, phthalonitrile 1.80c was obtained in 6% yield (11.0 mg, 0.03 

mmol). 

 

The same procedure was used to scale up this MCR. In this case, a 100-mL glass 

pressure tube (Ace tube®, back seal, Aldrich Z566241) was used, and the following amounts 

of reagents were used: 4-chloroaniline (1.78c) (325.4 mg, 2.5 mmol), 4-formylphthalonitrile 

(1.77) (390.4 mg, 2.5 mmol), phenylacetylene (1.79a) (286.6 mg, 2.75 mmol), p-chloranil 

(676.2 mg, 2.75 mmol), NbCl5 (337.7 mg, 1.25 mmol), and CH3CN (25 mL). Yield: 70% (640.2 

mg, 1.75 mmol). 

 

Mp: 261–262 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.75 (d, J = 

1.7 Hz, 1H), 8.57 (dd, J = 8.2, 1.8 Hz, 1H), 8.20 (d, J = 9.0 Hz, 1H), 

7.97 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 2.3 Hz, 1H), 7.86 (s, 1H), 7.76 

(dd, J = 9.0, 2.3 Hz, 1H), 7.67 – 7.58 (m, 3H), 7.57 – 7.51 (m, 2H). 

13C NMR (CDCl3, 100.62 MHz, ppm): δ 152.0, 149.8, 147.2, 143.9, 

137.0, 134.0, 132.4, 132.0, 131.5, 131.4, 129.3, 129.2, 129.0, 127.2, 124.7, 119.1, 116.6, 115.8, 

115.4, 115.3. 13C NMR (DEPT-135) (CDCl3, 100.62 MHz, ppm): δ 134.0, 132.4, 132.0, 131.5, 

131.4, 129.3, 129.2, 129.0, 124.7, 119.1. FT-IR (KBr, cm-1): ν = 3117, 3080, 2235 (C≡N), 1587, 

1483, 1362, 1152, 883, 822, 777, 706, 527. HRMS (ESI-TOF): m/z calcd. for C23H13ClN3
+ [M 

+ H]+: 366.0793; Found: 366.0802.  

 

4-(6-Methoxy-4-phenylquinolin-2-yl)phthalonitrile (1.80d): The MCR was carried out 

according to the general procedure with 4-methoxyaniline (1.78d) (61.6 mg, 0.5 mmol) and 

phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the 

phthalonitrile 1.80d in 75% yield (135.1 mg, 0.374 mmol). When the same reaction was carried 

out in the absence of p-chloranil, compound 1.80d was obtained in 52% yield (94.5 mg, 0.261 

mmol).  
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Mp: 197–198 ºC. 1H NMR (CDCl3, 600.23 MHz, ppm): δ 8.73 (d, J 

= 1.8 Hz, 1H), 8.55 (dd, J = 8.2, 1.8 Hz, 1H), 8.15 (d, J = 9.2 Hz, 

1H), 7.93 (d, J = 8.2 Hz, 1H), 7.79 (s, 1H), 7.62 – 7.54 (m, 5H), 7.47 

(dd, J = 9.2, 2.8 Hz, 1H), 7.21 (d, J = 2.8 Hz, 1H), 3.83 (s, 3H). 13C 

NMR (CDCl3, 150.93 MHz, ppm): δ 159.0, 149.4, 148.8, 145.0, 

144.5, 138.0, 133.9, 132.1, 131.9, 131.1, 129.2, 128.9, 128.8, 127.7, 123.1, 118.7, 116.5, 115.6, 

115,5, 115,1, 103.6, 55.6. 13C NMR (DEPT-135) (CDCl3, 150.93 MHz, ppm): δ 133.9, 132.1, 

131.9, 131.1, 129.2, 128.9, 128.8, 123.1, 118.7, 103.6, 55.6. FT-IR (KBr, cm-1): ν = 3113, 3078, 

3051, 2949, 2824, 2234 (C≡N), 1626, 1599, 1493, 1368, 1265, 1223, 1042, 854, 826, 700, 528. 

HRMS (ESI-TOF): m/z calcd. for C24H16N3O
+ [M + H]+: 362.1288; Found: 362.1307.  

 

4-(6-Nitro-4-phenylquinolin-2-yl)phthalonitrile (1.80e): The MCR was carried out 

according to the general procedure with 4-nitroaniline (1.78e) (69.1 mg, 0.5 mmol) and 

phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 2 to afford the 

phthalonitrile 1.80e in 55% yield (103.6 mg, 0.275 mmol). When the same reaction was carried 

out in the absence of p-chloranil, compound 1.80e was obtained in 41% yield (77.8 mg, 0.207 

mmol).  

 

Mp: > 300 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.91 (d, J = 

2.5 Hz, 1H), 8.80 (d, J = 1.2 Hz, 1H), 8.63 (dd, J = 8.2, 1.8 Hz, 1H), 

8.58 (dd, J = 9.2, 2.5 Hz, 1H), 8.40 (d, J = 9.3 Hz, 1H), 8.06 – 7.97 

(m, 2H), 7.72 – 7.62 (m, 3H), 7.62 – 7.52 (m, 2H). 13C NMR (CDCl3, 

100.62 MHz, ppm): δ 154.9, 152.7, 146.3, 143.0, 136.0, 134.0, 

132.6, 132.1, 131.6, 129.8, 129.3, 125.5, 123.8, 122.9, 119.7, 116.7, 116.5, 115.1. 13C NMR 

(DEPT-135) (CDCl3, 100.62 MHz, ppm): δ 134.0, 132.6, 132.1, 131.6, 129.8, 129.3, 123.8, 

122.9, 119.7. FT-IR (KBr, cm-1): ν = 3105, 3080, 3051, 2235 (C≡N), 1620, 1591, 1551, 1485, 

1410, 1342, 1084, 841, 810, 766, 746, 704, 527. HRMS (ESI-TOF): m/z calcd. for C23H13N4O2
+ 

[M + H]+: 377.1033; Found: 377.1042. 

 

4-(6-Ethyl-4-phenylquinolin-2-yl)phthalonitrile (1.80f): The MCR was carried out 

according to the general procedure with 4-ethylaniline (1.78f) (61.8 mg, 0.5 mmol) and 
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phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the 

phthalonitrile 1.80f in 75% yield (135.3 mg, 0.376 mmol).  

 

Mp: 215–216 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.75 (d, J = 

1.6 Hz, 1H), 8.56 (dd, J = 8.2, 1.8 Hz, 1H), 8.18 (d, J = 8.6 Hz, 1H), 

7.94 (d, J = 8.2 Hz, 1H), 7.80 (s, 1H), 7.75 – 7.66 (m, 2H), 7.64 – 7.51 

(m, 5H), 2.81 (q, J = 7.6 Hz, 2H), 1.30 (t, J = 7.6 Hz, 3H). 13C NMR 

(CDCl3, 100.63 MHz, ppm): δ 150.9, 149.8, 147.6, 144.5, 144.4, 

137.8, 133.9, 132.4, 131.6, 131.3, 130.3, 129.4, 128.8, 126.5, 123.4, 118.4, 116.5, 115.5, 115.4, 

115.3, 29.2, 15.4. 13C NMR (DEPT-135) (CDCl3, 100.63 MHz, ppm): δ 133.9, 132.4, 131.6, 

131.3, 130.3, 129.4, 128.8, 123.4, 118.4, 29.2, 15.4. FT-IR (KBr, cm-1): ν = 3074, 2965, 2230 

(C≡N), 1597, 1585, 1489, 1414, 845, 700, 523. HRMS (ESI-TOF): m/z calcd. for C25H18N3
+ 

[M + H]+: 360.1495; Found: 360.1498. 

 

4-(6-(Decyloxy)-4-phenylquinolin-2-yl)phthalonitrile (1.80g): The MCR was carried out 

according to the general procedure with 4-(decyloxy)aniline (1.78g) (124.7 mg, 0.5 mmol) and 

phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the 

phthalonitrile 1.80g in 76% yield (185.1 mg, 0.379 mmol).  

 

Mp: 128–130 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 

8.73 (d, J = 1.2 Hz, 1H), 8.55 (dd, J = 8.3, 1.5 Hz, 1H), 8.14 

(d, J = 9.2 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.77 (s, 1H), 

7.65 – 7.51 (m, 5H), 7.47 (dd, J = 9.1, 2.7 Hz, 1H), 7.19 (d, 

J = 2.6 Hz, 1H), 3.96 (t, J = 6.5 Hz, 2H), 1.79 (dt, J = 14.9, 

6.4 Hz, 2H), 1.50 – 1.41 (m, 2H), 1.39 – 1.21 (m, 12H), 0.89 (t, J = 6.7 Hz, 3H). 13C NMR 

(CDCl3, 100.63 MHz, ppm): δ 158.5, 149.2, 148.7, 144.8, 144.5, 138.0, 133.9, 132.1, 131.8, 

131.0, 129.2, 128.9, 128.8, 127.7, 123.3, 118.6, 116.4, 115.6, 155.5, 115.0, 104.3, 68.4, 31.9, 

29.5, 29.4, 29.3, 29.1, 26.0, 22.7, 14.1. 13C NMR (DEPT-135) (CDCl3, 100.63 MHz, ppm): δ 

133.9, 132.1, 131.8, 131.0, 129.2, 128.9, 128.8, 123.3, 118.6, 104.3, 68.4, 31.9, 29.5, 29.4, 29.3, 

29.1, 26.0, 22.7, 14.1. FT-IR (KBr, cm-1): ν = 3078, 3049, 2918, 2851, 2234 (C≡N), 1622, 1599, 
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1489, 1470, 1369, 1223, 1036, 860, 825, 702, 527. HRMS (ESI-TOF): m/z calcd. for 

C33H34N3O
+ [M + H]+: 488.2696; Found: 488.2703. 

 

4-(6-Methoxy-4-(4-pentylphenyl)quinolin-2-yl)phthalonitrile (1.80h): The MCR was 

carried out according to the general procedure with 4-methoxyaniline (1.78d) (61.6 mg, 0.5 

mmol) and 1-ethynyl-4-pentylbenzene (1.79b) (97.7 mg, 0.55 mmol), and purified by method 

1 to afford the phthalonitrile 1.80h in 70% yield (150.9 mg, 0.350 mmol).  

 

Mp: 177–178 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.70 (d, 

J = 1.5 Hz, 1H), 8.52 (dd, J = 8.3, 1.7 Hz, 1H), 8.12 (d, J = 9.2 Hz, 

1H), 7.91 (d, J = 8.2 Hz, 1H), 7.76 (s, 1H), 7.51 – 7.43 (m, 3H), 

7.42 – 7.36 (m, 2H), 7.28 – 7.23 (m, 1H), 3.83 (s, 3H), 2.74 (t, J = 

7.8 Hz, 2H), 1.73 (quint, J = 7.4 Hz, 2H), 1.46 – 1.34 (m, 4H), 0.95 

(t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100.62 MHz, ppm): δ 158.9, 

149.4, 148.9, 145.0, 144.5, 143.9, 135.2, 133.9, 132.1, 131.9, 131.0, 129.1, 128.9, 127.8, 122.9, 

118.7, 116.4, 115.6, 115.5, 115.0, 103.8, 55.6, 35.8, 31.6, 31.1, 22.6, 14.1. 13C NMR (DEPT-

135) (CDCl3, 100.62 MHz, ppm): δ 133.9, 132.1, 131.9, 131.0, 129.1, 129.0, 122.9, 118.7, 

103.8, 55.6, 35.8, 31.6, 31.1, 22.6, 14.1. FT-IR (KBr, cm-1): ν = 3084, 3034, 2994, 2951, 2924, 

2859, 2239 (C≡N), 2230 (C≡N), 1620, 1595, 1493, 1470, 1225, 1042, 847, 831, 523. HRMS 

(ESI-TOF): m/z calcd. for C29H26N3O
+ [M + H]+: 432.2070; Found: 432.2088. 

 

4-(6-(Decyloxy)-4-(4-pentylphenyl)quinolin-2-yl)phthalonitrile (1.80i): The MCR was 

carried out according to the general procedure with 4-(decyloxy)aniline (1.78g) (124.7 mg, 0.5 

mmol) and 1-ethynyl-4-pentylbenzene (1.79b) (97.7 mg, 0.55 mmol), and purified by method 

1 to afford the phthalonitrile 1.80i in 81% yield (226.9 mg, 0.407 mmol).  
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Mp: 145–147 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): 

δ 8.72 (br s, 1H), 8.54 (dd, J = 8.2, 1.4 Hz, 1H), 8.13 (d, 

J = 9.2 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.77 (s, 1H), 

7.53 – 7.35 (m, 5H), 7.25 (d, J = 2.2 Hz, 1H), 3.97 (t, J = 

6.5 Hz, 2H), 2.75 (t, J = 7.6 Hz, 2H), 1.87 – 1.69 (m, 4H), 

1.51 – 1.23 (m, 18H), 0.95 (t, J = 6.8 Hz, 3H), 0.89 (t, J 

= 6.6 Hz, 3H). 13C NMR (CDCl3, 100.63 MHz, ppm): δ 158.4, 149.2, 148.8, 144.9, 144.6, 

143.8, 135.2, 133.9, 132.1, 131.8, 131.0, 129.1, 128.9, 127.8, 123.2, 118.6, 116.4, 115.6, 115.5, 

115.0, 104.5, 68.3, 35.8, 31.9, 31.6, 31.1, 29.6, 29.4, 29.3, 29.1, 26.1, 22.7, 22.6, 14.1, 14.0. 13C 

NMR (DEPT-135) (CDCl3, 100.63 MHz, ppm): δ 133.9, 132.1, 131.8, 131.0, 129.1, 128.9, 

123.2, 118.6, 104.5, 68.3, 35.8, 31.9, 31.6, 31.1, 29.6, 29.4, 29.3, 29.1, 26.1, 22.7, 22.6, 14.1, 

14.0. FT-IR (KBr, cm-1): ν = 3040, 2924, 2853, 2226 (C≡N), 1618, 1597, 1493, 1261, 1215, 

1126, 1032, 825, 525. HRMS (ESI-TOF): m/z calcd. for C38H44N3O
+ [M + H]+: 558.3479; 

Found: 558.3483. 

 

4-(6-Chloro-4-(4-pentylphenyl)quinolin-2-yl)phthalonitrile (1.80j): The MCR was carried 

out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and 

1-ethynyl-4-pentylbenzene (1.79b) (97.7 mg, 0.55 mmol), and purified by method 1 to afford 

the phthalonitrile 1.80j in 80% yield (174.9 mg, 0.401 mmol).  

 

Mp: 224–226 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.74 (d, J 

= 1.6 Hz, 1H), 8.56 (dd, J = 8.2, 1.7 Hz, 1H), 8.18 (d, J = 9.0 Hz, 

1H), 8.01 – 7.92 (m, 2H), 7.85 (s, 1H), 7.74 (dd, J = 9.0, 2.3 Hz, 1H), 

7.51 – 7.36 (m, 4H), 2.76 (t, J = 7.8 Hz, 2H), 1.74 (quint, J = 7.4 Hz, 

2H), 1.48 – 1.34 (m, 4H), 0.96 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 

100.63 MHz, ppm): δ 152.0, 149.9, 147.2, 144.4, 143.9, 134.2, 134.0, 

133.8, 132.4, 131.9, 131.4, 129.3, 129.1, 127.2, 124.8, 119.1, 116.6, 115.8, 115.4, 115.3, 35.8, 

31.6, 31.1, 22.6, 14.1. 13C NMR (DEPT-135) (CDCl3, 100.63 MHz, ppm): δ 134.0, 132.4, 

131.9, 131.4, 129.3, 129.1, 124.8, 119.1, 35.8, 31.6, 31.1, 22.6, 14.1. FT-IR (KBr, cm-1): ν = 

3080, 2924, 2857, 2234 (C≡N), 1595, 1483, 1362, 1155, 827, 525. HRMS (ESI-TOF): m/z 

calcd. for C28H23ClN3
+ [M + H]+: 436.1575; Found: 436.1573. 
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4-(4-(4-Butylphenyl)-6-chloroquinolin-2-yl)phthalonitrile (1.80k): The MCR was carried 

out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and 

1-butyl-4-ethynylbenzene (1.79c) (91.6 mg, 0.55 mmol), and purified by method 1 to afford the 

phthalonitrile 1.80k in 73% yield (154.3 mg, 0.366 mmol).  

 

Mp: 224–225 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.74 (d, J 

= 0.9 Hz, 1H), 8.57 (dd, J = 8.2, 1.3 Hz, 1H), 8.18 (d, J = 9.0 Hz, 

1H), 8.04 – 7.91 (m, 2H), 7.85 (s, 1H), 7.74 (dd, J = 9.0, 2.0 Hz, 1H), 

7.52 – 7.36 (m, 4H), 2.77 (t, J = 7.7 Hz, 2H), 1.73 (quint, J = 7.6 Hz, 

2H), 1.46 (sext, J = 7.4 Hz, 2H), 1.01 (t, J = 7.3 Hz, 3H). 13C NMR 

(CDCl3, 100.63 MHz, ppm): δ 152.0, 149.9, 147.2, 144.3, 143.9, 

134.2, 134.0, 133.8, 132.4, 131.9, 131.4, 129.3, 129.1, 127.3, 124.8, 119.1, 116.6, 115.8, 115.4, 

115.3, 35.5, 33.6, 22.4, 14.0. 13C NMR (DEPT-135) (CDCl3, 100.63 MHz, ppm): δ 134.0, 

132.4, 131.9, 131.4, 129.3, 129.1, 124.8, 119.1, 35.5, 33.6, 22.4, 14.0. FT-IR (KBr, cm-1): ν = 

3080, 3034, 2957, 2930, 2858, 2232 (C≡N), 1595, 1483, 1155, 825, 523. HRMS (ESI-TOF): 

m/z calcd. for C27H21ClN3
+ [M + H]+: 422.1419; Found: 422.1422.  

 

4-(4-(4-(tert-Butyl)phenyl)-6-chloroquinolin-2-yl)phthalonitrile (1.80l): The MCR was 

carried out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) 

and 1-(tert-butyl)-4-ethynylbenzene (1.79d) (90.7 mg, 0.55 mmol), and purified by method 1 

to afford the phthalonitrile 1.80l in 79% yield (166.9 mg, 0.395 mmol).  

 

Mp: 298–300 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.74 (d, J = 

1.4 Hz, 1H), 8.56 (dd, J = 8.2, 1.6 Hz, 1H), 8.19 (d, J = 9.0 Hz, 1H), 

7.99 (d, J = 2.2 Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.85 (s, 1H), 7.75 

(dd, J = 9.0, 2.3 Hz, 1H), 7.63 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.3 Hz, 

2H), 1.45 (s, 9H). 13C NMR (CDCl3, 100.63 MHz, ppm): δ 152.5, 

152.0, 149.8, 147.2, 143.9, 134.0, 133.8, 132.4, 131.9, 131.4, 129.1, 

127.2, 126.0, 124.8, 119.1, 116.6, 115.8, 115.4, 115.3, 31.3. 13C NMR (DEPT-135) (CDCl3, 

100.63 MHz, ppm): δ 134.0, 132.4, 131.9, 131.4, 129.1, 126.0, 124.8, 119.1, 31.3. FT-IR (KBr, 
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cm-1): ν = 3084, 2951, 2904, 2868, 2235 (C≡N), 1597, 1483, 1362, 1157, 849, 827, 600, 525. 

HRMS (ESI-TOF): m/z calcd. for C27H21ClN3
+ [M + H]+: 422.1419; Found: 422.1418. 

 

4-(6-Chloro-4-(4-methoxyphenyl)quinolin-2-yl)phthalonitrile (1.80m): The MCR was 

carried out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) 

and 1-ethynyl-4-methoxybenzene (1.79e) (74.9 mg, 0.55 mmol), and purified by method 2 to 

afford the phthalonitrile 1.80m in 78% yield (155.3 mg, 0.392 mmol).  

 

Mp: dec. above 280 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm) δ 8.74 

(d, J = 1.6 Hz, 1H), 8.57 (dd, J = 8.2, 1.8 Hz, 1H), 8.18 (d, J = 9.0 

Hz, 1H), 7.97 (dd, J = 5.2, 3.0 Hz, 2H), 7.83 (s, 1H), 7.75 (dd, J = 

9.0, 2.3 Hz, 1H), 7.51 – 7.46 (m, 2H), 7.16 – 7.11 (m, 2H), 3.95 (s, 

3H). FT-IR (KBr, cm-1): ν = 3233, 3078, 2941, 2845, 2237 (C≡N), 

1593, 1514, 1483, 1263, 1180, 1032, 824, 569, 523. HRMS (ESI-

TOF): m/z calcd. for C24H15ClN3O
+ [M + H]+: 396.0898; Found: 396.0905.  

 

4-(6-Chloro-4-(p-tolyl)quinolin-2-yl)phthalonitrile (1.80n): The MCR was carried out 

according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and            

1-ethynyl-4-methylbenzene (1.79f) (65.9 mg, 0.55 mmol), and purified by method 2 to afford 

the phthalonitrile 1.80n in 80% yield (152.7 mg, 0.402 mmol).  

 

Mp: 272–274 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.74 (d, J 

= 1.6 Hz, 1H), 8.56 (dd, J = 8.3, 1.7 Hz, 1H), 8.19 (d, J = 9.0 Hz, 

1H), 7.99 – 7.93 (m, 2H), 7.84 (s, 1H), 7.75 (dd, J = 9.0, 2.3 Hz, 1H), 

7.46 – 7.39 (m, 4H), 2.51 (s, 3H). 13C NMR (CDCl3, 100.62 MHz, 

ppm): δ 152.0, 149.8, 147.2, 143.9, 139.4, 134.0, 133.9, 132.4, 131.9, 

131.4, 129.7, 129.3, 127.3, 124.8, 119.0, 116.6, 115.8, 115.4, 21.4. 

13C NMR (DEPT-135) (CDCl3, 100.62 MHz, ppm): δ 134.0, 132.4, 131.9, 131.4, 129.7, 129.3, 

124.8, 119.0, 21.4. FT-IR (KBr, cm-1): ν = 3080, 2920, 2232 (C≡N), 1595, 1483, 1153, 856, 
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845, 814, 525. HRMS (ESI-TOF): m/z calcd. for C24H15ClN3
+ [M + H]+: 380.0949; Found: 

380.0949.  

 

4-(6-Chloro-4-(4-fluorophenyl)quinolin-2-yl)phthalonitrile (1.80o): The MCR was carried 

out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and 

1-ethynyl-4-fluorobenzene (1.79g) (66.7 mg, 0.55 mmol), and purified by method 2 to afford 

the phthalonitrile 1.80o in 79% yield (152.4 mg, 0.397 mmol).  

 

Mp: > 300 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.74 (d, J = 

1.5 Hz, 1H), 8.57 (dd, J = 8.2, 1.7 Hz, 1H), 8.21 (d, J = 9.0 Hz, 1H), 

7.97 (d, J = 8.2 Hz, 1H), 7.87 (d, J = 2.2 Hz, 1H), 7.83 (s, 1H), 7.77 

(dd, J = 9.0, 2.3 Hz, 1H), 7.56 – 7.50 (m, 2H), 7.35 – 7.29 (m, 2H). 

FT-IR (KBr, cm-1): ν = 3076, 2234 (C≡N), 1597, 1514, 1483, 1364, 

1240, 1165, 847, 829, 825, 527. HRMS (ESI-TOF): m/z calcd. for 

C23H12ClFN3
+ [M + H]+: 384.0698; Found: 384.0703.  

 

Methyl 4-(6-chloro-2-(3,4-dicyanophenyl)quinolin-4-yl)benzoate (1.80p): The MCR was 

carried out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) 

and methyl 4-ethynylbenzoate (1.79h) (97.9 mg, 0.55 mmol), and purified by method 2 to 

afford the phthalonitrile 1.80p in 57% yield (120.5 mg, 0.284 mmol).  

 

Mp: 281–283 ºC. 1H NMR (CDCl3, 400.15 MHz, ppm): δ 8.76 (d, J 

= 1.4 Hz, 1H), 8.57 (dd, J = 8.3, 1.8 Hz, 1H), 8.30 – 8.25 (m, 2H), 

8.22 (d, J = 9.1 Hz, 1H), 7.98 (d, J = 8.3 Hz, 1H), 7.87 (s, 1H), 7.83 

(d, J = 2.2 Hz, 1H), 7.78 (dd, J = 9.0, 2.3 Hz, 1H), 7.65 – 7.60 (m, 

2H), 4.02 (s, 3H). 13C NMR (CDCl3, 100.62 MHz, ppm): δ 166.5, 

152.0, 148.6, 147.1, 143.6, 141.4, 134.4, 134.0, 132.4, 132.1, 131.7, 

131.4, 130.9, 130.2, 129.5, 126.7, 124.3, 118.9, 116.7, 116.0, 115.3, 52.5. 13C NMR (DEPT-

135) (CDCl3, 100.62 MHz, ppm): δ 134.0, 132.4, 132.1, 131.7, 131.4, 130.2, 129.5, 124.3, 

118.9, 52.5. FT-IR (KBr, cm-1): ν = 3078, 2955, 2237 (C≡N), 1728 (C=O), 1593, 1483, 1288, 
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1119, 854, 827, 708, 525. HRMS (ESI-TOF): m/z calcd. for C25H15ClN3O2
+ [M + H]+: 

424.0847; Found: 424.0852.  

 

4-(6-Chloro-4-phenylquinolin-2-yl-3-d)phthalonitrile (1.80q): The MCR was carried out 

according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and 

phenylacetylene-d (1.79i) (56.7 mg, 0.55 mmol), and purified by method 1 to afford the 

phthalonitrile 1.80q in 74% yield (135.6 mg, 0.369 mmol).  

 

Mp: 260–261 ºC. 1H NMR (CDCl3, 600.23 MHz, ppm): δ 8.75 (d, J = 

1.7 Hz, 1H), 8.57 (dd, J = 8.2, 1.8 Hz, 1H), 8.20 (d, J = 9.0 Hz, 1H), 

7.97 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 2.3 Hz, 1H), 7.76 (dd, J = 9.0, 

2.3 Hz, 1H), 7.64 – 7.57 (m, 3H), 7.56 – 7.52 (m, 2H). 13C NMR 

(CDCl3, 150.93 MHz, ppm): δ 152.0, 149.7, 147.2, 143.8, 136.9, 

134.0, 132.4, 132.0, 131.5, 131.4, 129.3, 129.2, 129.1, 127.2, 124.7, 118.8 (t, J = 25.0 Hz), 

116.6, 115.8, 115.4, 115.3. 13C NMR (DEPT-135) (CDCl3, 150.93 MHz, ppm): δ 134.0, 132.4, 

132.0, 131.5, 131.4, 129.3, 129.2, 129.1, 124.7. FT-IR (KBr, cm-1): ν = 3115, 3080, 3055, 2234 

(C≡N), 1599, 1537, 1481, 1358, 1086, 826, 766, 746, 704, 573, 527. HRMS (ESI-TOF): m/z 

calcd. for C23H12DClN3 [M + H]+: 367.0855; Found: 367.0865.  

 

1.4.7 General procedure for the synthesis of ZnPCs 1.81a-c   

ZnPCs 1.81a-c were synthesized following previously reported procedures with 

minor modifications.81 To a 15-mL glass pressure tube (Ace pressure tube®, back seal, Aldrich 

Z181064) equipped with a magnetic stir bar and rubber septum, were added sequentially 

phthalonitrile derivatives (1.80g-i) (0.09 mmol), Zn(OTf)2 (8.3 mg, 22.5 μmol, 0.25 equiv.), 

HMDS (76 μL, 4 equiv.) and DMF (200 μL) under an argon atmosphere at room temperature. 

The tube was closed and the resulting mixture was stirred at 130 ºC under light protection for 

24 h. After cooling to r.t., 5 mL of methanol was added, and the solid was filtered under vacuum 

and washed with methanol. 
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1.4.7.1 Zinc phthalocyanine-quinoline 1.81a     

The crude solid obtained from phthalonitrile 1.80g (43.9 mg, 0.09 mmol) was 

purified by flash column chromatography (silica gel, 230-400 mesh), eluting initially with 

dichloromethane/toluene/ethyl acetate (4:4:2, v/v/v) to remove fluorescent impurities and then 

with toluene/ethyl acetate/methanol (6:3:1, v/v/v) to elute the product. Evaporation of the elute 

gave a solid which was dissolved in a small amount of chloroform, methanol was added, and 

the solution was stored at r.t. overnight. The green solid obtained was filtered, washed with 

methanol, and then dried under vacuum to afford the pure ZnPC 1.81a (24.5 mg, 12.15 µmol, 

54%).  

 

1H NMR (CDCl3/DMSO-d6 = 2:1, 400.15 MHz, 

ppm): δ 9.63 – 9.11 (m, 6H), 8.91 – 8.43 (m, 8H), 

8.33 – 7.98 (m, 14H), 7.91 – 7.74 (m, 10H), 7.49 

– 6.96 (m, 10H), 4.01 – 3.66 (m, 8H), 1.92 – 1.73 

(m, 8H), 1.62 – 1.26 (m, 56H), 1.02 – 0.90 (m, 

12H). UV-Vis (THF): λmax/nm (log ε) = 695 

(5.59), 626 (4. 89), 357 (5.14). FT-IR (KBr,      

cm-1): ν = 2922, 2853, 1618, 1589, 1545, 1491, 1385, 1356, 1225, 1095, 910, 831, 748, 702. 

HRMS (MALDI-TOF): m/z calcd. for C132H133N12O4Zn+ [M + H]+: 2013.9859; Found: 

2013.9837. 

 

1.4.7.2 Zinc phthalocyanine-quinoline 1.81b    

The crude solid obtained from phthalonitrile 1.80h (38.8 mg, 0.09 mmol) was 

purified by flash column chromatography (silica gel, 230-400 mesh), eluting initially with 

toluene/ethyl acetate (8:2, v/v) to remove fluorescent impurities and then with toluene/ethyl 

acetate/methanol (7:2:1, v/v/v) to elute the product. Evaporation of the elute gave a solid which 
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was dissolved in a small amount of chloroform, methanol was added, and the solution was 

stored at r.t. overnight. The green solid obtained was filtered, washed with methanol, and then 

dried under vacuum to afford the pure ZnPC 1.81b (25.9 mg, 14.45 µmol, 64%).  

 

1H NMR (CDCl3/DMSO-d6 = 2:1, 400.15 MHz, ppm): δ 9.71 – 9.14 

(m, 6H), 8.99 – 8.42 (m, 8H), 8.35 – 8.02 (m, 9H), 7.89 – 7.57 (m, 

12H), 7.51 – 6.98 (m, 9H), 4.00 – 3.58 (m, 12H), 3.09 – 2.81 (m, 

8H), 2.08 – 1.82 (m, 8H), 1.68 – 1.38 (m, 16H), 1.13 – 0.91 (m, 

12H). UV-Vis (THF): λmax/nm (log ε) = 695 (5.50), 626 (4.77), 355 

(5.05). FT-IR (KBr, cm-1): ν = 2926, 2853, 1620, 1589, 1545, 1493, 

1385, 1356, 1227, 1095, 903, 831, 750. HRMS (MALDI-TOF): m/z 

calcd. for C116H101N12O4Zn+ [M + H]+: 1789.7355; Found: 1789.7329.  

 

1.4.7.3 Zinc phthalocyanine-quinoline 1.81c    

The crude solid obtained from phthalonitrile 1.80i (50.2 mg, 0.09 mmol) was 

purified by flash column chromatography (silica gel, 230-400 mesh), eluting initially with 

dichloromethane/toluene/ethyl acetate (6:2:2, v/v/v) to remove fluorescent impurities and then 

with toluene/ethyl acetate/methanol (7:2:1, v/v/v) to elute the product. Evaporation of the elute 

gave a solid which was dissolved in a small amount of chloroform, methanol was added, and 

the solution was stored at r.t. overnight. The green solid obtained was filtered, washed with 

methanol, and then dried under vacuum to afford the pure ZnPC 1.81c (30.0 mg, 13.06 µmol, 

58%).  
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1H NMR (CDCl3/DMSO-d6 = 2:1, 400.15 MHz, ppm): δ 

9.77 – 9.10 (m, 6H), 9.05 – 8.42 (m, 8H), 8.39 – 8.01 (m, 

9H), 7.97 – 7.75 (m, 7H), 7.67 – 7.53 (m, 5H), 7.51 – 7.02 

(m, 9H), 4.10 – 3.68 (m, 8H), 3.02 – 2.82 (m, 8H), 2.13 – 

1.75 (m, 16H), 1.68 – 1.24 (m, 72H), 1.15 – 0.90 (m, 

24H). UV-Vis (THF): λmax/nm (log ε) = 695 (5.63), 626 

(4.92), 355 (5.19). FT-IR (KBr, cm-1): ν = 2924, 2853, 

1618, 1589, 1545, 1493, 1385, 1356, 1223, 1095, 910, 829, 748. HRMS (MALDI-TOF): m/z 

calcd. for C152H173N12O4Zn+ [M + H]+: 2294.2989; Found: 2294.3037. 

 

1.4.8 Aggregation studies   

The aggregation behavior of ZnPCs 1.81a-c was investigated in THF using    

UV–Vis spectroscopy (see Figure 1.8, Section 1.2.4, and Figures 1.11 and 1.12 below). 

Different concentrations of ZnPCs 1.81a-c were prepared and the absorbances measured. 
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Figure 1.11 – Aggregation behavior of ZnPC 1.81b in THF at different concentrations. The 

inset plots the Q band absorption at 695 nm vs. the concentration of 1.81b. 
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Figure 1.12 – Aggregation behavior of ZnPC 1.81c in THF at different concentrations. The 

inset plots the Q band absorption at 695 nm vs. the concentration of 1.81c. 

 

1.4.9 Fluorescence measurements   

The values of ΦF were obtained by comparing the areas under the fluorescence 

spectra of the samples (ZnPCs 1.81a-c) with the area under the fluorescence spectrum of the 

standard (unsubstituted ZnPC) (see Figure 1.13 and Table 1.5).84 A solution of each compound 

was prepared in THF and the absorbances at the excitation wavelength (λex = 630 nm) were 

adjusted to be 0.05 for comparison. Dissolved oxygen was removed from the solutions by 

bubbling argon. The calculation was performed by Eq. (1): 

 

𝛷F = 𝛷F
Std ×

F × AStd

FStd × A
          (1) 

 

In Eq. (1), ΦF
Std is the fluorescence quantum yield of the standard (for 

unsubstituted ZnPC is 0.25 in THF),84 F and FStd are the areas under the fluorescence emission 
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curves of the sample and standard, respectively. A and AStd are the absorbances of the sample 

and standard, respectively, at the excitation wavelength (λex = 630 nm). 
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Figure 1.13 – Emission spectra of ZnPCs 1.81a-c and standard ZnPC. 

 

Table 1.5 – Data for obtainment of ΦF for ZnPCs 1.81a-c. 

Compound Absorbance Area 

Std-ZnPC 0.05045 13402.2145 

ZnPC 1.81a 0.04913 8513.6715 

ZnPC 1.81b 0.05291 8639.6650 

ZnPC 1.81c 0.05257 8297.9135 

 

1.4.10 Molar absorption coefficient (ε)   

The values for ε (see Table 1.6–1.8) were obtained from the data of Figures 1.8, 

1.11, and 1.12. All the graphs of absorbance against concentration for each band are in 

agreement with the Lambert-Beer’s law, affording straight lines with R2 > 0.99. In each graph, 
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the slope of this line is the molar absorptivity (ε) divided by the optical path length, as described 

in the Eq. (2):89 

  

𝐴 = ε × c × l          (2) 

 

In Eq. (2), A is the absorbance, c is the concentration and l is the optical path 

length, respectively. 

 

Table 1.6 – Data for obtainment of ε for ZnPC 1.81a. 

Concentration x 10-6 

(mol.L-1) 

Absorbance 

(357 nm) (626 nm) (695 nm) 

4.629 0.63 0.3471 1.7554 

3.704 0.4945 0.2731 1.4375 

2.963 0.3921 0.2175 1.1649 

2.37 0.3105 0.1726 0.9359 

2.133 0.2778 0.1543 0.8426 

1.92 0.2489 0.1385 0.759 

1.728 0.2203 0.1219 0.6795 

1.555 0.1966 0.1085 0.6083 

1.244 0.1546 0.0863 0.4788 

0.995 0.1191 0.0656 0.3723 

0.796 0.0915 0.0507 0.2901 

0.637 0.0674 0.0363 0.2233 

ε357 = 139,910 L.mol-1.cm-1; ε626 = 77,238 L.mol-1.cm-1; ε695 = 386,967 L.mol-1.cm-1 
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Table 1.7 – Data for obtainment of ε for ZnPC 1.81b. 

Concentration x 10-6 

(mol.L-1) 

Absorbance 

(355 nm) (626 nm) (695 nm) 

5.364 0.594 0.3126 1.6659 

4.291 0.4754 0.2505 1.3616 

3.433 0.3759 0.198 1.0997 

2.746 0.299 0.1578 0.8866 

2.472 0.2698 0.1428 0.8026 

2.225 0.2422 0.1281 0.7226 

2.002 0.2171 0.1148 0.6516 

1.802 0.194 0.1025 0.5855 

1.442 0.1517 0.0801 0.4625 

1.153 0.1188 0.0624 0.3659 

0.923 0.0918 0.0473 0.2853 

0.738 0.069 0.035 0.2223 

ε355 = 113,232 L.mol-1.cm-1; ε626 = 59,776 L.mol-1.cm-1; ε695 = 313,528 L.mol-1.cm-1 

 

Table 1.8 – Data for obtainment of ε for ZnPC 1.81c. 

Concentration x 10-6 

(mol.L-1) 

Absorbance 

(355 nm) (626 nm) (695 nm) 

4.691 0.6958 0.3766 1.9488 

3.753 0.5545 0.3002 1.6134 

3.002 0.4433 0.2401 1.3119 

2.402 0.3419 0.1848 1.0409 

2.162 0.308 0.166 0.9422 

1.945 0.2789 0.15 0.8532 

1.751 0.2548 0.1361 0.7669 

1.576 0.219 0.116 0.6816 

1.261 0.1787 0.0927 0.53 

1.008 0.128 0.0668 0.405 

0.807 0.0957 0.05 0.3096 

0.645 0.0694 0.0345 0.2332 

ε355 = 154,274 L.mol-1.cm-1; ε626 = 84,402 L.mol-1.cm-1; ε695 = 429,210 L.mol-1.cm-1 
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1.4.11 Photobleaching studies   

A solution of ZnPCs 1.81a-c in THF with an absorbance near 1 was irradiated 

in the dark with a white LED lamp (30 W) (Figure 1.14) for intervals of 1 min (10 irradiations), 

5 min (4 irradiations), 10 min (3 irradiations), and 30 min (2 irradiations), totaling 2 h. After 

each irradiation, the UV–Vis spectrum was measured to detect any photobleaching due to 

reduction of photosensitizer concentration (see Figures 1.10, 1.15, and 1.16). 

 

 

Figure 1.14 – Experimental setup used in the photobleaching studies. 
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Figure 1.15 – a) Photobleaching study of ZnPC 1.81b in THF. b) Plot of Q band absorbance 

vs. time. 
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Figure 1.16 – a) Photobleaching study of ZnPC 1.81c in THF. b) Plot of Q band absorbance 

vs. time. 
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2 Chapter 2 

Chapter 2 is based on our paper published in the Journal of Organic Chemistry 

in 2019, and it presents the results obtained in the development of a metal-free methodology 

for the photoarylation of pyridines and other heterocycles (such as quinoline and quinoxaline). 

This part of the research was developed entirely at UFSCar-Brazil under the guidance of Prof. 

Dr. Kleber T. de Oliveira, with the contributions of Prof. Dr. Timothy Noël (TU/e, The 

Netherlands), and in collaboration with a Ph.D. student from our team, Rodrigo Costa e Silva, 

who synthesized compounds 2.22s-u, performed the scale-up experiment, carried out the       

UV-Vis and aggregation studies, and helped write the manuscript and supporting information.  

 

2.1 Introduction 

2.1.1 Electron donor-acceptor complex 

In 1952, Robert Sanderson Mulliken formulated a theory, known as the 

“Mulliken's Theory of Charge-Transfer Complexes”, to rationalize the appearance of color 

when mixing two colorless or nearly colorless organic molecules.1,2 Since the pioneering work 

of Mulliken, the electron-transfer theory has been extensively studied. Important contributions 

were made by Marcus, Taube, Hush, Kochi, and others.3 According to Mulliken’s theory, an 

electron-rich molecule of low ionization potential (a donor D) may interact with an            

electron-poor molecule of high electron-affinity (an acceptor A) to produce an encounter 

complex (D,A), which is commonly called an electron donor-acceptor complex.3 This weak, 

reversible, ground-state association in solution (or in the gas phase) possesses physical 

properties different from those of the individual components. For example, the formation of 

such complexes is often accompanied by the appearance of a new absorption band (sometimes 
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in the visible region), the charge-transfer band, which is associated with an intracomplex SET 

from the donor to acceptor. 

Upon light irradiation, the electrically neutral EDA complex ([D,A]) changes 

from its ground to excited state ([D,A]*). This excited complex can produce an electron transfer 

event, thus generating a radical ion pair trapped in the solvent cage ([D+●,A─●]SOLV). Once 

formed, this radical species may undergo different reaction pathways, suffer back-electron 

transfer or even escape from the solvent cage to yield free radical ions (Scheme 2.1).3 

 

 

Scheme 2.1 – EDA complex formation and its synthetic use enabled by light. Adapted from 

Lima et al. (2016).3 

 

Concurrently to the process described above, excitation of the individual 

components D (or A) can lead to excited forms D* (or A*), which can react with non-excited 

counterparts A (or D) to provide the exciplexes D*(A) (or A*(D)), respectively. Such 

exciplexes can produce electron transfer events, leading to the same above-mentioned               

ion-radical pair ([D+●,A─●]SOLV) (see Scheme 2.2A).3 

It is noteworthy that the exciplex originated from charge-transfer band 

irradiation (see Scheme 2.2B) requires only minor changes in the solvent reorganization, since 

the dyad was previously assembled in the ground state. On the other hand, the exciplex 

produced from local band irradiation (see Scheme 2.2A) is dynamically assembled in the 

excited state and for this reason requires a high level of solvent reorganization.3   
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Scheme 2.2 – Exciplex complex formation and its synthetic use enabled by light. Adapted 

from Lima et al. (2016).3 

 

Further theoretical details about Mulliken’s charge transfer theory, Marcus’s 

electron transfer theory, and other important contributions can be found elsewhere.3-8  

Although the physicochemical properties of EDA complexes have been studied 

since the 1950s, their synthetic applications were investigated more intensively 20-30 years 

later (e.g., in studies involving SRN1 substitutions and the nitration of aromatic compounds).3 

Notable modern achievements include biaryl coupling (as shown in detail below),9-11 

asymmetric alkylation,12,13 radical cyclization,14,15 radical fluoroalkylation,16-18 oxidative 

annulation,19 radical acylation,20 and others.21-29 

In 2013, Chatani and co-workers11 showed that the arylation of some pyrroles 

(2.1) with diaryliodonium salts (2.2) using white LEDs could be achieved at room temperature 

even in the absence of a photocatalyst (Scheme 2.3). The UV-Vis analysis of the reaction 

mixture revealed a new absorption band in a visible region, the CT band, due to the formation 

of an EDA complex (2.4) between the pyrrole and the diaryliodonium salt. It is worth 

mentioning that the arylation of pyrroles and other N-heterocycles (such as pyridine, 

quinoxaline, and indole) with diaryliodonium salts have also been reported under thermal 
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conditions,30,31 since diaryliodonium salts are known to transform into aryl radicals via 

decomposition (thermal or photochemical).32-34 

 

 

Scheme 2.3 – EDA complex-photoinduced arylation of pyrroles with diaryliodonium salts. 

 

In 2017, Heinrich and co-workers9 reported that the arylation of some arenes and 

heteroarenes with para-substituted aryldiazonium salts does not require the use of an additional 

photocatalyst and other additives, and can be conducted under simple UV-photocatalysis (250 

W, iron lamp, black glass filter), UV-Vis (250 W, iron lamp, no filter) or visible-light (10 W, 

blue LED lamp) irradiation using argon or air atmosphere. They postulated that these 

photoinduced transformations may occur independently of the formation of a strong CT 

complex between the diazonium salt and the aromatic substrate. They also have shown the 

direct C–H arylation of 3-hydroxypyridine (2.7) with some aryldiazonium salts (2.8), in           

50-62% yields (2.9a-e) using visible-light irradiation (Scheme 2.4). However, this methodology 
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does not work well for the aryldiazonium salt bearing a para-methoxy group (see product 2.9f) 

even when electron-rich (hetero)arenes (hydroquinone, 1,4-dimethoxybenzene, and 

furfurylamine) were employed as substrates (<10% isolated yields).9 

 

 

Scheme 2.4 – Photoarylation of 3-hydroxypyridine with aryldiazonium salts. 

 

The results obtained by Chatani’s group and Heinrich’s group left some 

questions to be answered and motivated us to study the direct arylation of pyridines and other 

N-heterocycles (such as quinoline and quinoxaline) with aryldiazonium tetrafluoroborates using 

blue light in the absence of a photocatalyst (see Section 2.2.1). 

While we were reviewing our manuscript, Lee and co-workers10 reported a 

similar protocol involving the Gomberg-Bachmann reaction (Scheme 2.5). In this study, the 

authors propose the formation of an EDA complex 2.13 between the diazonium salts 2.11 and 

pyridine for the aryl radical generation and posterior arylation of (halo)benzenes 2.10 (not 

pyridines or heterocycles). 
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Scheme 2.5 – Photoarylation of (halo)benzenes with aryldiazonium salts. 

 

Recently, Lee and co-workers35 employed our previously used strategy to 

generate aryl radical and applied it to the direct C3-arylation of 2H-indazoles, further supporting 

our proposed mechanism (see Section 2.2.2). 

 

2.1.2 Pyridines 

Pyridine moieties are common in natural products,36-41 agrochemicals,42-44 and 

drugs approved by the FDA.45,46 Moreover, relevant clinical drugs such as crizotinib (2.14), 

enasidenib (2.15), vismodegib (2.16), nilotinib (2.17), etoricoxib (2.18), and atazanavir (2.19) 

contain the pyridine nucleus directly linked to aryl or heteroaryl units (Figure 2.1).45-48 

Therefore, the development of new and efficient methodologies for the direct C–H arylation or 

heteroarylation of this electron-deficient heterocycle is of great interest. 
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Figure 2.1 – Structures of drugs that contain the pyridine nucleus (in green) directly linked to 

aryl or heteroaryl units (in red). 

 

The synthesis of biaryls containing a pyridine motif has been traditionally carried 

out by classical cross-coupling reactions such as Suzuki-Miyaura,49-52 Negishi,53-55 Stille,51,56,57 

Hiyama,58,59 and Kumada60,61 couplings (Scheme 2.6, eq. a). These structures can also be 

synthesized by C–H activation reactions (Scheme 2.6, eq. b),62-65 oxidative cross-coupling 

reactions (Scheme 2.6, eq. c),66-68 reactions via arynes (Scheme 2.6, eq. d),69-71 and alternatively 

by radical-based methodologies,72,73 which have received much attention recently in studies 

involving photocatalysis.74-80 Such photocatalyzed reactions have been performed with various 

aryl radical precursors such as aryldiazonium9,81-87 and diaryliodonium salts,11,88 aryl boronic65 

and carboxylic acids,62 benzenesulfonyl chlorides (not tested with a pyridine nucleus),89 

arylazosulfones (tested with the pyrazolopyridine nucleus),90,91 diazoanhydrides (with pyridine 

N-oxide),92 and halo(hetero)arenes93-95 in the presence of ruthenium complexes,82,85 iridium 
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complexes,11,62,93 organic dyes,83,84,94-96 metal oxides,81,86,97 and other (photo)catalysts (Scheme 

2.6, eq. e).98,99 However, the radical arylation of arenes and heteroarenes has been achieved 

with only a few aryl radical precursors, even in the absence of a photocatalyst.11,90,92,100 

 

 

Scheme 2.6 – Approaches for the synthesis of biaryls containing the pyridine nucleus. 

 

We now report a protocol for the direct C–H arylation of pyridines and other    

N-heterocycles (such as quinoline and quinoxaline), in water, with several aryldiazonium 

tetrafluoroborates substituted by electron-donor, -neutral and -acceptor groups, and with no 

base or additives, at room temperature, and using visible-light irradiation (blue LED) in the 

absence of photocatalysts (Scheme 2.6, eq. f). We postulate the occurrence of a visible-light 

photoactive EDA complex for the aryl radical generation which is supported by UV-Vis and 

1H and 1H-15N NMR (correlation spectroscopy). 
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2.2 Results and discussion 

2.2.1 Photoarylation of N-heterocycles 

We started our investigation with pyridine hydrochloride (2.20a) and                     

4-methoxybenzenediazonium tetrafluoroborate (2.21a) as the model substrates using a 

homemade batch photoreactor with blue or white 30 W LEDs (see details of the photoreactor 

setup in the section 2.4.2). First, the reaction between 2.20a (7.5 mmol) and 2.21a (0.5 mmol) 

in MeOH (1.5 mL) was tested at r.t., under an O2 atmosphere and in the dark, but only traces of 

the 2-aryl-regioisomer 2.22a could be detected by gas chromatography-mass spectrometry 

(GC-MS) after 48 h (Table 2.1, entry 1). Subsequently, we performed the reaction under the 

same conditions but in the presence of blue LED light, obtaining a mixture of 2-aryl/4-aryl 

substituted pyridines (2.22a) in 84% yield (entry 2). 

We also evaluated whether the activation of the pyridine moiety as the 

hydrochloride is needed, and carried out the same reaction with 7.5 mmol of free base pyridine 

and irradiation by blue LED. The result was a mixture of the 2- and 4-aryl-regioisomers 2.22a 

in 20% yield (Table 2.1, entry 3). This experiment led us to the conclusion that pyridinium salts 

are essential for this protocol. Changing the amount of pyridine hydrochloride (2.20a) relative 

to the diazonium salt 2.21a resulted in 41 to 90% yields of 2.22a (entries 2, 4, and 5). Keeping 

7.5 mmol of 2.20a and increasing 2.21a to 1 mmol also resulted in a lower yield (55%) (entry 

6) showing that high excesses of 2.20a relative to 2.21a are important for the efficiency of the 

protocol. Although the reaction with 10 mmol of 2.20a significantly improved the yield of 2.22a 

(entry 5), we decided to continue screening the conditions using 7.5 mmol of this substrate. 

This excess of pyridinium salt is imperative and will be clarified below in the section of 

mechanistic studies (see Section 2.2.2). 
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Table 2.1 – Screening of the reaction conditions.[a] 

 

Entry 
2.20a 

(mmol) 

2.21a 

(mmol) 

Light source  

(30 W) 
Solvent 

Time 

(h) 

2-aryl/   

4-aryl[e] 

Yield 

2.22a[f] 

1 7.5 0.5 None MeOH 48 - Traces 

2 7.5 0.5 Blue LED MeOH 48 71:29 84 

3 7.5[b] 0.5 Blue LED MeOH 48 68:32 20 

4 5 0.5 Blue LED MeOH 48 67:33 41 

5 10 0.5 Blue LED MeOH 48 67:33 90 

6 7.5 1 Blue LED MeOH 48 68:32 55 

7[c] 7.5 0.5 Blue LED MeOH 48 71:29 75 

8 7.5 0.5 Blue LED MeOH 24 72:28 72 

9 7.5 0.5 White LED MeOH 48 73:27 59 

10 7.5 0.5 Blue LED EtOH 48 67:33 69 

11 7.5 0.5 Blue LED DMF 48 77:23 64 

12 7.5 0.5 Blue LED DMF/MeOH (1:1) 48 71:29 63 

13 7.5 0.5 Blue LED DMF/MeOH (1:2) 48 69:31 71 

14 7.5 0.5 Blue LED DMSO 48 73:27 82 

15 7.5 0.5 Blue LED H2O 48 71:29 96 

16[d] 30 2 Blue LED H2O 48 67:33 79 

17 7.5 0.5 none H2O 48 - Traces 

[a]Reaction conditions: pyridine hydrochloride (2.20a) (5, 7.5 and 10 mmol),                                                              

4-methoxybenzenediazonium tetrafluoroborate (2.21a) (0.5 and 1 mmol) in solvent (1.5 mL) at r.t. under 

an O2 atmosphere for 24 or 48 h. [b]With 7.5 mmol of free base pyridine. [c]Previously deoxygenated and 

maintained under argon atmosphere. [d]Scale-up reaction performed under the same reaction conditions 

of entry 15, but in 6 mL of H2O with 2.22a obtained in 0.3 g-scale. [e]Determined after isolation. 

[f]Isolated yields. 
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The influence of the atmosphere, reaction time, and LED light source was also 

evaluated (Table 2.1, entries 7−9, respectively). It was observed that the yield of 2.22a 

decreased when the reaction was performed under an argon atmosphere (75% yield, entry 7 vs 

2) or when a shorter reaction time (24 h) was considered (72% yield, entry 8). Additionally, 

when white LEDs were employed under the same reaction conditions (entry 9) a lower yield 

(59%) was obtained. 

We also investigated the effect of other solvents [EtOH, dimethylformamide 

(DMF), dimethylsulfoxide (DMSO) and H2O] or mixtures of solvents (DMF/MeOH, 1:1 or 1:2, 

v/v) on the yield of 2.22a (Table 2.1, entries 10−15). To our delight, when H2O was used as the 

solvent, the desired product 2.22a was obtained in 96% yield under identical conditions (entry 

15). It is worth noting that the yield of the arylated product 2.22a is positively correlated with 

increases in the solvent polarity used in the reaction (entries 11, 10, 2, and 15, respectively). 

The only exception was the reaction carried out in DMSO (entry 14). The robustness of the 

protocol (entry 16) was also tested reacting 2 mmols of 2.21a in the same optimized conditions 

(entry 15), giving the product 2.22a in 79% yield (0.3 g-scale). Finally, we checked the 

optimized reaction condition for the pyridine arylation (entry 15) in the absence of light, and 

again only traces of the 2-aryl-regioisomer 2.22a could be detected by GC-MS after 48 h (entry 

17). These results show that the arylation reaction is promoted by visible-light irradiation and 

does not require a photocatalyst to occur under mild and environmentally friendly conditions. 

With the optimized reaction conditions in hands (Table 2.1, entry 15), we 

proceeded to evaluate the diazonium salt scope. As shown in Scheme 2.7, several aryldiazonium 

salts with different substitution patterns, substituted pyridines, quinoline, and quinoxaline are 

compatible with our arylation protocol. 
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Scheme 2.7 – Evaluation of the reaction scope. All reactions were carried out on a scale of 

7.5 mmol of 2.20a-g and 0.5 mmol of 2.21a-r in H2O (1.5 mL). Isolated yields and product 

ratios were determined after column chromatography. 

 

Among the aryldiazonium tetrafluoroborate salts tested for the direct arylation 

of the pyridine moiety, electron-donor (Scheme 2.7, 2.22l and 2.22o) and -neutral 4-substituted 



 

75 
 

aryldiazonium salts (Scheme 2.7, 2.22b and 2.22c) were more efficient than electron-acceptor 

4-substituted ones (Scheme 2.7, 2.22d and 2.22i). However, the reaction with the aryldiazonium 

salt 2.21r containing the π-donor group 4-N(Me)2 provided the 2-arylated pyridine (2.22r) in 

only 14% yield, and the diazo-substituted product 2.25 in 13% yield.  

In the work reported by Heinrich and co-workers (2016),101 an aryldiazonium 

chloride salt containing the same 4-dimethylamino group was unsuccessful in the radical 

arylation of 3-hydroxypyridine mediated by TiCl3, which suggests incompatibility of this type 

of substrate with radical C–H arylation protocols. 

Intriguingly, the aryldiazonium salts 2.21p (R = 3-Ethyl) and 2.21q                          

(R = 2-Ethyl) also underwent substitution reactions by hydroxyl groups (from the solvent water) 

to give the phenols 2.23 and 2.24 in yields of 55% and 56%, respectively. The use of π-acceptor 

(NO2) or donor (OMe) substituents at the 2 and 3 positions of the aryldiazonium ring decreased 

product yields compared with the same substituents at the 4-position of the diazonium salts. 

However, this effect was more pronounced for the methoxy donor substituent (Scheme 2.7, 

2.22m and 2.22n) than for the nitro acceptor (Scheme 2.7, 2.22i-k). Furthermore, lower yields 

were observed when σ-acceptor (F and CF3) groups were present at the 2- and 3-positions of 

the aryldiazonium rings (see Scheme 2.7, 2.22e vs 2.22f and 2.22g vs 2.22h). 

Maas et al. (2001) reported that some diazonium salts such as                                       

3-methoxybenzenediazonium (2.21m) and certain heteroarenediazonium tetrafluoroborates are 

known to decompose when dried,102 which may explain the low yield obtained for biaryl 2.22m 

(13%). Indeed, Heinrich and co-workers (2016) also reported problems with the use of an 

aryldiazonium chloride containing the meta-methoxy group, which partially decomposed 

before the addition to the reaction mixture.101 In the case of compounds 2.22e-h bearing               

σ-acceptor (F and CF3) groups, the difference in yields between the ortho and meta derivatives 

can be due to steric and/or electronic factors. However, we do not rule out the possibility that 

the yields of these and other reactions (such as Scheme 2.7, 2.22p, 2.22q) are correlated with 
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the (photo)stability of the corresponding aryldiazonium salts. In addition to the nature of the 

counter-ion, it is known that the substituent nature and position on the cation are of the greatest 

importance for the stability of the aryldiazonium salt.103,104 

We also included additional N-heterocycles (Scheme 2.7) to scope with the         

4-(trifluoromethyl)pyridine (giving 2.22s in 41% yield), 4-methoxypyridine (giving 2.22t in 

12% yield), 2-methoxypyridine (giving 2.22u in 15% yield), pyridine-2-thiol (giving 2.22v in 

38% yield), quinoline (giving 2.22w in 72% yield), and quinoxaline (giving 2.22x in 71% 

yield). Overall, the substituted pyridines with electron-withdrawing and -donating groups 

yielded products from low to acceptable yields (12-41%). The pyridine-2-thiol yielded the 

product 2.22v (38%) with the arylation in the thiol position and not in the aromatic ring. Both 

quinoline and quinoxaline provided arylated products in good yields (71-72%), demonstrating 

additional possibilities to apply this methodology. 

To extend the scope of our photochemical protocol, other substituted pyridines 

(as hydrochloride) were examined as substrates with 4-methoxybenzenediazonium 

tetrafluoroborate (2.21a). We found that 2-methylpyridine (2.20h), 3-hydroxypyridine (2.20i), 

2-(trifluoromethyl)pyridine (2.20j), 2-nitropyridine (2.20k), and 4-(dimethylamino)pyridine 

(2.20l) were not compatible with this reaction protocol under optimized conditions (Figure 2.2). 

 

 

Figure 2.2 – Unsuccessful substrates in our photochemical approach. 
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2.2.2 Mechanistic insights and counterpoints with Ru-photocatalyzed reactions 

To gain some insight into the mechanism of this metal-free C–H photoarylation 

reaction, we conducted several controlled experiments with substrates 2.20a and 2.21a and 

compared our results with the literature using Ru photocatalysts (see Scheme 2.8). As observed 

in our experiments performed in the dark (Table 2.1, entries 1 and 17) only traces of the               

2-aryl-regioisomer 2.22a could be detected by GC-MS after 48 h, showing that the reaction is 

being promoted by blue LED visible-light. We also performed a reaction in the presence of 2 

equiv. of the radical scavenger TEMPO and only partial inhibition of the reaction was observed 

(Scheme 2.8, eq. 1). The aryl radical was trapped with TEMPO and was detected by GC-MS 

(see Section 2.4.7, Figure 2.9) and 2.22a obtained in 70% yield (as against 96% yield, Table 

2.1, entry 15, in the absence of TEMPO). This suggests that the reaction involves radical 

intermediates, but complete radical trapping with full inhibition was not observed, probably 

because of the low solubility of TEMPO in water (~0.03 M at 25 ºC).105  

Subsequently, we tried to reproduce in our setup and optimized substrate 

proportions, the reaction between 2.20a and 2.21a reported by Xue et al. (2014) using 

Ru(bpy)3Cl2 (2.5 mol%) in the presence of 2 equiv. of TEMPO.85 However, in our hands, the 

compound 2.22a was obtained in 66% yield and only traces of the radical trapped with TEMPO 

could be detected by CG-MS, against the 0% described by the aforementioned authors (Scheme 

2.8, eq. 2 and Figure 2.10, Section 2.4.7). Furthermore, we tried to reproduce the same previous 

reaction without TEMPO (Scheme 2.8, eq. 3) and obtained the compound 2.22a in 94% yield. 

This result is statistically the same as compared to that reported in the mentioned literature 

(93%) with the Ru photocatalyst. However, this is also consistent with the yield we obtained 

without a photocatalyst (96%, Table 2.1, entry 15), proving that these photoarylation reactions 

work in 48 h (against the 60-80 h reported) without the Ru catalysts. It is important to highlight 

that the literature background reaction85 uses p-CF3-pyridine (2.20b) with 2.21a (Scheme 2.8, 
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eq. 4) and mentions that only traces of the product 2.22s were formed. We obtained the product 

2.22s in 41% yield after 48 h, as opposed to the reported traces obtained by Xue et al. (2014) 

after 60 h.85  

 

 

Scheme 2.8 – Mechanistic investigations. 

 

These results show an inconsistency between our data and the above-mentioned 

report, but these differences may be due to the different reagent proportions, as well as their use 

of 45 W white CFL lamps or 3 W blue LEDs against the 30 W blue LEDs used in this study. 

An additional control experiment was performed with deuterated water as 

solvent (Scheme 2.8, eq. 5), obtaining 2.22a in a comparable 90% yield and with no 

incorporation of deuterium, showing no hydrogen transfer. 
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In order to understand which intermediate is photoactive in this reaction (a 

photochemical intermediate such as a diazopyridinium salt or an EDA complex) we carried out 

several UV-Vis, 1H and 1H-15N HMBC NMR studies. The literature indicates that the formation 

of colored CT complexes between the electron-poor aryldiazonium salts and aromatic 

hydrocarbons occurs spontaneously, presenting a progressive bathochromic (red) shift with the 

decrease of the ionization potential of these aromatic substrates.106,107 We have successfully 

detected a new UV-Vis band by mixing 2.20a and 2.21a as demonstrated in Figure 2.3A, and 

confirmed a very close match between the CT band (black line) and the blue LED emission 

(blue line) (Figure 2.3A, inset). 
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Figure 2.3 – (A) UV-Vis absorption spectra of 2.20a (3 mmol), 2.21a (0.2 mmol), and the 

mixture of 2.20a and 2.21a at 2 and 0.13 M in H2O, respectively. Inset: CT band of (2.20a + 

2.21a) EDA complex. (B) UV-Vis absorption spectra in NaCl solution (1 M) for 2.20a’ (3 

mmol), 2.21a (0.2 mmol) and the mixture of 2.20a’ and 2.21a at 2 and 0.13 M in H2O, 

respectively. Inset: CT band of (2.20a’ + 2.21a) EDA complex. (C) Images of the solutions 

2.20a, 2.21a, 2.20a + 2.21a and 2.20a’ + 2.21a. (D) Molecular structure of the species. 

A B 

C D 

2.20a 2.21a 2.20a+2.21a 2.20a'+2.21a 
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These first studies by UV-Vis (Figure 2.3A) are consistent with the occurrence 

of an EDA complex. However, it is well-known in the literature that EDA complexes are 

supramolecular structures.3 In the case of diazonium salt and pyridine mixtures, the literature 

describes the occurrence of diazopyridinium salts at low temperatures,108 which are discrete 

structures and that cannot be considered EDA complexes. In an effort to gather more data and 

confirm the real photochemical intermediate of this study, we performed an experiment with 

the diazonium salt 2.21a in the presence of NaCl instead of pyridinium chloride, obtaining 

exactly the same UV-Vis band of the diazonium salt 2.21a and showing that the chloride ion is 

not able to form an EDA with 2.21a. In addition, a UV-Vis experiment with the diazonium salt 

2.21a and free pyridine (2.20a’) revealed a very similar new UV-Vis band with a more 

noticeably colored solution (see Figure 2.3B and 2.3C). We concluded that there is an evident 

interaction between pyridine and the diazonium salt moieties, which is present when mixing 

py∙HCl (2.20a) and the diazonium salt 2.21a. Because of the acid-base equilibrium, the 

concentration of free pyridine is low, and the EDA formed is more discrete (low concentration). 

However, in the presence of high concentrations of free pyridine 2.20a’ the occurrence of the 

EDA complex is more evident (Figure 2.3B). It is important to highlight that our methodology 

deals with the formation of an EDA but also with a relative concentration of protonated pyridine 

or heterocycle in order to have the radical acceptor activated. 

We also performed 1H NMR experiments in D2O analyzing 2.20a and 2.21a 

individually and mixtures of both in different proportions.109 First, aggregation studies at high 

concentrations of 2.20a (from 70 to 280 mM) and 2.21a (from 35 to 140 mM) were carried out 

by 1H NMR (see Figure 2.8, Section 2.4.6), and no aggregation in solution was detected even 

at high concentrations (140 or 280 mM); it is well-known that aggregation on aromatic 

compounds in solutions can cause dramatic chemical shifts.110  

In the 1H NMR analysis of the mixture of both 2.20a and 2.21a (1:1 equiv.) in 

D2O, we observed a slight protection (upfield shift) for the signal of the hydrogens adjacent to 
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the methoxy group (at 7.4 ppm) of diazonium salt 2.21a and a slight deprotection (downfield 

shift) of the 1H signals in 2.20a (Figure 2.4). Similarly, the mixture of the diazonium salt 2.21a 

and free pyridine (2.20a’) yielded 1H NMR analyses with protected signals for the diazonium 

salt 2.21 in both 1:1 and 1:5 molar ratios (especially at 1:5 molar ratio) and deprotected signals 

for the free pyridine (2.20a’) at 1:1 molar ratio (Figure 2.5). This indicates an electron-donor 

effect from the pyridine nucleus and an electron-acceptor effect from the diazonium salt moiety. 

It is important to highlight that the more relevant deprotection effect in the 1:5 molar ratio 

experiment is in agreement with the supramolecular properties of the EDA complexes. 

Additional experiments of 1H-15N HMBC were performed in D2O (see Figure 2.11, Section 

2.4.8). Only 1H-15N correlations of individual 2.20a’ and 2.21a were observed in the mixture 

solution, with no photochemically active intermediate such as a diazopyridinium salt detected. 
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Figure 2.4 – 1H NMR spectrum for 2.20a (at 35 mM), 2.21a (at 35 mM), and their mixture at 

35 mM (1:1 equiv.) in D2O. 
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Figure 2.5 – 1H NMR spectrum for 2.20a’ (at 35 mM), 2.21a (at 35 mM), and their mixture 

(1:1 equiv. at 35 mM and 1:5 equiv., 35:175 mM) in D2O. 

 

Based on these results, we propose a plausible mechanism for the visible        

light-induced direct C−H arylation of N-heterocycles (exemplified for pyridines) (Scheme 2.9). 

Initially, the aryldiazonium salt reversibly combines with free pyridine/heterocycle generating 

the EDA complex, which absorbs blue light, and then it dissociates in the excited state to 

produce the aryl radical.10,111 Next, the aryl radical reacts with the pyridinium salt (or                     

N-heterocycle salt) to form a new radical intermediate. The latter is subsequently re-aromatized 

by reaction with oxygen gas. It is relevant to highlight that we have confirmed that the oxygen 



 

83 
 

atmosphere has an important role in improving the yields.9 Finally, aqueous workup liberates 

the desired arylated N-heterocycles. 

 

 

Scheme 2.9 – Proposed mechanism for the visible-light-induced direct C–H arylation of        

N-heterocycles, as exemplified for pyridines. 
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2.3 Conclusion 

A metal-free methodology for the photoarylation of pyridines and other 

heterocycles, in water, is described giving 2- and 4-arylated-products in yields up to 96% (22 

examples). The scope of the diazonium salt (16 examples) is presented showing the relative 

strength of this methodology when both electron-withdrawing (F and NO2) and -donating 

(OMe) groups are attached to the diazonium salts (ortho, meta, and para positions). The 

substrate scope of the reaction was further extended to include additional N-heterocycles like 

4-(trifluoromethyl)pyridine, 4-methoxypyridine, 2-methoxypyridine, pyridine-2-thiol, 

quinoline, and quinoxaline. Among them, the last two yielded arylated products in good yields 

(71-72%) and offer additional opportunities to apply this methodology. Other substituted 

pyridines (as hydrochloride) including 2-methylpyridine, 3-hydroxypyridine,                                   

2-(trifluoromethyl)pyridine, 2-nitropyridine, and 4-(dimethylamino)pyridine were examined as 

substrates with 4-methoxybenzenediazonium tetrafluoroborate; however, no product was 

observed under the optimized reaction conditions.  

The robustness of the protocol was also demonstrated by a scale-up experiment 

(2 mmol) which provided product 2.22a in a consistent yield of 79% (0.3 g-scale). Mechanistic 

investigations were carried out through control experiments (dark control reactions, radical 

trapping reactions with TEMPO, reaction with deuterated solvent (D2O), and reactions using a 

Ru(bpy)3Cl2 photocatalyst) and other additional studies (UV-Vis, 1H and 1H-15N HMBC NMR), 

supporting the proposed mechanism and the occurrence of an EDA complex between free 

pyridine/heterocycle (donor) and diazonium salt (acceptor). 
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2.4 Experimental 

2.4.1 General information 

All commercial reagents were used without further purification. Aryldiazonium 

salts were prepared according to the literature procedure.112 All reactions were carried out under 

an oxygen atmosphere. Reactions were monitored by thin-layer chromatography carried out on 

0.25 mm silica plates, using shortwave UV light (254 or 365 nm) for visualization. Flash 

column chromatography was performed on silica gel (70−230 mesh). NMR spectra were 

recorded on a Bruker Avance 400 MHz instrument, and chemical shifts for 1H and 13C NMR 

are reported in ppm relative to tetramethylsilane as internal reference. All coupling constants  

(J values) are reported in hertz. The following abbreviations were used to describe NMR peak 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, etc. All NMR data 

were processed using the MestReNova 9.0.1 software package. High-resolution mass spectra 

(HRMS) were performed on Agilent LC-6545, Q-TOF MS with Jet Stream ESI ionization. 

UV−vis absorption spectra were recorded on a PerkinElmer Lambda 25 UV−visible absorption 

spectrophotometer. 

 

2.4.2 Photochemical reactor 

These studies were carried out in a home-made photoreactor.113,114 The reactor 

was made from a commercial plastic recipient for silica gel storage (Figure 2.6A). The materials 

utilized for assembling the photoreactor were electric connections, AC adapter, fan, and LED 

strips (Figure 2.6B). 
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Figure 2.6 – (A) Commercial plastic recipient. (B) Materials used in the assembly: 1) electric 

connections (speaker wire cable, plastic strip connector, and DC male/female connectors), 2) 

AC adapter, 3) fan, and 4) LED strips. 

 

First, the recipient was cleaned and cut as shown in Figures 2.7A and B. Then, 

the blue LED strips were fastened to the container’s inner walls. Next, the LEDs and fan were 

plugged into the AC adapter through DC male/female connectors (Figure 2.7C). The reaction 

tube was then connected to the reactor center (Figure 2.7D and E). Finally, the irradiation was 

started with the fan blowing from the top (Figure 2.7F and G). 

The photoreactor emission range is 400 to 500 nm (blue LED) with a maximum 

of 455 nm and a total power of 28 W (in series mode). 
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Figure 2.7 – Step-by-step photoreactor assembly: (A) Location of container cut, (B) 

Container cut open, (C) LED strips and fan installed and plugged into the AC adapter, (D) 

Reaction tube, (E) Reaction tube connected to the reactor center, (F) Irradiation started, and 

(G) Photoreactor assembled with irradiation of the reaction tube. 
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2.4.3 General procedure for the synthesis of aryldiazonium salts 

To a solution of aniline (10 mmol) in distilled H2O (4 mL), aq. HBF4 50 wt% 

was added (3.4 mL) and the mixture was stirred while cooled to 0 °C. Subsequently, a solution 

of NaNO2 (10 mmol, 690 mg) in H2O (2 mL) was added dropwise. After addition, the reaction 

mixture was stirred for 45 min and then the solid filtered off under vacuum. The precipitate was 

redissolved in a minimum amount of acetone (ca. 5−8 mL). Diethyl ether was added until 

precipitation of the diazonium tetrafluoroborate. The solid was filtered off and washed with 

diethyl ether and dried under vacuum. The NMR data were consistent with those previously 

reported.113  

 

2.4.4 General procedure for the photoarylation of N-heterocycles 

To a test tube (borosilicate, 10 mm internal diameter and 1 mm thick walls)         

N-heterocycle hydrochloride salt (2.20a-g) (7.5 mmol, 15 equiv.) was added to 1.5 mL of H2O. 

The test tube was then sonicated to remove the solubilized air and saturated with pure O2 by 

bubbling this gas for 10 min. The aryldiazonium salt (2.21a-r) (0.5 mmol, 1 equiv.) was quickly 

added; the tube was closed and sealed with a Teflon tape. The reaction mixture was stirred and 

irradiated using a homemade batch photoreactor (30 W blue LEDs) under an oxygen 

atmosphere (balloon) at r.t. for 48 h. The reaction mixture was quenched with saturated aqueous 

NaHCO3 (10 mL) and extracted with EtOAc (3 × 20 mL). The organic extracts were washed 

with brine (1 × 10 mL), dried over MgSO4, filtered, and the solution was concentrated under 

vacuum. The crude reaction product was chromatographed on silica gel (70−230 mesh) using 

EtOAc/hexane mixtures of increasing polarity to afford 2-aryl/4-aryl-substituted pyridines 

(2.22a-o and 2.22r-u), 2-((4-methoxyphenyl)thio)pyridine (2.22v), 2-aryl/4-arylquinoline 

(2.22w), and 2-aryl-quinoxaline (2.22x) in yields ranging from 12 to 96%. 
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2.4.5 Characterization data of arylated N-heterocycles 

2-(4-Methoxyphenyl)pyridine – 2-Aryl (2.22a): The compound 2-aryl 

(2.22a) (known compound)60 was synthesized following the general 

procedure. It was obtained in 68% yield (0.341 mmol, 63.2 mg) as a yellow 

solid after purification on silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) 

to 7/3 (v/v)). Mp: 51−53 °C (lit.60 mp: 53−55 °C). 1H NMR (400 MHz, CDCl3): δ 8.65 (ddd, J 

= 4.9, 1.9, 1.0 Hz, 1H), 7.95 (d, J = 9.0 Hz, 2H), 7.75 − 7.64 (m, 2H), 7.17 (ddd, J = 7.2, 4.8, 

1.4 Hz, 1H), 7.00 (d, J = 9.0 Hz, 2H), 3.86 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 160.5, 

157.1, 149.5, 136.7, 132.0, 128.2, 121.4, 119.8, 114.1, 55.4. 

 

4-(4-Methoxyphenyl)pyridine – 4-Aryl (2.22a): The compound 4-aryl (2.22a) 

(known compound)115 was synthesized following the general procedure. It was 

obtained in 28% yield (0.138 mmol, 25.5 mg) as a yellow solid after purification over 

silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 

91−94 °C (lit.115 mp: 94−96 °C). 1H NMR (400 MHz, CDCl3): δ 8.62 (d, J = 6.3 Hz, 2H), 7.61 

(d, J = 8.9 Hz, 2H), 7.49 – 7.45 (m, 2H), 7.01 (d, J = 8.9 Hz, 2H), 3.87 (s, 3H). 13C NMR (100 

MHz, CDCl3): δ 160.5, 150.2, 147.8, 130.3, 128.2, 121.1, 114.6, 55.4. 

 

2-Phenylpyridine – 2-Aryl (2.22b): The compound 2-aryl (2.22b) (known 

compound)116,117 was synthesized following the general procedure. It was 

obtained in 44% yield (0.219 mmol, 34.0 mg) as a yellow oil after purification 

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). 1H 

NMR (400 MHz, CDCl3): δ 8.74 – 8.65 (m, 1H), 8.02 – 7.94 (m, 2H), 7.79 − 7.70 (m, 2H), 7.52 

− 7.45 (m, 2H), 7.44 − 7.38 (m, 1H), 7.23 (ddd, J = 6.7, 4.8, 2.1 Hz, 1H). 13C NMR (100 MHz, 

CDCl3): δ 157.5, 149.7, 139.4, 136.8, 129.0, 128.8, 126.9, 122.1, 120.6. 

 

4-Phenylpyridine – 4-Aryl (2.22b): The compound 4-aryl (2.22b) (known 

compound)117 was synthesized following the general procedure. It was obtained in 18% 

yield (0.090 mmol, 13.9 mg) as a yellow solid after purification over silica gel column 

chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). Mp: 62−64 °C (lit.117 

mp: 67−68 °C). 1H NMR (400 MHz, CDCl3): δ 8.66 (d, J = 5.6 Hz, 2H), 7.69 – 7.59 (m, 2H), 



 

90 
 

7.55 − 7.37 (m, 5H). 13C NMR (100 MHz, CDCl3): δ 150.3, 148.4, 138.1, 129.1, 129.0, 127.0, 

121.7. 

 

2-(4-Chlorophenyl)pyridine – 2-Aryl (2.22c): The compound 2-aryl (2.22c) 

(known compound)117 was synthesized following the general procedure. It was 

obtained in 54% yield (0.272 mmol, 51.6 mg) as a yellow solid after 

purification over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 

(v/v)). Mp: 46−48 °C (lit.117 mp: 44−45 °C). 1H NMR (400 MHz, CDCl3): δ 8.69 (ddd, J = 4.8, 

1.8, 1.0 Hz, 1H), 7.94 (d, J = 8.8 Hz, 2H), 7.76 (ddd, J = 8.0, 7.3, 1.8 Hz, 1H), 7.70 (dt, J = 8.0, 

1.2 Hz, 1H), 7.45 (d, J = 8.8 Hz, 2H), 7.27 – 7.22 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 

156.2, 149.8, 137.8, 136.9, 135.1, 128.9, 128.2, 122.4, 120.4. 

 

4-(4-Chlorophenyl)pyridine – 4-Aryl (2.22c): The compound 4-aryl (2.22c) (known 

compound)117 was synthesized following the general procedure. It was obtained in 26% 

yield (0.128 mmol, 24.3 mg) as a yellow solid after purification over silica gel column 

chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 70−71 °C (lit.117 mp: 

70−71 °C). 1H NMR (400 MHz, CDCl3): δ 8.68 (s, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.52 − 7.41 

(m, 4H). 13C NMR (100 MHz, CDCl3): δ 150.4, 147.1, 136.6, 135.3, 129.4, 128.3, 121.5. 

 

2-(4-Fluorophenyl)pyridine – 2-Aryl (2.22d): The compound 2-aryl (2.22d) 

(known compound)60 was synthesized following the general procedure. It was 

obtained in 31% yield (0.156 mmol, 27.1 mg) as a white solid after purification 

over silica gel column chromatography (dichloromethane/EtOAc = 9.5/0.5 (v/v)). Mp: 35−37 

°C (lit.60 mp: 39−41 °C). 1H NMR (400 MHz, CDCl3): δ 8.68 (ddd, J = 4.9, 1.9, 1.0 Hz, 1H), 

8.02 − 7.93 (m, 2H), 7.75 (ddd, J = 8.0, 7.3, 1.8 Hz, 1H), 7.68 (dt, J = 8.0, 1.1 Hz, 1H), 7.23 

(ddd, J = 7.3, 4.8, 1.2 Hz, 1H), 7.19 − 7.12 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 163.5 (d, 

J = 248.3 Hz), 156.5, 149.7, 136.8, 135.5, 128.7 (d, J = 8.3 Hz), 122.1, 120.2, 115.7 (d, J = 21.4 

Hz). 

 

4-(4-Fluorophenyl)pyridine – 4-Aryl (2.22d): The compound 4-aryl (2.22d) (known 

compound)118 was synthesized following the general procedure. It was obtained in 22% 

yield (0.109 mmol, 19.0 mg) as a white solid after purification over silica gel column 

chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 112−114 °C (lit.118 
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mp: 116−118 °C). 1H NMR (400 MHz, CDCl3): δ 8.66 (d, J = 5.2 Hz, 2H), 7.66 − 7.59 (m, 

2H), 7.51 − 7.43 (m, 2H), 7.23 − 7.14 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 163.5 (d, J = 

249.3 Hz), 150.2, 147.4, 134.2, 134.1, 128.8 (d, J = 8.3 Hz), 121.5, 116.2 (d, J = 22.0 Hz). 

 

2-(3-Fluorophenyl)pyridine – 2-Aryl (2.22e): The compound 2-aryl (2.22e) 

(known compound)119 was synthesized following the general procedure. It was 

obtained in 36% yield (0.178 mmol, 30.8 mg) as a yellow oil after purification 

over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). 1H NMR 

(400 MHz, acetone-d6): δ 8.70 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H), 8.04 − 7.95 (m, 2H), 7.95 − 7.87 

(m, 2H), 7.58 − 7.50 (m, 1H), 7.38 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H), 7.21 (dddd, J = 8.2, 2.7, 0.9 

Hz, 1H). 13C NMR (100 MHz, acetone-d6): δ 164.2 (d, J = 243.1 Hz), 156.1, 150.6, 142.7 (d, J 

= 7.5 Hz), 138.0, 131.4 (d, J = 8.5 Hz), 123.9, 123.3 (d, J = 1.8 Hz), 121.2, 116.4 (d, J = 21.4 

Hz), 114.1 (d, J = 23.2 Hz). 

 

4-(3-Fluorophenyl)pyridine – 4-Aryl (2.22e): The compound 4-aryl (2.22e) (known 

compound)120 was synthesized following the general procedure. It was obtained in 

22% yield (0.109 mmol, 18.9 mg) as a yellow oil after purification over silica gel 

column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). 1H NMR (400 

MHz, CDCl3): δ 8.68 (d, J = 6.2 Hz, 2H), 7.51 − 7.40 (m, 4H), 7.37 − 7.30 (m, 1H), 7.18 − 7.11 

(m, 1H). 13C NMR (100 MHz, CDCl3): δ 163.2 (d, J = 246.9 Hz), 150.4, 147.1, 140.4 (d, J = 

7.9 Hz), 130.7 (d, J = 8.2 Hz), 122.7 (d, J = 2.1 Hz), 121.6, 116.0 (d, J = 20.9 Hz), 114.0 (d, J 

= 22.4 Hz). 

 

2-(2-Fluorophenyl)pyridine – 2-Aryl (2.22f): The compound 2-aryl (2.22f) 

(known compound)121 was synthesized following the general procedure. It was 

obtained in 20% yield (0.098 mmol, 16.9 mg) as a yellow oil after purification 

over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). 1H NMR 

(400 MHz, CDCl3): δ 8.59 (ddd, J = 4.8, 1.9, 1.1 Hz, 1H), 7.92 (td, J = 7.9, 1.9 Hz, 1H), 7.78 

− 7.68 (m, 2H), 7.34 (dddd, J = 8.2, 7.4, 5.0, 1.9, 1H), 7.26 – 7.17 (m, 2H), 7.12 (dddd, J = 

11.8, 8.2, 1.2, 0.4 Hz, 1H). 13C NMR (100 MHz, acetone-d6): δ 161.4 (d, J = 248.3 Hz), 153.9, 

150.7, 137.4, 132.0, 131.5 (d, J = 8.7 Hz), 128.3 (d, J = 11.3 Hz), 125.4, 125.1 (d, J = 9.8 Hz), 

123.5, 116.9 (d, J = 23.2 Hz). 
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4-(2-Fluorophenyl)pyridine – 4-Aryl (2.22f): The compound 4-aryl (2.22f) (new 

compound) was obtained synthesized the general procedure. It was obtained in 11% 

yield (0.054 mmol, 9.4 mg) as a yellow solid after purification over silica gel column 

chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 62−64 °C. 1H 

NMR (400 MHz, acetone-d6): δ 8.55 (d, J = 5.9 Hz, 2H), 7.53 – 7.48 (m, 1H), 7.44 (dt, J = 4.5, 

1.6 Hz, 2H), 7.39 (dddd, J = 8.3, 7.5, 5.1, 1.8, 1H), 7.23 (td, J = 7.6, 1.2 Hz, 1H), 7.17 (dddd, J 

= 11.2, 8.3, 1.2, 0.4 Hz, 1H). 13C NMR (100 MHz, acetone-d6): δ 160.6 (d, J = 248.3 Hz), 150.9, 

143.9, 131.9 (d, J = 8.4 Hz), 131.5 (d, J = 2.2 Hz), 127.0 (d, J = 12.8 Hz), 126.0 (d, J = 3.2 Hz), 

124.4, 117.1 (d, J = 22.6 Hz). HRMS−ESI-TOF: m/z calcd for C11H9FN [M + H]+, 174.0714; 

Found, 174.0712. 

 

2-(3-(Trifluoromethyl)phenyl)pyridine – 2-Aryl (2.22g): The compound    

2-aryl (2.22g) (known compound)122 was synthesized following the general 

procedure. It was obtained in 31% yield (0.154 mmol, 34.5 mg) as a yellow 

oil after purification over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) 

to 7/3 (v/v)). 1H NMR (400 MHz, CDCl3): δ 8.73 (ddd, J = 4.8, 1.8, 1.1 Hz, 1H), 8.32 − 8.26 

(m, 1H), 8.21 − 8.16 (m, 1H), 7.83 − 7.75 (m, 2H), 7.70 − 7.65 (m, 1H), 7.63 – 7.57 (m, 1H), 

7.29 (ddd, J = 7.0, 4.8, 1.7 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 155.9, 149.9, 140.1, 137.0, 

131.2 (q, J = 32.3 Hz), 130.1, 129.2, 125.5 (q, J = 4.0 Hz), 123.8 (q, J = 4.0 Hz), 122.8, 120.6. 

 

4-(3-(Trifluoromethyl)phenyl)pyridine – 4-Aryl (2.22g): The compound 4-aryl 

(2.22g) (known compound)123 was synthesized following the general procedure. It 

was obtained in 18% yield (0.093 mmol, 20.7 mg) as a yellow oil after purification 

over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 

(v/v)). 1H NMR (400 MHz, CDCl3): δ 8.71 (d, J = 5.9 Hz, 2H), 7.89 − 7.85 (m 1H), 7.84 − 7.79 

(m, 1H), 7.74 − 7.69 (m, 1H), 7.66 − 7.60 (m 1H), 7.55 – 7.50 (m, 2H). 13C NMR (100 MHz, 

CDCl3): δ 150.4, 147.0, 139.0, 131.6 (q, J = 32.5 Hz), 130.3, 129.7, 125.7 (q, J = 3.7 Hz), 123.9 

(q, J = 3.7 Hz), 121.7. 

 

2-(2-(Trifluoromethyl)phenyl)pyridine – 2-Aryl (2.22h): The compound 2-aryl 

(2.22h) (known compound)124 was synthesized following the general procedure. 

It was obtained in 23% yield (0.113 mmol, 25.4 mg) as a yellow oil after 

purification over silica gel column chromatography (toluene/EtOAc = from 9.5/0.5 (v/v) to 9/1 
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(v/v)). 1H NMR (400 MHz, CDCl3): δ 8.69 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 7.80 − 7.72 (m, 2H), 

7.66 − 7.58 (m, 1H), 7.56 − 7.48 (m, 2H), 7.43 (d, J = 7.8 Hz, 1H), 7.31 (ddd, J = 7.6, 4.9, 1.2, 

1H). 13C NMR (100 MHz, CDCl3): δ 157.8, 149.2, 140.0, 136.0, 131.6, 131.5, 128.3, 126.3 (q, 

J = 5.3 Hz), 125.4, 124.0, 122.7, 122.5. 

 

2-(4-Nitrophenyl)pyridine – 2-Aryl (2.22i): The compound 2-aryl (2.22i) 

(known compound)125 was synthesized following the general procedure. It 

was obtained in 42% yield (0.210 mmol, 42.0 mg) as a white solid after 

purification over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 

(v/v)). Mp: 132−133 °C (lit.125 mp: 130−131 °C). 1H NMR (400 MHz, CDCl3): δ 8.80 – 8.71 

(m, 1H), 8.34 (d, J = 9.1 Hz, 2H), 8.19 (d, J = 9.1 Hz, 2H), 7.88 − 7.78 (m, 2H), 7.35 (ddd, J = 

6.3, 4.8, 2.2, 1H). 13C NMR (100 MHz, CDCl3): δ 154.9, 150.1, 148.1, 145.3, 137.2, 127.7, 

124.0, 123.5, 121.2. 

 

4-(4-Nitrophenyl)pyridine – 2-Aryl (2.22i): The compound 4-aryl (2.22i) (known 

compound)125 was synthesized following the general procedure. It was obtained in 24% 

yield (0.120 mmol, 24.0 mg) as a white solid after purification over silica gel column 

chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 120−123 °C (lit.125 

mp: 122−124 °C). 1H NMR (400 MHz, CDCl3): δ 8.76 (d, J = 4.1 Hz, 2H), 8.36 (d, J = 

8.9 Hz, 2H), 7.80 (d, J = 8.9 Hz, 2H), 7.58 − 7.50 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 

150.7, 148.2, 146.0, 144.5, 128.0, 124.4, 121.8. 

 

2-(3-Nitrophenyl)pyridine – 2-Aryl (2.22j): The compound 2-aryl (2.22j) 

(known compound)126 was synthesized following the general procedure. It 

was obtained in 30% yield (0.15 mmol, 29.9 mg) as a yellow solid after 

purification over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 

(v/v)). Mp: 72−73 °C (lit.126 mp: 72−73 °C). 1H NMR (400 MHz, CDCl3): δ 8.87 (t, J = 2.0 Hz, 

1H), 8.77 – 8.71 (m, 1H), 8.37 (ddd, J = 7.8, 1.7, 1.1 Hz, 1H), 8.27 (ddd, J = 8.2, 2.3, 1.0 Hz, 

1H), 7.88 − 7.79 (m, 2H), 7.65 (t, J = 8.0 Hz, 1H), 7.33 (ddd, J = 6.2, 4.8, 2.4, 1H). 13C NMR 

(100 MHz, CDCl3): δ 154.8, 150.0, 148.8, 141.0, 137.2, 132.7, 129.7, 123.6, 123.3, 121.8, 

120.6. 
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4-(3-Nitrophenyl)pyridine – 4-Aryl (2.22j): The compound 4-aryl (2.22j) (known 

compound)126 was synthesized following the general procedure. It was obtained in 

19% yield (0.096 mmol, 19.2 mg) as an orange solid after purification over silica 

gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 (v/v)). Mp: 

103−105 °C (lit.126 mp: 109−110 °C). 1H NMR (400 MHz, CDCl3): δ 8.76 (d, J = 5.3 Hz, 2H), 

8.51 (t, J = 1.9 Hz, 1H), 8.32 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.98 (ddd, J = 7.8, 1.8, 1.0 Hz, 

1H), 7.70 (t, J = 8.0 Hz, 1H), 7.60 − 7.54 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 150.6, 148.9, 

145.9, 139.9, 132.9, 130.3, 123.8, 122.0, 121.6. 

 

2-(2-Nitrophenyl)pyridine – 2-Aryl (2.22k): The compound 2-aryl (2.22k) 

(known compound)127 was synthesized following the general procedure. It was 

obtained in 31% yield (0.153 mmol, 30.6 mg) as a yellow solid after purification 

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 (v/v)). Mp: 

71−72 °C. 1H NMR (400 MHz, CDCl3): δ 8.89 − 8.84 (m, 1H), 8.77 − 8.72 (m, 1H), 8.38 (ddd, 

J = 7.8, 1.7, 1.1 Hz, 1H), 8.27 (ddd, J = 8.2, 2.3, 1.1 Hz, 1H), 7.87 − 7.79 (m, 2H), 7.70 − 7.62 

(m, 1H), 7.34 (ddd, J = 6.1, 4.8, 2.4 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 154.8, 150.0, 

148.8, 141.0, 137.2, 132.7, 129.7, 123.6, 123.3, 121.8, 120.6. 

 

4-(2-Nitrophenyl)pyridine – 4-Aryl (2.22k): The compound 4-aryl (2.22k) 

(known compound)128 was synthesized following the general procedure. It was 

obtained in 21% yield (0.103 mmol, 20.7 mg) as a yellow solid after purification 

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 

(v/v)). Mp: 51−52 °C (lit.128 mp: 49−50 °C). 1H NMR (400 MHz, CDCl3): δ 8.76 (d, J = 5.8 

Hz, 2H), 8.54 − 8.49 (m, 1H), 8.32 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.98 (ddd, J = 7.8, 1.8, 1.0 

Hz, 1H), 7.74 − 7.67 (m, 1H), 7.61 − 7.53 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 150.6, 

148.9, 146.0, 139.9, 132.9, 130.3, 123.8, 122.0, 121.6. 

 

2-(p-Tolyl)pyridine – 2-Aryl (2.22l): The compound 2-aryl (2.22l) (known 

compound)117 was synthesized following the general procedure. It was 

obtained in 54% yield (0.270 mmol, 45.8 mg) as a yellow oil after purification 

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). 1H 

NMR (400 MHz, CDCl3): δ 8.71 − 8.65 (m, 1H), 7.89 (d, J = 8.2 Hz, 2H), 7.76 − 7.67 (m, 2H), 
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7.31 − 7.26 (m, 2H), 7.20 (ddd, J = 6.7, 4.8, 2.0 Hz, 1H), 2.41 (s, 3H). 13C NMR (100 MHz, 

CDCl3): δ 157.5, 149.6, 139.0, 136.7, 136.6, 129.5, 126.8, 121.8, 120.3, 21.3. 

 

4-(p-Tolyl)pyridine – 4-Aryl (2.22l): The compound 4-aryl (2.22l) (known 

compound)117 was synthesized following the general procedure. It was obtained in 26% 

yield (0.130 mmol, 22.0 mg) as a yellow solid after purification over silica gel column 

chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). Mp: 86−88 °C (lit.117 

mp: 89−90 °C). 1H NMR (400 MHz, CDCl3): δ 8.64 (d, J = 4.9 Hz, 2H), 7.55 (d, J = 8.2 Hz, 

2H), 7.52 − 7.46 (m, 2H), 7.30 (d, J = 7.8 Hz, 2H), 2.42 (s, 3H). 13C NMR (100 MHz, CDCl3): 

δ 150.2, 148.2, 139.2, 135.2, 129.9, 126.8, 121.4, 21.2. 

 

2-(3-Methoxyphenyl)pyridine – 2-Aryl (2.22m): The compound 2-aryl 

(2.22m) (known compound)115 was synthesized following the general 

procedure. It was obtained in 9% yield (0.043 mmol, 8.00 mg) as an oil after 

purification over silica gel column chromatography (hexane/2-propanol = from 9.5/0.5 (v/v)). 

1H NMR (400 MHz, CDCl3): δ 8.70 (ddd, J = 4.8, 1.7, 1.0 Hz, 1H), 7.80 − 7.70 (m, 2H), 7.61 

– 7.57 (m, 1H), 7.54 (ddd, J = 7.7, 1.6, 1.0, Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.26 – 7.22 (m, 

1H), 6.97 (ddd, J = 8.2, 2.6, 1.0 Hz, 1H), 3.90 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 160.1, 

157.2, 149.5, 140.8, 136.8, 129.7, 122.3, 120.8, 119.3, 115.2, 112.0, 55.4. 

 

4-(3-Methoxyphenyl)pyridine – 4-Aryl (2.22m): The compound 4-aryl (2.22m) 

(known compound)129 was synthesized following the general procedure. It was 

obtained in 4% yield (0.022 mmol, 4.00 mg) as an oil after purification over silica 

gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). 1H 

NMR (400 MHz, CDCl3): δ 8.66 (d, J = 4.2 Hz, 2H), 7.54 − 7.47 (m, 2H), 7.41 (t, J = 7.9 Hz, 

1H), 7.22 (ddd, J = 7.7, 1.7, 1.0 Hz, 1H), 7.18 – 7.14 (m, 1H), 6.99 (ddd, J = 8.3, 2.6, 1.0 Hz, 

1H), 3.88 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 160.2, 150.1, 148.4, 139.6, 130.2, 121.8, 

119.4, 114.4, 112.8, 55.4. 

 

2-(2-Methoxyphenyl)pyridine – 2-Aryl (2.22n): The compound 2-aryl (2.22n) 

(known compound)119 was synthesized following the general procedure. It was 

obtained in 38% yield (0.192 mmol, 35.5 mg) as a yellow oil after purification 

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 (v/v)). 1H 
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NMR (400 MHz, CDCl3): δ 8.70 (ddd, J = 4.9, 1.9, 1.0 Hz, 1H), 7.81 (dt, J = 8.0, 1.1 Hz, 1H), 

7.76 (dd, J = 7.6, 1.8 Hz, 1H), 7.72 – 7.67 (m, 1H), 7.38 (ddd, J = 8.3, 7.4, 1.8 Hz, 1H), 7.20 

(ddd, J = 7.5, 4.9, 1.2 Hz, 1H), 7.08 (td, J = 7.5, 1.1 Hz, 1H), 7.01 (dd, J = 8.3, 1.0 Hz, 1H), 

3.86 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 156.9, 156.1, 149.4, 135.6, 131.2, 129.9, 129.1, 

125.1, 121.7, 121.0, 111.3, 55.6. 

 

4-(2-Methoxyphenyl)pyridine – 4-Aryl (2.22n): The compound 4-aryl (2.22n) 

(known compound)115 was synthesized following the general procedure. It was 

obtained in 19% yield (0.098 mmol, 18.1 mg) as a yellow solid after purification 

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 

(v/v)). Mp: 56−59 °C (lit.115 mp: 63−64 °C). 1H NMR (400 MHz, CDCl3): δ 8.63 (d, J = 5.9 

Hz, 2H), 7.54 − 7.48 (m, 2H), 7.41 (ddd, J = 8.3, 7.4, 1.8 Hz, 1H), 7.35 (dd, J = 7.6, 1.8 Hz, 

1H), 7.07 (td, J = 7.5, 1.1 Hz, 1H), 7.02 (dd, J = 8.4, 1.0 Hz, 1H), 3.85 (s, 3H). 13C NMR (100 

MHz, CDCl3): δ 156.5, 149.1, 146.3, 130.4, 130.2, 127.7, 121.1, 111.4, 55.6. 

 

2-(4-Ethylphenyl)pyridine – 2-Aryl (2.22o): The compound 2-aryl (2.22o) 

(known compound)130 was synthesized following the general procedure. It was 

obtained in 51% yield (0.253 mmol, 46.4 mg) as a yellow oil after purification 

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). 1H 

NMR (400 MHz, CDCl3): δ 8.68 (ddd, J = 4.8, 1.7, 1.1 Hz, 1H), 7.91 (d, J = 8.4 Hz, 2H), 7.76 

− 7.68 (m, 2H), 7.34 – 7.28 (m, 2H), 7.20 (ddd, J = 6.3, 4.8, 2.1 Hz, 1H), 2.71 (q, J = 7.6 Hz, 

2H), 1.27 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 157.5, 149.6, 145.3, 136.9, 136.7, 

128.3, 126.9, 121.8, 120.3, 28.7, 15.5. 

 

4-(4-Ethylphenyl)pyridine – 4-Aryl (2.22o): The compound 4-aryl (2.22o) (new 

compound) was synthesized following the general procedure. It was obtained in 24% 

yield (0.120 mmol, 22.0 mg) as a white solid after purification over silica gel column 

chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). Mp: 49−50 °C. 1H 

NMR (400 MHz, CDCl3): δ 8.68 – 8.57 (m, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.53 – 7.48 (m, 2H), 

7.36 – 7.30 (m, 2H), 2.72 (q, J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, 

CDCl3): δ 150.1, 148.3, 145.5, 135.4, 128.7, 126.9, 121.5, 28.6, 15.5. HRMS−ESITOF: m/z 

calcd for C13H14N [M + H]+, 184.1121; Found, 184.1119. 
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N,N-Dimethyl-4-(pyridin-2-yl)aniline – 2-Aryl (2.22r): The compound   

2-aryl (2.22r) (known compound)131 was synthesized following the general 

procedure. It was obtained in 14% yield (0.068 mmol, 13.6 mg) as a yellow 

solid after purification over silica gel column chromatography 

(hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 90−91 °C (lit.131 mp: 91−92 °C). 1H NMR 

(400 MHz, CDCl3): δ 8.66 − 8.59 (m, 1H), 7.92 (d, J = 9.1 Hz, 2H), 7.71 − 7.62 (m, 2H), 7.11 

(ddd, J = 6.6, 4.9, 1.8 Hz, 1H), 6.80 (d, J = 9.0 Hz, 2H), 3.02 (s, 6H). 13C NMR (100 MHz, 

CDCl3): δ 157.5, 151.1, 149.2, 136.7, 127.8, 127.0, 120.6, 119.2, 112.2, 40.4. 

 

2-(4-Methoxyphenyl)-4-(trifluoromethyl)pyridine – 2-Aryl (2.22s): The 

compound 2-aryl (2.22s) (known compound)85 was synthesized following 

the general procedure. It was obtained in 41% yield (0.204 mmol, 51.6 mg) 

as a yellow solid after purification over silica gel column chromatography 

(hexane/EtOAc = 9/1 (v/v)). Mp: 45−46 °C (lit.85 mp: 43−44 °C). 1H NMR (400 MHz, CDCl3): 

δ 8.81 (d, J = 5.1 Hz, 1H), 7.99 (d, J = 8.9 Hz, 2H), 7.88 – 7.84 (m, 1H), 7.38 (ddd, J = 5.1, 1.6, 

0.7 Hz, 1H), 7.02 (d, J = 9.0 Hz, 2H), 3.88 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 161.1, 

158.4, 150.5, 139.0 (q, J = 33.7 Hz), 130.6, 128.4, 123.0, (q, J = 273.2 Hz), 116.7 (q, J = 3.0 

Hz), 115.2 (q, J = 3.7 Hz), 114.3, 55.4.   

 

4-Methoxy-2-(4-methoxyphenyl)pyridine – 2-Aryl (2.22t): The 

compound 2-aryl (2.22t) (known compound)132 was synthesized following 

the general procedure. It was obtained in 12% yield (0.061 mmol, 13.2 mg) 

as a yellow solid after purification over silica gel column chromatography 

(hexane/EtOAc = 7/3 (v/v)). mp 62−64 °C. 1H NMR (400 MHz, CDCl3): δ 8.48 (d, J = 5.7 Hz, 

1H), 7.92 (d, J = 8.6 Hz, 2H), 7.17 (d, J = 2.3 Hz, 1H), 6.98 (d, J = 8.6 Hz, 2H), 6.72 (dd, J = 

5.7, 2.3 Hz, 1H), 3.89 (s, 3H), 3.86 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 166.4, 160.5, 158.9, 

150.8, 132.0, 128.2, 114.0, 107.6, 106.0, 55.4, 55.1. 

 

2-Methoxy-6-(4-methoxyphenyl)pyridine – 2-Aryl (2.22u): The 

compound 2-aryl (2.22u) (known compound)122 was synthesized 

following the general procedure. It was obtained in 9% yield (0.047 

mmol, 10.2 mg) as a yellow solid after purification over silica gel column chromatography 

(hexane/EtOAc = from 8/2 (v/v) to 6/4 (v/v)). Mp: 122−124 °C (lit.122 mp: 120−121 °C). 1H 
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NMR (400 MHz, CDCl3): δ 8.00 (d, J = 9.0 Hz, 2H), 7.59 (dd, J = 8.2, 7.5 Hz, 1H), 7.27 (dd, 

J = 7.5, 0.7 Hz, 1H), 6.98 (d, J = 8.9 Hz, 2H), 6.63 (dd, J = 8.2, 0.7 Hz, 1H), 4.03 (s, 3H), 3.86 

(s, 3H). 13C NMR (100 MHz, CDCl3): δ 163.7, 160.3, 154.4, 139.1, 131.8, 128.0, 114.0, 111.9, 

108.3, 55.4, 53.2. 

 

2-Methoxy-4-(4-methoxyphenyl)pyridine – 4-Aryl (2.22u): The compound        

4-aryl (2.22u) (new compound) was synthesized following the general procedure. 

It was obtained in 6% yield (0.03 mmol, 6.5 mg) as a yellow solid after purification 

over silica gel column chromatography (hexane/EtOAc = from 8/2 (v/v) to 6/4 

(v/v)). Mp: 61−65 °C. 1H NMR (400 MHz, CDCl3): δ 8.18 (dd, J = 5.4, 0.7 Hz, 1H), 7.58 (d, J 

= 8.9 Hz, 2H), 7.08 (dd, J = 5.4, 1.6 Hz, 1H), 6.99 (d, J = 8.9 Hz, 2H), 6.92 (dd, J = 1.6, 0.7 

Hz, 1H), 3.98 (s, 3H), 3.86 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 164.9, 160.4, 150.7, 147.1, 

130.5, 128.1, 115.0, 114.4, 107.7, 55.4, 53.5. HRMS−ESI-TOF: m/z calcd for C13H14NO2        

[M + H]+, 216.1024; Found, 216.1016. 

 

2-((4-Methoxyphenyl)thio)pyridine (2.22v): The compound 2.22v (known 

compound)133 was synthesized following the general procedure. It was obtained in 

38% yield (0.189 mmol, 41.0 mg) as a yellow solid after purification over silica 

gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 

44−46 °C. 1H NMR (400 MHz, CDCl3): δ 8.41 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 7.54 (d, J = 8.9 

Hz, 2H), 7.43 (ddd, J = 8.1, 7.4, 1.9 Hz, 1H), 7.00 – 6.93 (m, 3H), 6.80 − 6.77 (m, 1H), 3.85 (s, 

3H). 13C NMR (100 MHz, CDCl3): δ 161.8, 159.7, 148.4, 136.2, 135.6, 120.1, 119.4, 118.4, 

114.3, 54.4. 

 

2-(4-Methoxyphenyl)quinoline – 2-Aryl (2.22w): The compound         

2-aryl (2.22w) (known compound)134,135 was synthesized following the 

general procedure. It was obtained in 30% yield (0.150 mmol, 35.4 mg) 

as a yellow solid after purification over silica gel column chromatography (hexane/EtOAc = 

from 9.5/0.5 (v/v) to 7/3 (v/v)). Mp: 122−123 °C (lit.134 mp: 118−119 °C). 1H NMR (400 MHz, 

CDCl3): δ 8.22 − 8.08 (m, 4H), 7.83 (d, J = 8.7 Hz, 1H), 7.80 (dd, J = 8.0, 1.4 Hz, 1H), 7.71 

(ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.49 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.05 (d, J = 8.9 Hz, 2H), 

3.88 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 160.8, 156.9, 148.3, 136.7, 132.3, 129.6, 129.5, 

128.9, 127.4, 126.9, 125.9, 118.6, 114.2, 55.4. 



 

99 
 

4-(4-Methoxyphenyl)quinoline – 4-Aryl (2.22w): The compound 4-aryl (2.22w) 

(known compound)135 was synthesized following the general procedure. It was 

obtained in 42% yield (0.212 mmol, 50.0 mg) as a yellow solid after purification 

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 

(v/v)). Mp: 75−80 °C. 1H NMR (400 MHz, CDCl3): δ 8.92 (d, J = 4.4 Hz, 1H), 8.20 − 8.14 (m, 

1H), 8.00 − 7.94 (m, 1H), 7.72 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.50 (ddd, J = 8.3, 6.8, 1.3 Hz, 

1H), 7.46 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 4.4 Hz, 1H), 7.06 (d, J = 8.8 Hz, 2H), 3.90 (s, 3H). 

13C NMR (100 MHz, CDCl3): δ 159.9, 150.0, 148.7, 148.2, 130.8, 130.3, 129.8, 129.3, 127.0, 

126.5, 125.9, 121.3, 114.1, 55.4. 

 

2-(4-Methoxyphenyl)quinoxaline – 2-Aryl (2.22x): The compound     

2-aryl (2.22x) (known compound)136 was synthesized following the 

general procedure. It was obtained in 71% yield (0.356 mmol, 84.0 mg) 

as an orange solid after purification over silica gel column chromatography (toluene/EtOAc = 

from 9/1 (v/v)). Mp: 98−100 °C (lit.136 mp: 100−102 °C). 1H NMR (400 MHz, CDCl3): δ 9.31 

(s, 1H), 8.20 (d, J = 8.9 Hz, 2H), 8.16 − 8.08 (m, 2H), 7.82 − 7.69 (m, 2H), 7.10 (d, J = 8.9 Hz, 

2H), 3.92 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 161.5, 151.4, 143.1, 142.3, 141.2, 130.2, 

129.4, 129.3, 129.1, 129.0, 114.6, 55.4. 
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2.4.6 NMR spectra for checking aggregation at high concentration 

The aggregation studies were carried out using 1H NMR spectroscopy (Figure 

2.8). The spectra were acquired for a solution of 2.20a in 70, 140, 210 and 280 mM, and 2.21a 

in 35, 70, 105 and 140 mM in D2O (500 µL). These solutions were prepared from a stock 

solution of 2.20a and 2.21a. 

 

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5

(280 mM)

(210 mM)

(140 mM)

(70 mM)

 

ppm

 
 

 

 

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

  

ppm

(35 mM)

  

(70 mM)

  

(105 mM)

 

 

 

(140 mM)

 

                                  (A)                                                                      (B) 

Figure 2.8 – 1H NMR spectrum in D2O (500 μL). (A) 2.20a in 70, 140, 210 and 280 mM. (B) 

2.21a in 35, 70, 105 and 140 mM. 
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2.4.7 Radical quenching experiments 

In order to elucidate the mechanism, radical quenching experiments with 

TEMPO were carried out (Figures 2.9 and 2.10). 

 

 

 

Figure 2.9 – (a) Chromatogram of the crude reaction mixture in the absence of Ru(bpy)3Cl2. 

(b) GC-MS spectrum of O-arylated-TEMPO product. 
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Figure 2.10 – (a) Chromatogram of the crude reaction mixture in the presence of 

Ru(bpy)3Cl2. (b) GC-MS spectrum of O-arylated-TEMPO product. 
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2.4.8 1H-15N HMBC analyses 

   

 

(a) 

(b) 
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 (c) 

(d) 
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Figure 2.11 – Correlation map 1H-15N HMBC: (a) 2.20a, (b) 2.20a’, (c) 2.21a, (d) 2.20a’ + 

2.21a (1:1 equiv.), and (e) 2.20a’ + 2.21a (1:2 equiv.). 
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3 Chapter 3 

Chapter 3 is based on our paper published in the Journal of the American 

Chemical Society in 2019, and it presents the results obtained in the development of an 

electrochemical approach for the synthesis of sulfonyl fluorides through oxidative coupling of 

thiols and potassium fluoride. This study was developed entirely in the Netherlands under the 

guidance of Prof. Dr. Timothy Noël (TU/e, The Netherlands), with the contributions of Prof. 

Dr. Kleber T. de Oliveira (UFSCar, Brazil), and in collaboration with Ph.D. student Gabriele 

Laudadio, who wrote the published version of the supporting information (which is slightly 

different from that described in Section 3.4), performed the cyclic voltammetry analyses, helped 

in the kinetic experiments under batch conditions, and contributed to the purification of some 

compounds. The principal investigator Dr. Timothy Noël wrote the paper with input from 

Gabriele Laudadio and Aloisio de A. Bartolomeu. Lucas M. H. M. Verwijlen carried out some 

scope reactions and contributed to the purification of some compounds. Yran Cao performed 

the kinetic experiment under continuous flow conditions. 

 

3.1 Introduction 

3.1.1 Basic concepts in organic electrochemistry 

Electrolysis is a process that uses electrical energy to drive a non-spontaneous 

chemical reaction. It is carried out in an electrochemical cell, an apparatus composed of an 

electroactive species/substrate, electrolyte, solvent, and at least two electrodes (a cathode and 

an anode). The cathode is the electrode connected to the negative terminal of the power source 

(e.g., galvanostat, potentiostat or DC power supply) and is reductive. The anode is the electrode 

connected to the positive terminal and is oxidative. There are two basic options to manufacture 
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the electrochemical cell: a divided or undivided cell (Figure 3.1). In an undivided cell the 

electrodes are in the same chamber, whereas in a divided cell, the electrodes are kept in different 

chambers, separated by a small porous frit (or an ion-exchange membrane) that only permits 

charge to pass through it and, therefore, enables the two half-reactions to occur separately from 

each other. Although an undivided cell is preferred because of its simplicity to manufacture and 

low cost, sometimes the redox reaction intermediates are incompatible or unstable towards the 

other electrode and must be separated.1,2   

 

 

Figure 3.1 – Typical glass cells used for electrosynthesis. (a) undivided beaker-type cell and 

(b) H-type cell with membrane.2 

 

The redox reactions that occur on the electrode surface can be explained by the 

molecular orbital theory (Figure 3.2).3  
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Figure 3.2 – Schematic diagram of the electron transfer on the surface of the electrode. 

Adapted from Yoshida and Nishiwaki (1998).3  

 

In the oxidation process, an electron from the HOMO of the organic molecule is 

transferred to the electrode surface (anode) to generate a cation radical species, while in the 

reduction process, an electron is removed from the electrode surface (cathode) and subsequently 

transferred to the LUMO of the organic molecule to generate an anion radical species. After 

that, these radical species (intermediates) may undergo subsequent reactions to yield final 

products. 

The electrodes may be manufactured from a wide variety of inert conducting 

materials, including carbon-based materials (graphite, glassy carbon, reticulated vitreous 

carbon), platinum, magnesium, copper, nickel, stainless steel, etc. In this operation mode of 

electrodes, the electroconversion occurs on its surface and the selectivity can be obtained by 

adjusting the applied potential (Figure 3.3a). Although this strategy is useful for simple 

molecules, an electrocatalytic approach is required to obtain selectivity in more complex 

molecules (e.g., compounds containing several different moieties such as double bonds, triple 
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bonds, alcohols, etc.). This can be achieved either by an active electrode (i.e., an electrode that 

has electrocatalytically active species on its surface) or by using a redox mediator soluble in the 

electrolyte. In the former case (Figure 3.3b), the electroconversion is less dominated by the 

applied potential since the redox-active layer acts as a redox filter. Besides providing a unique 

reactivity, these electrodes are not consumed due to the low solubility of the redox-active 

component. In the other case (Figure 3.3c), the problems associated with heterogeneous 

electron transfer (e.g., overpotentials) can generally be avoided during the electrolysis, 

affording higher selectivities and shorter reaction times.1 Therefore, the electroconversion can 

be performed at milder potentials compared to reactions without the addition of a mediator. The 

disadvantages of this strategy may include higher costs and additional waste generation.4  

 

 

Figure 3.3 – Different operation modes of electrodes in electrochemical processes. Adapted 

from Möhle et al. (2018).4 

 

Suitable organic solvents that can be used in electrochemical processes are, for 

example, methanol, acetone, acetonitrile, dimethyl sulfoxide, N,N-dimethylformamide, as well 

as nonconventional organic solvents like trifluoroacetic acid, trifluoroethanol, ionic liquids, and 
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supercritical fluids.1,2 Common supporting electrolytes are the alkali metal perchlorates (e.g., 

NaClO4, LiClO4) and tetraalkylammonium salts [e.g., (Me)4NBF4, (n-Bu)4NClO4]. In addition, 

acids (e.g., H2SO4, HCl), bases (e.g., NaOH, LiOH) and buffer solutions are also used.5 

Electrochemical reactions can be conducted in a constant-potential 

(potentiostatic) or constant-current (galvanostatic) modes.2  

In a constant-potential experiment, a three-electrode system consisting of a 

working electrode, a counter electrode, and a reference electrode [such as the aqueous saturated 

calomel electrode or the silver-silver chloride electrode (Ag/AgCl)] is used. In this setup, the 

potential of the working electrode is held constant with respect to a reference electrode using a 

potentiostat.2 This method provides improvements in selectivity with precise control of the 

applied potential, yet suffers inherent disadvantages. First, the redox potential of each different 

substrate must be known or measured in advance. Second, the electrical resistance of the cell 

under potentiostatic conditions increases during the reaction as the substrate is consumed and 

the current drops, resulting in a longer reaction time.6 This is shown in Equation 3.1, where V 

is the potential difference, i is the current intensity and R is the resistance of the electrochemical 

cell (1st Ohm's law). 

 

V = 𝑖 ∙ R            (3.1)                                   

 

In a constant-current experiment, a simpler two-electrode system is utilized with 

only a working electrode and a counter electrode.2 In this setup, the current is held constant 

while the potential of the working electrode increases until it matches the oxidation potential of 

the substrate molecule in solution with the lowest oxidation potential. This potential remains 

constant until the substrate is consumed and then begins to increase again until it matches that 

of the substrate in solution with the next highest oxidation potential.7 However, especially at 
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low current densities, the potential begins to increase only when the substrate has been almost 

completely consumed and this effect becomes negligible.6 

Finally, it is noteworthy that the selectivity of electrochemical reactions is quite 

complicated since it is controlled by many factors, including electrode materials, solvents, 

supporting electrolytes, current density, applied potential, stirring, etc.2 

Further information about organic electrochemistry can be found elsewhere.2,8 

 

3.1.2 Organic electrosynthesis  

Organic electrosynthesis is considered to be a versatile and environmentally 

friendly method.9,10 In this process, costly, toxic, and hazardous redox chemicals can be 

substituted by electric current (the so-called “direct” electrolysis) or generated (and/or 

regenerated) in situ (the so-called “indirect” electrolysis) in the course of electrolysis.10  

Another interesting feature is that electrosyntheses can occur under mild conditions; since the 

reaction rate can be controlled by adjusting the current density or applied potential,10 even 

reactions with high activation energies can be carried out at or near r.t. and atmospheric 

pressure. 

Michael Faraday was probably the first who electrolyzed an acetate solution to 

produce gaseous hydrocarbons.1,11 However, it was Adolph W. H. Kolbe who studied the 

electrolysis (anodic oxidation) of aqueous solutions of organic salts (acetate, valerate) in detail, 

and therefore he is considered by some as the “father” of organic electrochemistry.11 Christian 

F. Schöenbein reported what appears to be the first example of electrochemical reduction 

(cathodic reduction) of an organic compound in the reductive dehalogenation of 

trichloromethanesulfonic acid to methanesulfonic acid at a zinc electrode.12  

Although organic electrochemistry has been used in the chemical industry for 

decades,13-15 it historically has been viewed as a niche technology by the synthetic community.16 
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One reason for this is that electrosynthesis requires sophisticated technical infrastructure, which 

has discouraged many organic chemists from using it. More recently, however, organic 

electrochemistry has undergone a renaissance,17,18 and many research groups worldwide are 

currently working on the development of new electrochemical synthetic methodologies.4,17-26 

In 2016, Baran and co-workers reported an electrochemical oxidation of allylic 

methylene groups to give unsaturated ketones (Scheme 3.1).27 Using this sustainable protocol, 

a wide variety of substrates (40 examples, 38–91% yield) were selectively oxidized, including 

fifteen natural product scaffolds such as α-pinene (oxidized to verbenone on a 100-g scale), 

limonene (oxidized to carvone on a 27-g scale), valencene (oxidized to nootkatone), 

dehydroepiandrosterone (oxidized to respective enone on a 100-g scale), etc. According to the 

authors, deprotonation of the N-hydroxyphalimide catalyst (Cl4NHPI) by pyridine, followed by 

anodic oxidation, leads to the tetra-chlorophthalimido N-oxyl radical species. Then, upon 

abstraction of a hydrogen atom from the olefinic substrate, the catalyst is regenerated and the 

resulting allylic radical reacts with a tert-butyl peroxyl radical (electrochemically generated) to 

give the enone after elimination of t-BuOH. 

 



 

124 
 

 

Scheme 3.1 – Indirect electrochemical allylic C–H oxidation. 

 

One of the strengths of organic electrochemistry is the possibility of forming 

C−C, C−N, C−O, and C−S bonds from C−H bonds as exemplified in Scheme 3.2.28-31 
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Scheme 3.2 – Electrochemically induced C−C (a), C−N (b), C−O (c), and C−S (d) bonds 

formation from C-H bonds.   

 

Electrochemical methods have also been applied in the synthesis of natural 

products such as dixiamycin B (3.14) (a rare N−N linked dimeric indole alkaloid) and                   

(–)-thebaine (3.16) (a minor opium alkaloid) (Scheme 3.3), and various complex 

scaffolds.18,23,32,33 
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Scheme 3.3 – Electrochemical synthesis of natural products.  

 

Just recently, Noël and co-workers (2019) developed an electrochemical 

approach for the synthesis of sulfonamides from thiols and amines (two readily available and 

inexpensive feedstocks) under continuous flow conditions (Scheme 3.4).34 This novel reaction 

protocol requires no additional catalysts or sacrificial reagents and can be performed in only 5 

min of residence time at room temperature. It also displays a broad substrate scope with respect 

to both coupling partners and functional group compatibility, and only H2 is formed as a            

by-product at the counter electrode. 
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Scheme 3.4 – Electrochemical sulfonamide synthesis by direct anodic coupling of thiols and 

amines. 

 

Other relevant examples of electrochemical transformations can be found in 

several recent reviews.1,4,17,18,20,26,35,36 

 

3.1.3 Sulfonyl fluorides 

Sulfonyl fluorides are considered a privileged moiety in chemistry due to their 

unique balance between reactivity and stability, which is in sharp contrast with analogous 

sulfonyl chlorides.37 In these compounds, the sulfur-fluorine bond is not very reactive. For 
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example, sulfonyl fluorides are resistant to reduction, hydrolytically stable, and resistant to 

bond cleavage in metal catalysis.37-39 In particular, sulfonyl fluorides have been successfully 

used in chemical biology as covalent protein modifiers, strong protease inhibitors, and    

activity-based probes (Figure 3.4).39-44 In addition, aromatic sulfonyl fluorides have been used 

as fluorinating reagents,45 18F-radiolabeling agents46,47 and have found applications in other 

useful transformations,38 including polymerizations.48-50 However, the breakthrough 

application for sulfonyl fluorides is their utility as stable and robust sulfonyl precursors for the 

SuFEx click chemistry.37,51 

 

 

Figure 3.4 – Representative sulfonyl fluorides and their function. 

 

Due to their evident value, efficient syntheses of sulfonyl fluorides starting from 

readily available and cheap starting materials are highly desired. The classical strategy to access 

these functional groups involves a chloride/fluoride exchange of sulfonyl chlorides using 

fluoride sources such as KF, KHF2, and TBAF (Scheme 3.5, eq. a).37,52-54 However, sulfonyl 



 

129 
 

chlorides are not widely available and must be prepared from the corresponding thiols using a 

combination of oxidizing and chlorinating reagents.55 In order to avoid toxic and unstable 

sulfonyl chlorides, new synthetic methods have been developed using alternative starting 

materials, including sulfonic acids (Scheme 3.5, eq. b),56 sulfonyl hydrazides or sodium 

arylsulfinates (Scheme 3.5, eq. c),57 and other starting material.58-66 Kirihara and co-workers 

(2011, 2014) reported a method to transform thiols, disulfides, and thiosulfonates into sulfonyl 

fluorides using Selectfluor and refluxing conditions (Scheme 3.5, eq. d).67,68 Also, transition 

metal-based cross-coupling strategies have been developed which utilize aryl halides and 

arylboronic acids in combination with DABSO and electrophilic fluorinating reagents, such as 

Selectfluor and NFSI (Scheme 3.5, eq. e).39,69,70 Despite the synthetic value of these approaches, 

the use of costly and atom-inefficient fluoride sources limits their feasibility for small scale 

applications. 

It is evident that the development of a new synthetic method that directly uses 

commodity chemicals, such as thiols and alkaline fluoride salts, would be particularly useful 

given the wide availability and the low cost of these starting materials. 

Even so, it is immediately clear that a number of challenges must be overcome 

to develop such a hitherto elusive transformation. First, fluoride is poorly soluble in organic 

solvents (even in highly polar aprotic solvents like DMSO)71 and is hardly reactive in its 

solvated form in aqueous media. Second, combining nucleophilic fluorine reagents with thiols 

to establish a single S−F bond appears unlikely.72-74 

Nevertheless, based on the observation found by Noël and co-workers in the 

electrochemical synthesis of sulfonamides (see Scheme 3.4),34 that the use of an electrolyte 

with BF4
− counterion gave traces of sulfonyl fluoride under an unoptimized condition,75 we 

speculated that the union of these stubborn starting materials would not only be plausible using 

electrochemical activation but would also facilitate the oxidation to sulfonyl fluoride via anodic 

oxidation. 
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We report herein the discovery and optimization of an electrochemical method 

that meets these design criteria. The method utilizes KF as a readily available, safe and           

cost-efficient fluoride source. Moreover, anodic oxidation allows us to avoid stoichiometric 

amounts of oxidants and enables the direct use of thiols or disulfides as convenient and widely 

available starting materials (Scheme 3.5, eq. f). 

 

 

Scheme 3.5 – Established synthetic routes to prepare sulfonyl fluorides. 

 

3.2 Results and discussion 

We started our investigation by screening different solvent combinations using 

thiophenol (3.25a) with KF (5 equiv.) serving as the fluorine source, and employing graphite 

as anode and stainless-steel as cathode. As shown in Table 3.1, MeOH/H2O (entry 1) and DMF 

(entry 2) were not effective (only disulfide was formed), while pure CH3CN gave a 



 

131 
 

heterogeneous mixture (KF is poorly soluble in CH3CN). Adding the minimum amount of water 

to get everything into solution proved to be the most effective (Table 3.1, entry 3, 65% of 

desired product 3.26a). Without pyridine, only a small amount of 3.26a was observed (entry 4). 

The addition of acid seemed to affect the reaction (entry 5). Employing stainless-steel as the 

anode, no reaction occurred and the electrode was damaged due to corrosion (Table 3.1, entry 

6). Finally, we checked the unoptimized reaction condition (entry 3) in the absence of 

electricity, and no traces of sulfonyl fluoride 3.26a could be detected by GC-MS after 24 h 

(entry 7), which shows that the reaction is electrochemically driven. 

 

Table 3.1 – Preliminary experiments.[a] 

 

Entry Solvent Electrodes Pyridine (equiv.)  Yield (%)[c] 

1 MeOH/H2O (1:1) C|Fe 1  Traces 

2 DMF C|Fe 1 0 

3 CH3CN/H2O (1:1) C|Fe 1  65 

4 CH3CN/H2O (1:1) C|Fe 0  7 

5 CH3CN/H2SO4 0.3 M (1:1) C|Fe 1  21 

6 CH3CN/H2O (1:1) Fe|Fe 1  0 

7[b] CH3CN/H2O (1:1) C|Fe 1  0 

[a]Thiophenol (2 mmol, 1 equiv.), KF (5 equiv.), pyridine (0 or 1 equiv.), solvent (20 mL), r.t., 24 h, 

and a constant voltage of 3.2 V. [b]No electricity. [c]GC yields were calculated using biphenyl as an 

internal standard.  

 

Next, we investigated the effect of the amount of pyridine on the yield of sulfonyl 

fluoride 3.26a (Table 3.2). From Table 3.2, we can see that 4 equiv. of pyridine gave a 

quantitative GC yield (entry 5). 
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Table 3.2 – Amount of pyridine.[a] 

 

Entry Pyridine (equiv.) Yield (%)[b] 

1 0  7 

2 1  65 

3 2  75 

4 3  87 (68) 

5 4  98 (78) 

6 5  98 

[a]Thiophenol (2 mmol, 1 equiv.), KF (5 equiv.), pyridine (0 − 5 equiv.), CH3CN/H2O (1:1 v/v, 20 

mL), r.t., 24 h, and a constant voltage of 3.2 V. [b]GC yields were calculated using biphenyl as an 

internal standard. Isolated yields in brackets.  

 

In addition to pyridine, other additives were also screened (Table 3.3). We 

believe that the additive is important for two reasons: as a phase transfer catalyst to leverage 

fluoride to the organic phase and as an electron mediator.76,77 From Table 3.3, it can be observed 

that only pyridine was effective in our transformation (entry 1). 
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Table 3.3 – Additive screening.[a] 

 

Entry Additive (4 equiv.) Yield (%)[c] 

1[b] Pyridine  98 (78) 

2 DMAP  0 

3 Et3N  0 

4 Quinoline 4 

[a]Thiophenol (2 mmol, 1 equiv.), KF (5 equiv.), additive (4 equiv.), CH3CN/H2O (1:1 v/v, 20 

mL), r.t., 24 h, and a constant voltage of 3.2 V. [b]Entry 1 depicts the result shown previously in 

entry 5 of Table 3.2. [c]GC yields were calculated using biphenyl as an internal standard. Isolated 

yield in brackets.  

 

A screening of different fluorine sources was also carried out (Table 3.4). 

Sodium fluoride showed poor yields after 24 h, probably because of its poor solubility (entry 

2). TBAF showed low conversion as well (Table 3.4, entry 4), while the more expensive and 

highly soluble CsF (72 $/mol)78 proved to be effective (entry 3). With Selectfluor, an 

electrophilic fluorine source, full conversion was observed as well (entry 5). However, in 

comparison to KF, the use of Selectfluor is not preferred due to the high cost of this reagent 

(KF 8 $/mol vs Selectfluor 407 $/mol).78  
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Table 3.4 – Fluorine sources.[a] 

 

Entry Fluorine source (5 equiv.) Yield (%)[d] 

1[b] KF  98 (78) 

2 NaF 23 

3 CsF 75 

4 TBAF 18 

5[c] Selectfluor 99 

[a]Thiophenol (2 mmol, 1 equiv.), fluorine source (5 equiv.), pyridine (4 equiv.), CH3CN/H2O (1:1 

v/v, 20 mL), r.t., 24 h, and a constant voltage of 3.2 V. [b]Entry 1 depicts the result shown 

previously in entry 5 of Table 3.2. [c]With 1.5 equiv. of Selectfluor. [d]GC yields were calculated 

using biphenyl as an internal standard. Isolated yield in brackets.  

 

We also evaluated the total amount of KF required for this electrochemical 

transformation (Table 3.5). From Table 3.5, we can see that 5 equiv. of KF was optimal (entry 

1). With lower amounts, a decrease in yield was observed (entries 2 and 3). This result might 

indicate that KF also acts as a supporting electrolyte.  

In order to verify our hypothesis, the reaction was carried out in the presence of 

supporting electrolytes (Table 3.6). From Table 3.6, we can see that by adding electrolyte, the 

total amount of KF could be reduced. Bu4NClO4 worked particularly well (entry 2), while 

LiClO4 did not show any improvement (entries 3 and 4). However, since KF is considerably 

cheaper than any supportive electrolyte, we decided to keep a higher amount of this fluoride 

source. 
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Table 3.5 – Evaluation of the total amount of KF.[a] 

 

Entry KF (equiv.) Yield (%)[c] 

1[b] 5 98 (78) 

2 4 84 

3 2.5 40 

[a]Thiophenol (2 mmol, 1 equiv.), KF (2.5 − 5 equiv.), pyridine (4 equiv.), CH3CN/H2O (1:1 v/v, 

20 mL), r.t., 24 h, and a constant voltage of 3.2 V. [b]Entry 1 depicts the result shown previously 

in entry 5 of Table 3.2. [c]GC yields were calculated using biphenyl as an internal standard. 

Isolated yield in brackets.  

 

Table 3.6 – Influence of supporting electrolyte.[a] 

 

Entry Supporting electrolyte (equiv.) Yield (%)[b] 

1 No electrolyte 40 

2 Bu4NClO4 (1) 74 

3 LiClO4 (1) 39 

4 LiClO4 (2.5) 22 

[a]Thiophenol (2 mmol, 1 equiv.), KF (2.5 equiv.), supporting electrolyte (0 – 2.5 equiv.), pyridine 

(4 equiv.), CH3CN/H2O (1:1 v/v, 20 mL), r.t., 24 h, and a constant voltage of 3.2 V. [b]GC yields 

were calculated using biphenyl as an internal standard. 

 

Similar results were obtained in 24 h when the current was varied from 20 to 40 

mA (Table 3.7, entries 1–3). Nevertheless, we also observed that the rate of decomposition of 

the product increased at higher current density, especially at reaction times longer than 24 h. 
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Therefore, we decided to go for a milder reaction using a lower current density (4.2 mA/cm2) 

(Table 3.7, entry 1, galvanostatic conditions).  

 

Table 3.7 – Constant current screening.[a] 

 

Entry Current applied (mA) Current density (mA/cm2)[b] Yield (%)[c] 

1 20 4.2 80 

2 30 6.2 81 

3 40 8.3 81 

[a]Thiophenol (2 mmol, 1 equiv.), KF (5 equiv.), pyridine (4 equiv.), CH3CN/H2O (1:1 v/v, 20 

mL), r.t., 24 h, and a constant current of 20 to 40 mA. [b]Total active area 4.8 cm2. [c]GC yields 

were calculated using biphenyl as an internal standard.  

 

When the most optimal conditions (Tables 3.2 and 3.7; entries 5 and 1, 

respectively) were tested for various substrates (e.g., 4-chlorothiophenol, 4-bromothiophenol, 

4-methylthiophenol, 2-mercaptopyridine, and others), we found out that some of those were not 

working. In order to establish more general reaction conditions, we carried out a small                

re-optimization (under galvanostatic conditions) which would be compatible with most 

substrates. At this point, 4,6-dimethylpyrimidine-2-thiol (3.25b) was used as a benchmark 

molecule to optimize the new conditions (see Table 3.8). 
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Table 3.8 – Further optimization screening.[a] 

 

Entry Solvent 
Additive     

(equiv.) 

Pyridine 

(equiv.) 

Time    

(h) 

Yield       

(%)[b] 

1 CH3CN/H2O (1:1) None 4  24 Traces 

2 CH3CN/H2O (1:1) 18-crown-6 (0.1) 4  24 Traces 

3 CH3CN/H2O (1:1) 18-crown-6 (0.5) 4  24 Traces 

4 CH3CN/H2O (1:1) Bu4NClO4 (1) 4  24 10 

5 CH3CN/H2O (1:1) Bu4NCl (1) 4  24 11 

6 CH3CN/HCl 0.1 M (1:1) None 4  24 Traces 

7 CH3CN/HCl 0.1 M (1:1) Bu4NCl (0.05) 4  24 14 

8 CH3CN/HCl 0.3 M (1:1) None 4  24 35 

9 CH3CN/HCl 0.3 M (1:1) None 4  48 9 

10 CH3CN/HCl 0.5 M (1:1) None 4  18 31 

11 CH3CN/HCl 0.5 M (1:1) None 4  24 25 

12 CH3CN/HCl 1 M (1:1) None 4  12 45 

13 CH3CN/HCl 1 M (1:1) None 1  12 77 (74) 

14 CH3CN/HCl 1 M (1:1) None 1.5  12 56 

15 CH3CN/HCl 1 M (1:1) None 2  12 51 

16 CH3CN/HCl 1 M (1:1) None 3  12 50 

17 CH3CN/HCl 1 M (1:1) None 0  12 54 

18 CH3CN/p-TsOH 1 M (1:1) None 1  12 25 

[a]4,6-Dimethylpyrimidine-2-thiol (2 mmol, 1 equiv.), KF (5 equiv.), pyridine (0 – 4 equiv.), additive 

(0 – 1 equiv.), solvent (20 mL), r.t., 12–48 h, and a constant current of 20 mA (4.2 mA/cm2). [b]Yields 

were calculated by 19F NMR using trifluorotoluene as an internal standard. Isolated yield in brackets. 

 

Only traces of sulfonyl fluoride 3.26b were observed using the standard 

conditions (Table 3.8, entry 1). Taking into account the biphasic nature of our reaction mixture, 

we evaluated the need for an additional phase transfer catalyst, as reported in literature.54 To 

our surprise, 18-crown-6 did not increase conversion whatsoever (entries 2 and 3), while with 

Bu4NClO4 and Bu4NCl only around 10% of the fluorinated product 3.26b was obtained (entries 
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4 and 5). Next, the addition of an acid was investigated (Table 3.8, entries 6–18). A low 

concentration of acid showed only traces of 3.26b (entry 6), while the addition of a catalytic 

amount of Bu4NCl led to 14% of NMR yield (entry 7). Increasing the concentration of acid 

resulted in higher yields (entries 8–12) and with 1 M HCl good NMR yield was observed (45%, 

entry 12). Notably, prolonged reaction times led to consistent decreases in yield due to 

degradation (compare entries 8 and 9, 10 and 11). Next, the amount of pyridine was investigated 

(Table 3.8, entries 13–17). A stoichiometric amount of pyridine resulted in the highest yield 

(77%, entry 13). Further increments were detrimental under these new conditions (entries       

14–16). Notably, the reaction occurred even without pyridine (entry 17), but a lower yield 

(54%) was observed in this case. Finally, PTSA was tested instead of HCl (entry 18). As a 

result, the sulfonyl fluoride 3.26b was obtained in only 25% NMR yield.  

With the optimal conditions in hands (Table 3.8, entry 13), we next turned our 

attention to examine the generality of this electrochemical transformation (Scheme 3.6). 

As shown in Scheme 3.6, a wide variety of structurally and electronically distinct 

thiols can be transformed into the corresponding sulfonyl fluorides. First, with a diverse set of 

thiophenols, it was determined that substrates bearing electron-neutral (3.26a, 3.26c−f),                

-donating (3.26g,h) and -withdrawing substituents (3.26i−k) were all compatible with the 

reaction conditions; the NMR yields ranged from 37 to 99%. Due to the volatility of some 

products, isolated yields were in some cases lower than observed with 19F NMR. This could be 

partially avoided by converting the obtained volatile sulfonyl fluoride in situ to the 

corresponding sulfonate through reaction with phenol (e.g., 3.26a). The electrochemical 

reaction is not particularly sensitive to steric hindrance, as ortho-substituted thiophenols 

displayed similar yields to unsubstituted variants (3.26a versus 3.26e). Also, halogenated 

thiophenols (3.26l−n) were suitable reaction partners (NMR yields 65−80%), providing 

opportunities to further functionalize the formed sulfonyl fluorides using cross-coupling 

chemistry.  
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Scheme 3.6 – Substrate scope for the electrochemical sulfonyl fluoride synthesis. Reported 

yields are isolated and reproduced at least two times. Yields between [brackets] are those 

referring to 19F NMR yields calculated with PhCF3 as an internal standard. Reaction 

conditions: thiol (2 mmol) or disulfide (1 mmol), KF (5 equiv.), pyridine (1 equiv.), 

CH3CN/HClaq 1 M (20 mL, 1:1 v/v), C anode/Fe cathode, 20 mA (4.2 mA/cm2). *3.2 V 

applied potential. **4.0 V applied potential. #Isolated as a phenyl sulfonate derivative through 

reaction with phenol. ¶Scale-up reaction conditions: thiophenol (10 mmol), KF (5 equiv.), 

pyridine (1 equiv.), CH3CN/HClaq 1 M (40 mL, 1:1 v/v), C anode/Fe cathode, 3.2 V applied 

potential. 
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Protected amines (3.26o), previously unreactive substrates in the 

electrochemical sulfonamide chemistry,34 were tolerated under the current reaction conditions, 

albeit with a lower NMR yield of 19%. Heterocyclic thiols (3.26b,p,q), which are among the 

most widely used moieties in pharmaceutical and agrochemical syntheses,79,80 were also 

effective for this transformation (NMR yields 56−86%). Notably, compound 3.26q is also 

known as PyFluor, an effective deoxyfluorination reagent reported by Doyle and co-workers 

(2015).45  

We next examined a variety of different primary and secondary aliphatic thiols, 

including methanethiol (3.26r), ethanethiol (3.26s), propanethiol (3.26t), n-octanethiol (3.26u), 

cyclohexylthiol (3.26v), pyrazineethanethiol (3.26w), benzylthiol (3.26x), p-chlorobenzylthiol 

(3.26y), 2-phenylethanethiol (3.26z) and cysteine (3.26aa). All proved to be competent reaction 

partners yielding the corresponding sulfonyl fluorides in synthetically useful NMR yields 

(37−96%). By using corresponding disulfides, the most volatile and odorous thiols can be 

avoided (3.26r,t). Interestingly, we were able to engage cysteine (3.26aa) in our 

electrochemical sulfonyl fluoride protocol, providing opportunities to prepare new 

nonproteinogenic amino acid building blocks. 

A list of unsuccessful substrates is given in Figure 3.5. Regarding thiols, 

reactions with tertiary thiols (3.30−3.33) and most heterocyclic thiols (e.g., 3.42−3.45) showed 

decomposition, due to the cleavage of C–S bond. Steric hindrance can compromise the 

formation of the disulfide. 2-Naphthalenethiol (3.41) showed low solubility in the reaction 

medium and only traces of product could be observed. With allyl mercaptan (3.28), 

cyclopentanethiol (3.29), and 1-thio-β-D-glucose tetraacetate (3.46) only poor conversions 

were observed. Surprisingly, with 2-furanmethanethiol (3.27) only traces of product were 

detected via GC-MS. Unfortunately, this method seemed to be incompatible with thiols 

containing nitro (3.37), amino (3.39) or hydroxyl (3.38, 3.40) groups. 
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Figure 3.5 – List of unsuccessful substrates in our electrochemical approach. [a]Reaction 

conditions: thiol (2 mmol), KF (5 equiv.), pyridine (1 equiv.), CH3CN/HClaq 1 M (20 mL, 1:1 

v/v), C anode/Fe cathode, 20 mA (4.2 mA/cm2). [b]3.2 V applied potential. [c]4.0 V applied 

potential. 

 

 To obtain insights into the underlying mechanism, several additional 

experiments were carried out (see Figure 3.6 below and Sections 3.5 and 3.6). 

 

 

 

 

 

 

 

 

https://www.scbt.com/scbt/product/1-thio-beta-d-glucose-tetraacetate-19879-84-6
https://www.scbt.com/scbt/product/1-thio-beta-d-glucose-tetraacetate-19879-84-6
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Figure 3.6 – Mechanistic investigation of the electrochemical sulfonyl fluoride synthesis. (A) 

19F NMR kinetic batch experiment (see Section 3.4.4.5). (B) Kinetic experiment carried out in 

an electrochemical microreactor (GC-FID, see Section 3.4.4.6). (C) Toroidal vortices in 

segmented flow result in enhanced mass transport to and from the electrodes. (D) Fluorination 

step experiments and radical trapping experiments. GC yield (biphenyl as an internal 

standard). (E) Proposed mechanism 1. 
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Kinetic experiments revealed a rapid conversion of                                                              

4-(trifluoromethyl)thiophenol via anodic oxidation to the corresponding disulfide within 45 min 

(Figure 3.6A). Next, the disulfide intermediate is consumed and the corresponding sulfonyl 

fluoride (3.26i) is formed. The pseudo-zero-order behavior suggests that mass transfer 

limitations from the bulk to the electrode surface occur during the batch electrochemical 

transformation. 

Indeed, when the reaction is carried out in an electrochemical microflow reactor 

with a small interelectrode gap (250 μm),81 full conversion of thiol 3.25a is observed in only 5 

min reaction time (Figure 3.6B). The reduced reaction times observed in flow can be attributed 

to (i) the increased electrode surface-to-volume ratio, (ii) a high interfacial area between the 

organic and the aqueous phase and (iii) an intensified mass transport to and from the electrodes 

due to multiphase fluid patterns (Figure 3.6C).21,82-84 

Oxidation of the disulfide results in the formation of a radical cation85 which can 

react further with nucleophilic fluoride to yield the corresponding sulfenyl fluoride, with the 

release of thiolate anion (by getting a hydrogen, thiolate anion becomes thiol) (Figure 3.6E). At 

this point, we still wondered whether a nucleophilic or electrophilic fluorination, with an in situ 

generated 1-fluoropyridinium reagent, was operative under these reaction conditions. Hence, 

we carried out the reaction in the presence of 1-fluoropyridinium tetrafluoroborate and observed 

only traces of product 3.26a (Figure 3.6D). In contrast, using either HCl-pyridine or HCl-Et3N 

in combination with KF allowed us to obtain 3.26a in high NMR yields (Figure 3.6D), 

indicating the presence of a nucleophilic fluorination. Adding TEMPO or BHT as radical 

scavengers reduced the efficacy of the electrochemical process (Figure 3.6D), validating the 

presence of radical intermediates.  

Next, two consecutive oxidation steps resulted in the formation of the targeted 

sulfonyl fluoride (3.26i). Unfortunately, attempts to detect and/or isolate key intermediates 
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(sulfenyl fluoride and sulfinyl fluoride) have been unsuccessful, as they are generally perceived 

as unstable.86,87  

The main by-product formed in the electrochemical sulfonyl fluoride synthesis 

is probably sulfonic acid (see Figure 3.6A and Figure 3.10 in Section 3.5, respectively), which 

originates from anodic oxidation of disulfides or through hydrolysis of sulfonyl fluorides.88  

 

3.2.1 Additional studies after the publication 

Formally, we were not able to rule out a nucleophilic attack of fluoride to the 

disulfide radical (Figure 3.6E) nor characterize the sulfinyl fluoride, leaving some doubts about 

the last steps of our mechanistic proposal. As it is obvious, there was an urgency to 

communicate these results in the literature due to the significance of this discovery, and we 

decided to publish even in the absence of a fully elucidated mechanism. Fortunately, the editor 

and referee’s from JACS assured us that, at that moment, there was no need for a fully 

elucidated mechanism. However, we decided to invest some time to elucidate it more after the 

publication (Schemes 3.7 and 3.8 and Figure 3.7). 

Basically, additional experiments using adequate GC-MS conditions allowed us 

to promptly detect the disulfide, and after some hours the intermediate S-phenyl 

benzenethiosulfonate 3.47 (see Figure 3.7H)89 was completely consumed giving the sulfonyl 

fluoride 3.26a. Moreover, when the reaction was performed starting with thiosulfonate 3.47, 

under the same reaction conditions, the corresponding sulfonyl fluoride 3.26a was obtained in 

76% GC yield after 4 h (see Scheme 3.7 and Figure 3.7E–G). 

Later, in our laboratory in São Carlos/Brazil, we continued to investigate the 

mechanism of this electrochemical reaction. Unsurprisingly, in the absence of electricity, the 

same reaction from S-phenyl benzenethiosulfonate 3.47 (1 mmol scale) provided no traces of 

the expected sulfonyl fluoride 3.26a after 12 h (monitored by TLC). However, when the 
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electrochemical cell was put into operation, full conversion of thiosulfonate 3.47 to sulfonyl 

fluoride 3.26a was accomplished within 4 h in excellent isolated yield (93%), which shows that 

the last step of the mechanism (see Scheme 3.8) is also electrochemically driven. 

 

 

Scheme 3.7 – Electrochemical synthesis of sulfonyl fluoride from thiosulfonate. [a]GC yield. 
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Figure 3.7 – (A) *GC-MS chromatogram of PhSH. (B) *GC-MS chromatogram of PhSSPh. 

(C) *GC-MS chromatogram of PhSO2SPh. (D) **GC-MS chromatogram of PhSO2SPh. (E) 

*GC-MS chromatogram for the synthesis of PhSO2F from PhSO2SPh after 1 h. (F) *GC-MS 

chromatogram for the synthesis of PhSO2F from PhSO2SPh after 2 h. (G) *GC-MS 

chromatogram for the synthesis of PhSO2F from PhSO2SPh after 4 h. (H) *GC-MS 

chromatogram for the synthesis of PhSO2F from PhSH after 6 h (Scale-up experiment).    

*DB-5ms column. **Rxi-1ms column. 
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Scheme 3.8 – Proposed mechanism 2. 
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3.3 Conclusion 

The electrochemical approach described herein demonstrates the ability to 

directly convert thiols or disulfides into sulfonyl fluorides using KF as an ideal fluoride source 

in terms of cost, safety, and availability. No additional oxidants nor additional catalysts are 

required and, due to mild reaction conditions, the reaction displays a broad substrate scope (27 

examples, 19–97% isolated yield), including a variety of alkyl, benzyl, aryl, and heteroaryl 

thiols or disulfides. 

Kinetic and other additional studies (such as radical trapping and fluorination 

step experiments) were performed in an attempt to clarify the reaction mechanism. The kinetic 

experiments revealed a rapid conversion of thiol to disulfide and the formation of traces of other 

fluorinated species such as S-phenyl benzenethiosulfonate, which was also detected using 

adequate GC-MS conditions. The radical trapping experiments with different radical 

scavengers (TEMPO, BHT, and benzoquinone) did not afford any radical trapped species, but 

the efficacy of the electrochemical process was reduced under such conditions, indicating the 

presence of radical intermediates. The fluorination step experiments suggested the formation in 

equilibrium of py∙HCl and then via anion exchange leads to a highly reactive anionic species 

(py∙HF or [pyH]+–[F–H–F]− adduct). However, we also cannot rule out the possibility that a 

bifluoride [F–H–F]− anion is acting as a nucleophilic fluorination agent. 

Furthermore, through additional experiments, we were able to show that                

S-phenyl benzenethiosulfonate is the likely precursor of the sulfonyl fluoride and its conversion 

is also electrochemically driven; however, the proof of the final nucleophilic attack remained 

to be elucidated. It is important to mention that electrochemical mechanisms are still quite 

challenging since many reactions and setups are under development as a new hot topic in 

organic chemistry. 
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3.4 Experimental 

3.4.1 General information 

All reagents and solvents were used as received without further purification. 

Reagents and solvents were bought from Sigma Aldrich, TCI, and Fluorochem. Technical 

solvents were bought from VWR International and Biosolve and used as received. All capillary 

tubing and microfluidic fittings were purchased from IDEX Health & Science. Disposable 

syringes were from BD Discardit II® or NORM-JECT®, purchased from VWR Scientific. 

Syringe pumps were purchased from Chemix Inc. model Fusion 200 Touch. Product isolation 

was performed manually using silica (60, F254, Merck™) or automatically by a Biotage® 

IsoleraTM Spektra Four, with Biotage® SNAP KP-Sil 25 or 50 g flash chromatography 

cartridges. TLC analysis was performed using silica on aluminum foils TLC plates (F254, 

Supelco Sigma-Aldrich™) with visualization under ultraviolet light (254 nm and 365 nm) or 

appropriate TLC staining. The cyclic voltammetry analyses were performed with an IVIUM 

CompactStat. 1H (400MHz), 19F (400MHz) and 13C (100MHz) spectra were recorded at r.t. 

using a Bruker-Avance 400. 1H NMR spectra are reported in parts per million (ppm) downfield 

relative to CDCl3 (7.26 ppm) and all 13C NMR spectra are reported in ppm relative to CDCl3 

(77.2 ppm) unless stated otherwise.  

NMR spectra uses the following abbreviations to describe the multiplicity:            

s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, h = hextet, hept = heptet, m = multiplet, 

dd = double doublet, td = triple doublet, etc. All NMR data were processed using the 

MestReNova 9.0.1 software package. Known products were characterized by comparing to the 

corresponding 1H NMR, 19F NMR, and 13C NMR from literature. GC analyses were performed 

on a GC-MS combination (Shimadzu GC-2010 Plus coupled to a Mass Spectrometer; Shimadzu 

GCMS-QP 2010 Ultra) with an auto sampler unit (AOC-20i, Shimadzu). Melting points were 
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determined with a Buchi B-560 capillary melting point apparatus in open capillaries and are 

uncorrected. The names of all products were generated using the PerkinElmer ChemDraw Ultra 

v.12.0.2 software package. 

 

3.4.2 Electrochemical reactor 

For the electrochemical continuous-flow reaction, a homemade flow cell was 

used together with a Velleman LABPS3005D power supply (Figure 3.8). The cell consists of a 

working electrode and a counter electrode, with a PTFE gasket containing micro-channels in 

between. The material used for the electrodes were stainless-steel electrode (316L) and graphite 

AC-K800 premium grade (purchased by AgieCharmilles). The active reactor volume is 700 μL. 

This results in an undivided electrochemical cell. In the cell, direct contact between the 

electrode surface and the reaction mixture is established. The reaction mixture is pumped 

through the system via a syringe pump and is collected in a glass vial. All the technical data of 

the electrochemical microreactor are reported elsewhere.81 

 

 

Figure 3.8 – Right: Assembled electrochemical flow reactor. Left: Components of the flow 

reactor. A: PTFE electrode holders. B: PTFE gasket (8 channel configuration). C: Outer 

stainless-steel plates. D: Electrodes (Left graphite, Right stainless-steel). 
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For the batch electrochemical reactions, a glassy vessel was used, equipped with 

electrodes connected to a Velleman LABPS3005D power supply with crocodile clamps (Figure 

3.9).34 

 

 

Figure 3.9 – Top: Assembled electrochemical batch reactor. Bottom: Components of the 

batch reactor. A: Boiling tube with screw cap. B: Screw cap with septum. C: 3D printed PLA 

spacer, 0.7 cm. D: Magnetic stirring bar. E: Steel cathode, dimensions 4.5 cm x 2.5 cm. F: 

Graphite anode (4.5 cm x 2.5 cm) with screws. G: Cables used to connect the power supply to 

the reactor. The septum is pierced with a needle to allow the hydrogen gas formed during the 

cathodic reduction to escape. 
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3.4.3 Reaction optimization 

During the screening, the solution was charged into an electrocell and the 

electrodes are submerged in the reaction mixture. The current (20 mA, 4.2 mA/cm2, max 

voltage 5 V) or constant voltage (3.2 or 4 V) was set. The reaction was followed by GC-MS, 

GC-FID, and/or TLC. GC yields were calculated using an internal standard method (biphenyl 

was used as an internal standard).  

 

3.4.4 General procedures 

3.4.4.1 Cleaning procedures 

In this paragraph, the cleaning procedure for both the batch and the microflow 

setups will be described. It is important to mention that proper cleaning of the electrodes is 

crucial to guarantee the success of the reaction.  

 

3.4.4.1.1 Batch reactor 

The vial, magnetic stir bar, and cap are washed first with water, then with acetone 

and dried. The stainless-steel electrode is first washed with 1 M HCl and scrubbed with a sponge 

twice, then the electrode is submerged in acetone and sonicated for 15 min. The graphite 

electrode is first wiped with paper and washed with CH3CN five times. It is important to keep 

the electrodes dry after use (e.g., do not submerge them in any solvent for storage). Otherwise, 

the reaction does not proceed anymore, probably because of passivation of the electrode 

surface. The graphite electrodes are replaced every 15 reactions. 
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3.4.4.1.2 Flow reactor 

When the reaction is completed, the power supply and the pump feeding the 

reaction mixture are turned off. The reactor is cleaned with CH3CN (10 mL, 0.5 mL/min). After 

this, the reactor is disassembled removing all the loops first, then all the screws. Subsequently, 

the gasket is cleaned with acetone on both sides. The stainless-steel electrode is first washed 

with HCl 1 M and scrubbed with a sponge twice, then rinsed with acetone. Next, the gasket, 

loops, and stainless-steel electrode are submerged in a beaker full of acetone and sonicated for 

15 min. The graphite electrode is wiped with paper and washed with CH3CN five times. The 

electrode holders are washed with acetone and dried with paper. The copper contacts are first 

washed with HCl 1 M, scrubbed with fine sandpaper, and finally rinsed with acetone. After 

these processes, all the components are dried with paper and the reactor is reassembled. 

 

3.4.4.2 General procedure for electrochemical synthesis of sulfonyl fluorides 

Potassium fluoride (10 mmol) was dissolved in the appropriate amount of stock 

solution (20 mL, 1:1 v/v CH3CN/HClaq 1 M). Next, pyridine (2 mmol) was added via syringe. 

The solution was stirred until complete dissolution of the solids, after which the thiol, disulfide 

or thiosulfonate substrate (2 mmol, 1 mmol or 1 mmol, respectively) were added. The septum 

is pierced with a needle and the electrodes (graphite anode and stainless-steel cathode, 

approximate distance 1 cm) are positioned in the liquid reaction mixture. The electrodes are 

connected to a power supply set to 20 mA. A constant current was applied for 12–48 h (until 

full conversion of the substrate is achieved as judged by GC-MS or TLC). In some cases, 

constant potential was found beneficial to obtain optimal results (the applied potential was set 

to 3.2 V or 4 V). After the reaction was complete, the power supply was turned off and, after 

addition of water, the crude mixture was extracted three times with EtOAc (3 x 20 mL), dried 
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with MgSO4 and concentrated under reduced pressure. The resulting crude mixture was purified 

using silica gel column chromatography and analyzed by TLC, GC-MS, 1H NMR, 19F NMR, 

and 13C NMR spectroscopy. 

 

3.4.4.3 General procedure for derivatization of volatile sulfonyl fluorides 

For some compounds of the scope, derivatization was required due to their 

volatility. After the electrochemical reaction was complete (see general procedure 3.4.4.2), the 

power supply was turned off and the electrodes were removed. Next, the reaction mixture was 

neutralized with sodium bicarbonate (5 mL of saturated aqueous solution). Phenol (3 equiv.) 

and cesium carbonate (3 equiv.) were added subsequently. For the aromatic sulfonyl fluorides, 

the reaction was carried out at r.t., while for the aliphatic the reaction mixture was heated to 60 

°C. The derivatization was followed by TLC and GC-MS and when full conversion was 

achieved a 19F NMR spectrum was recorded to ensure complete conversion of the sulfonyl 

fluoride. Subsequently, the reaction was extracted with ethyl acetate (3 x 20 mL) and the 

organic phase was washed with 1 M NaOH solution (3 x 20 mL) to remove the excess of phenol. 

The resulted organic phase was dried with MgSO4, concentrated under reduced pressure, and 

purified using silica gel column chromatography. The purified material was next analyzed by 

TLC, GC-MS, 1H NMR, 19F NMR, and 13C NMR spectroscopy. 

 

3.4.4.4 Procedure for the scale-up experiment 

Potassium fluoride (50 mmol) was dissolved in the required amount of stock 

solution (40 mL, 1:1 v/v CH3CN/HClaq 1 M) and followed by the addition of pyridine (10 

mmol). The solution was stirred until complete dissolution of the solids (biphasic mixture). 

Next, thiophenol (10 mmol) was added. The septum is pierced with a needle and the electrodes 
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(graphite anode and stainless-steel cathode, approximate distance 1 cm) are positioned in the 

reactor solution. The electrodes are connected to the power supply, which is set to 3.2 V (applied 

potential) and the solution is kept at a constant voltage for 24 h under continuous stirring. After 

the reaction was complete, the power supply was turned off and, after addition of water, the 

crude mixture was extracted three times with EtOAc (3 x 30 mL), dried with MgSO4 and 

concentrated under reduced pressure. The resulting crude mixture was purified using silica gel 

column chromatography (10:1 v/v Cy:EtOAc) to give a colorless oil (1128 mg, 70%). 

 

3.4.4.5 Procedure for the kinetic experiment in batch conditions 

Potassium fluoride (10 mmol) was dissolved in the required amount of stock 

solution (20 mL, 1:1 v/v CH3CN/HClaq 1 M) and followed by the addition of pyridine (2 mmol). 

The solution was stirred until complete dissolution of the solids. Next,                                                    

4-(trifluoromethyl)thiophenol (2 mmol) was added. The septum is pierced with a needle and 

the electrodes (graphite anode and stainless-steel cathode, approximate distance 1 cm) are 

positioned in the reactor solution. Next, a sample was taken before starting the reaction. The 

electrodes are connected to the power supply, which is set to 3.2 V for the potentiostatic 

experiment (applied potential) and 20 mA for the galvanostatic experiment, and the solution is 

kept at a constant voltage for 9–24 h under continuous stirring. During the reaction, samples 

were taken (0.2 mL) and complemented with DMSO (0.5 mL). The resulting samples were 

analyzed by 19F NMR. 

 

3.4.4.6 Procedure for the kinetic experiment in flow conditions 

Thiophenol (2 mmol) together with pyridine (10 mmol) were dissolved in 

acetonitrile (20 mL), while potassium fluoride (10 mmol) was dissolved in HClaq 1 M (20 mL). 
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The two different mixtures were swirled until homogeneous before being taken up in a 20 ml 

disposable syringe. The solutions were pumped with the same flowrate (in order to obtain a 1:1 

organic/aqueous mixture) through a T-mixer and then into the electrochemical setup equipped 

with a graphite anode and stainless-steel cathode at 0.25 mm thick gasket using PFA tubing (ø 

= 750 µm). The potential was set to 3.3 V. Different residence times were scanned during the 

experiment (from 1 to 10 min). For every data point, after the reaction had reached steady state 

(12 min at 0.15 mL/min), the corresponding current was noted and a sample (0.2 mL) was 

collected in a vial and complemented with CH3CN before analyzing the samples using GC-MS 

(biphenyl as standard).  

 

3.4.5 Characterization data of sulfonyl fluorides 

Benzenesulfonyl fluoride (3.26a):47,57,70 Following the general procedure 

(3.4.4.2), obtained at 20 mA for 36 h. Purified by flash chromatography on silica 

(cyclohexane/ethyl acetate 99:1) to give a colorless oil (272 mg, 85%). 1H NMR 

(399 MHz, CDCl3): δ 8.00 (d, J = 7.9 Hz, 2H), 7.78 (t, J = 7.5 Hz, 1H), 7.63 (t, J = 7.7 Hz, 2H). 

13C NMR (100 MHz, CDCl3): δ 135.7, 133.1 (d, J = 24.3 Hz), 129.8, 128.4. 19F NMR (376 

MHz, CDCl3): δ 65.9 (s, 1F). 

 

Following the general procedure (3.4.4.3), obtained at 20 mA for 36 h. When 

full conversion was achieved (followed by GC-MS), in situ derivatization was performed (See 

characterization 3.26a-der).  

 

4,6-Dimethylpyrimidine-2-sulfonyl fluoride (3.26b):61 Following the 

general procedure (3.4.4.2), obtained at 20 mA for 12 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 4:1) to give a white 

solid (281 mg, 74%). Mp: 60–61 °C (Lit.61 mp: 57–58 °C). 1H NMR (399 

MHz, CDCl3): δ 7.36 (s, 1H), 2.64 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 170.3, 170.2, 160.1 

(d, J = 36.7 Hz), 124.6, 24.0. 19F NMR (376 MHz, CDCl3): δ 48.7 (s, 1F). 
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4-Methylbenzenesulfonyl fluoride (3.26c):57,70,90 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a white 

solid (220 mg, 63%). Mp:  40–42 °C (Lit.90 mp: 40.5–42 °C). 1H NMR (399 MHz, CDCl3): δ 

7.87 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCl3): 

δ 147.3, 130.4, 130.1 (d, J = 24.2 Hz), 128.5, 21.9. 19F NMR (376 MHz, CDCl3): δ 66.2 (s, 1F). 

 

3-Methylbenzenesulfonyl fluoride (3.26d):70 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 36 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a 

colorless oil (237 mg, 68%). HRMS (ESI): m/z calcd. for C7H7O2SFNa [M + Na]+: 197.0043; 

found: 197.0043. 1H NMR (399 MHz, CDCl3): δ 7.85 – 7.76 (m, 2H), 7.61 – 7.54 (m, 1H), 7.54 

– 7.47 (m, 1H), 2.47 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 140.3, 136.5, 133.0 (d, J = 23.6 

Hz), 129.6, 128.7, 125.6, 21.3. 19F NMR (376 MHz, CDCl3): δ 65.8 (s, 1F). 

 

2-Methylbenzenesulfonyl fluoride (3.26e):37 Following the general procedure 

(3.4.4.2), obtained at 20 mA for 30 h. Purified by flash chromatography on silica 

(cyclohexane/ethyl acetate 99:1) to give a colorless oil (303 mg, 87%). 1H NMR 

(399 MHz, CDCl3): δ 8.02 (d, J = 7.9 Hz, 1H), 7.68 – 7.58 (m, 1H), 7.47 – 7.36 (m, 2H), 2.69 

(s, 3H). 13C NMR (100 MHz, CDCl3): δ 139.1, 135.4, 133.0, 132.4 (d, J = 22.1 Hz), 130.1 (d, 

J = 1.7 Hz), 126.8, 20.3 (d, J = 1.3 Hz). 19F NMR (376 MHz, CDCl3): δ 60.3 (s, 1F). 

 

4-(tert-Butyl)benzenesulfonyl fluoride (3.26f):57,69,91 Following the 

general procedure (3.4.4.2), obtained at 20 mA for 16 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a white 

solid (251 mg, 58%). Mp: 62–64 °C (Lit.91 mp: 64–64.5 °C). 1H NMR (399 MHz, CDCl3): δ 

7.93 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 1.36 (s, 9H). 13C NMR (100 MHz, CDCl3): 

δ 160.1, 130.0 (d, J = 24.2 Hz), 128.4, 126.8, 35.6, 31.0. 19F NMR (376 MHz, CDCl3): δ 66.2 

(s, 1F). 
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4-Methoxybenzenesulfonyl fluoride (3.26g):47,57,70 Following the 

general procedure (3.4.4.2), obtained at 20 mA for 41 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a yellow 

oil (224 mg, 59%). 1H NMR (399 MHz, CDCl3): δ 7.92 (d, J = 9.0 Hz, 2H), 7.05 (d, J = 8.9 Hz, 

2H), 3.91 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 165.4, 130.9, 124.1 (d, J = 24.6 Hz), 115.0, 

56.0. 19F NMR (376 MHz, CDCl3): δ 67.3 (s, 1F). 

 

3-Methoxybenzenesulfonyl fluoride (3.26h):70 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 36 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a pale 

yellow oil (129 mg, 34%). 1H NMR (399 MHz, CDCl3): δ 7.60 (dt, J = 7.8, 0.9 Hz, 1H), 7.52 

(td, J = 8.0, 1.1 Hz, 1H), 7.47 (t, J = 2.2 Hz, 1H), 7.28 (dd, J = 8.3, 2.3 Hz, 1H), 3.89 (s, 3H). 

13C NMR (100 MHz, CDCl3): δ 160.3, 134.1 (d, J = 24.2 Hz), 130.8, 122.3, 120.7, 112.8, 56.0. 

19F NMR (376 MHz, CDCl3): δ 65.6 (s, 1F). 

 

4-(Trifluoromethyl)benzenesulfonyl fluoride (3.26i):57,92 Following the 

general procedure (3.4.4.2), obtained at 20 mA for 36 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a white 

solid (278 mg, 61%). Mp: 67–69 °C (Lit.92 mp: 68–69 °C). 1H NMR (399 MHz, CDCl3): δ 8.17 

(d, J = 8.2 Hz, 2H), 7.92 (d, J = 8.1 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 137.3 (q, J = 33.4 

Hz), 136.6 (d, J = 27.2 Hz), 129.3, 127.1 (q, J = 3.7 Hz), 122.9 (q, J = 273.3 Hz). 19F NMR 

(376 MHz, CDCl3): δ 65.8 (s, 1F), -63.6 (s, 3F). 

 

2,3,4,5,6-Pentafluorobenzenesulfonyl fluoride (3.26j):45 Following the 

general procedure (3.4.4.2), obtained at 4.0 V for 24 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a colorless 

oil (95 mg, 19%). 13C NMR (100 MHz, CDCl3): δ 148.8 – 144.9 (m), 147.2 – 

143.4 (m), 140.7 – 136.2 (m), 111.2 – 109.1 (m). 19F NMR (376 MHz, CDCl3): δ 74.3 (t, J = 

14.6 Hz, 1F), -130.8 – -133.8 (m, 2F), -136.9 – -140.9 (m, 1F), -153.4 – -160.8 (m, 2F). 

 

Following the general procedure (3.4.4.3), obtained at 4.0 V for 24 h. When full 

conversion was achieved (followed by GC-MS), in situ derivatization was performed (See 

characterization 3.26j-der).  
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Methyl 2-(fluorosulfonyl)benzoate (3.26k):93 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 20 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a colorless 

oil (384 mg, 88%). HRMS (ESI): m/z calcd. for C8H7O4SFNa [M + Na]+: 240.9941; found: 

240.9941. 1H NMR (399 MHz, CDCl3): δ 8.15 (dd, J = 7.9, 1.3 Hz, 1H), 7.87 (dd, J = 7.8, 1.6 

Hz, 1H), 7.82 (td, J = 7.6, 1.3 Hz, 1H), 7.73 (m, 1H), 3.98 (s, 3H). 13C NMR (100 MHz, CDCl3): 

δ 165.9, 135.4, 133.2, 132.0 (d, J = 26.3 Hz), 131.8, 130.9, 130.6 (d, J = 1.6 Hz), 53.6. 19F NMR 

(376 MHz, CDCl3): δ 64.5 (s, 1F). 

 

4-Fluorobenzenesulfonyl fluoride (3.26l):47,57,70 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a colorless 

oil (217 mg, 61%). 1H NMR (399 MHz, CDCl3): δ 8.12 – 8.01 (m, 2H), 7.32 (t, J = 8.4 Hz, 

2H). 13C NMR (100 MHz, CDCl3): δ 167.0 (d, J = 259.8 Hz), 131.7 (d, J = 10.1 Hz), 129.1 (dd, 

J = 25.9, 3.4 Hz), 117.4 (d, J = 23.1 Hz). 19F NMR (376 MHz, CDCl3): δ 66.7 (s, 1F), -99.26– 

-99.44 (m, 1F). 

 

4-Chlorobenzenesulfonyl fluoride (3.26m):39,47,57,70 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 22 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a white 

solid (241 mg, 62%). Mp: 48–50 °C (Lit.39 mp: 49–53 °C). 1H NMR (399 MHz, CDCl3): δ  7.95 

(d, J = 8.6 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 142.8, 131.5 (d, 

J = 25.7 Hz), 130.2, 130.0. 19F NMR (376 MHz, CDCl3): δ 66.4 (s, 1F). 

 

4-Bromobenzenesulfonyl fluoride (3.26n):47,94 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 16 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a white 

solid (277 mg, 58%). Mp: 64–65 °C (Lit.94 mp: 58.1–59.8 °C). 1H NMR (399 MHz, CDCl3): δ 

7.87 (d, J = 8.7 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 133.2, 132.0 

(d, J = 25.7 Hz), 131.4, 129.9. 19F NMR (376 MHz, CDCl3): δ 66.4 (s, 1F). 
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4-Acetamidobenzenesulfonyl fluoride (3.26o):47,57 Following the 

general procedure (3.4.4.2), obtained at 20 mA for 40 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 4:1) to give a white 

solid (82 mg, 19%). Mp: 174–175 °C (Lit.47 mp: 175–176 °C). 1H NMR (399 MHz, CDCl3): δ 

7.96 (d, J = 8.6 Hz, 2H), 7.79 (d, J = 8.6 Hz, 2H), 7.55 (s, 1H), 2.25 (s, 3H). 13C NMR (100 

MHz, CDCl3): δ 168.8, 144.6, 130.2, 127.3 (d, J = 25.1 Hz), 119.5, 25.0. 19F NMR (376 MHz, 

CDCl3): δ 66.8 (s, 1F). 

 

Pyridine-2-sulfonyl fluoride (3.26p):45 Following the general procedure 

(3.4.4.2), obtained at 3.2 V for 6 h. Purified by flash chromatography on silica 

(cyclohexane/ethyl acetate 4:1) to give a yellow oil (274 mg, 85%). 1H NMR 

(399 MHz, CDCl3): δ 8.83 (d, J = 4.3 Hz, 1H), 8.13 (d, J = 7.8 Hz, 1H), 8.06 (tt, J = 7.7, 1.5 

Hz, 1H), 7.72 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 151.4 (d, J = 30.4 

Hz), 151.1 (d, J = 1.2 Hz), 138.9, 129.4, 124.2 (d, J = 2.2 Hz). 19F NMR (376 MHz, CDCl3): δ 

55.8 (s, 1F). 

 

Pyrimidine-2-sulfonyl fluoride (3.26q):45,61 Following the general procedure 

(3.4.4.2), obtained at 20 mA for 24 h. Purified by flash chromatography on silica 

(cyclohexane/ethyl acetate 4:1) to give a white solid (169 mg, 52%). Mp: 56–58 

°C (Lit.61 mp: 58–60 °C). 1H NMR (399 MHz, CDCl3): δ 9.04 (d, J = 4.9 Hz, 2H), 7.73 (t, J = 

4.9 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 160.8 (d, J = 38.8 Hz), 159.4 (d, J = 1.6 Hz), 

125.5. 19F NMR (376 MHz, CDCl3): δ 49.5 (s, 1F). 

 

Methanesulfonyl fluoride (3.26r): Following the general procedure (3.4.4.3), 

obtained at 3.2 V for 15 h starting by dimethyl disulfide. When full conversion was 

achieved (followed by GC-MS), in situ derivatization was performed (See characterization 

3.26r-der).  

 

Ethanesulfonyl fluoride (3.26s): Following the general procedure (3.4.4.3), 

obtained at 20 mA for 48 h. When full conversion was achieved (followed by 

GC-MS), in situ derivatization was performed (See characterization 3.26s-der).  
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Propane-1-sulfonyl fluoride (3.26t): Following the general procedure 

(3.4.4.3), obtained at 20 mA for 41 h starting by dipropyl disulfide. When full 

conversion was achieved (followed by GC-MS), in situ derivatization was performed (See 

characterization 3.26t-der).  

 

Octane-1-sulfonyl fluoride (3.26u):57 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 36 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a colorless oil (200 mg, 

51%). 1H NMR (399 MHz, CDCl3): δ 3.42 – 3.29 (m, 2H), 1.94 (p, J = 7.7 Hz, 2H), 1.48 (p, J 

= 7.4 Hz, 2H), 1.39 – 1.22 (m, 8H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 

51.0 (d, J = 15.9 Hz), 31.8, 29.0, 28. 9, 28.0, 23.5, 22.7, 14.2. 19F NMR (376 MHz, CDCl3): δ 

53.2 (t, J = 4.2 Hz, 1F). 

 

Cyclohexane-1-sulfonyl fluoride (3.26v):70 Following the general procedure 

(3.4.4.3), obtained at 3.2 V for 36 h. When full conversion was achieved 

(followed by GC-MS), in situ derivatization was performed (See characterization 

3.26v-der).  

 

2-(Pyrazin-2-yl)ethane-1-sulfonyl fluoride (3.26w): Following the 

general procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 4:1) to give a white 

off solid (357 mg, 94%). HRMS (ESI): m/z calcd. for C6H7N2O2SFNa [M + Na]+: 213.0104; 

found: 213.0104. Mp:  220 °C (degr.). 1H NMR (399 MHz, CDCl3): δ 8.61 – 8.39 (m, 3H), 4.01 

– 3.83 (m, 2H), 3.43 (t, J = 7.6 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 151.4, 144.7, 144.3, 

143.8, 49.0 (d, J = 17.6 Hz), 28.6. 19F NMR (376 MHz, CDCl3): δ 53.9 (t, J = 4.8 Hz, 1F). 

 

Phenylmethanesulfonyl fluoride (3.26x):57,70,92 Following the general 

procedure (3.4.4.2), obtained at 20 mA for 40 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a colorless 

oil (157 mg, 45%). Mp:  92–93 °C (Lit.92 mp: 93–94 °C). 1H NMR (399 MHz, CDCl3): δ 7.55 

– 7.34 (m, 5H), 4.60 (d, J = 3.2 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 130.8, 130.0, 129.4, 

125.6, 57.0 (d, J = 17.7 Hz). 19F NMR (376 MHz, CDCl3): δ 51.4 (t, J = 3.4 Hz, 1F). 
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(4-Chloro-phenyl)methanesulfonyl fluoride (3.26y):95 Following the 

general procedure (3.4.4.2), obtained at 20 mA for 44 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a white 

off solid (154 mg, 37%). HRMS (ESI): m/z calcd. for C7H6O2SClFNa [M + Na]+: 230.9653; 

found: 230.9653. Mp:  149–150 °C (Lit.95 mp: 143–145 °C). 1H NMR (399 MHz, CDCl3): δ 

7.43 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 4.57 (d, J = 3.1 Hz, 2H). 13C NMR (100 

MHz, CDCl3): δ 136.5, 132.1, 129. 8, 124.1, 56.3 (d, J = 18.4 Hz). 19F NMR (376 MHz, CDCl3): 

δ 51.6 (t, J = 3.2 Hz, 1F). 

 

2-Phenylethane-1-sulfonyl fluoride (3.26z): Following the general 

procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a 

colorless oil (244 mg, 65%). HRMS (ESI): m/z calcd. for C8H9O2SFNa [M + Na]+: 211.0199; 

found: 211.0199. 1H NMR (399 MHz, CDCl3): δ 7.41 – 7.34 (m, 2H), 7.32 (tt, J = 7.3, 1.5 Hz, 

1H), 7.27 – 7.21 (m, 2H), 3.68 – 3.58 (m, 2H), 3.29 – 3.21 (m, 2H). 13C NMR (100 MHz, 

CDCl3): δ 136.1, 129.2, 128.5, 127.7, 52.2 (d, J = 15.6 Hz), 29.7. 19F NMR (376 MHz, CDCl3): 

δ 53.2 (t, J = 4.2 Hz, 1F). 

 

Methyl acetyl(fluorosulfonyl)-D-alaninate (3.26aa): Following the 

general procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 4:1) to give a white solid (159 mg, 35%). 

HRMS (ESI): m/z calcd. for C6H10NO5SFNa [M + Na]+: 250.0156; found: 250.0156. Mp:  159-

160 °C. 1H NMR (399 MHz, CDCl3): δ 6.48 (brs, 1H), 4.91 (dq, J = 6.3, 4.3 Hz, 1H), 4.22 (ddd, 

J = 15.2, 4.6, 2.5 Hz, 1H), 4.07 (ddd, J = 15.2, 6.0, 4.6 Hz, 1H), 3.86 (s, 3H), 2.09 (s, 3H). 13C 

NMR (100 MHz, CDCl3): δ 170.5, 168.2, 53.9, 51.6 (d, J = 14.9 Hz), 48.8, 23.0. 19F NMR (376 

MHz, CDCl3): δ 63.3 (dt, J = 6.0, 2.9 Hz, 1F). 

 

Phenyl phenylsulfonate (3.26a-der):96 Following the general procedure 

(3.4.4.3), obtained at r.t. in 2 h. Purified by flash chromatography on 

silica (cyclohexane/ethyl acetate 99:1) to give a colorless oil (454 mg, 

97%) (mp: Lit.96 mp: 34–35 °C). 1H NMR (399 MHz, CDCl3): δ 7.96 – 7.83 (m, 2H), 7.69 (tt, 

J = 7.5, 1.3 Hz, 1H), 7.60 – 7.51(m, 2H), 7.37 – 7.24 (m, 3H), 7.12 – 6.98 (m, 2H). 13C NMR 

(100 MHz, CDCl3): δ 149.4, 135.1, 134.2, 129.6, 129.1, 128.2, 127.1, 122.1. 
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Phenyl 2,3,4,5,6-pentafluorobenzenesulfonate (3.26j-der):97 

Following the general procedure (3.4.4.3), obtained at room 

temperature in 2 h. Purified by flash chromatography on silica 

(cyclohexane/ethyl acetate 99:1) to give a white solid (181 mg, 28%). 

HRMS (ESI): m/z calcd. for C12H5O3SF5Na [M + Na]+: 346.9772; found: 346.9772. Mp:  72–

74 °C. 1H NMR (399 MHz, CDCl3): δ 7.44 – 7.31 (m, 3H), 7.23 – 7.14 (m, 2H). 13C NMR (100 

MHz, CDCl3): δ 149.0, 146.9 – 146.4 (m), 144.2 – 143.8 (m), 139.6 – 139.1 (m), 137.0 – 136.5 

(m), 130.4, 128.3, 121.6, 112.2 – 111.7 (m). 19F NMR (376 MHz, CDCl3): δ -132.56 – -133.20 

(m, 2F), -141.74 (tt, J = 21.1, 8.1 Hz, 1F), -157.19 – -157.89 (m, 2F). 

 

Phenyl methanesulfonate (3.26r-der):98 Following the general procedure 

(3.4.4.3), obtained at 60 °C in 12 h. Purified by flash chromatography on 

silica (cyclohexane/ethyl acetate 99:1) to give a white off solid (176 mg, 

51%). Mp: 62–63 °C (Lit.98 mp: 60–62 °C). 1H NMR (399 MHz, CDCl3): δ 7.38 (t, J = 7.9 Hz, 

2H), 7.33 – 7.20 (m, 3H), 3.09 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 149.4, 130.1, 127.5, 

122.1, 37.4. 

 

Phenyl ethanesulfonate (3.26s-der):99 Following the general procedure 

(3.4.4.3), obtained at 60 °C in 12 h. Purified by flash chromatography on 

silica (cyclohexane/ethyl acetate 99:1) to give a colorless oil (134 mg, 

36%). 1H NMR (399 MHz, CDCl3): δ 7.46 – 7.36 (m, 2H), 7.34 – 7.25 (m, 3H), 3.28 (q, J = 7.4 

Hz, 2H), 1.54 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 149.3, 130.1, 127.3, 122.1, 

45.1, 8.4. 

 

Phenyl propane-1-sulfonate (3.26t-der): Following the general 

procedure (3.4.4.3), obtained at 60 °C in 24 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a 

colorless oil (156 mg, 39%). HRMS (ESI): m/z calcd. for C9H12O3SNa [M + Na]+: 223.0399; 

found: 223.0399. 1H NMR (399 MHz, CDCl3): δ 7.44 – 7.36 (m, 2H), 7.33 – 7.24 (m, 3H), 3.24 

– 3.18 (m, 2H), 2.07 – 1.95 (m, 2H), 1.11 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 

149.3, 130.0, 127.2, 122.1, 52.1, 17.4, 12.9. 
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Phenyl cyclohexanesulfonate (3.26v-der): Following the general 

procedure (3.4.4.3), obtained at 60 °C in 24 h. Purified by flash 

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a 

colorless oil (197 mg, 41%). HRMS (ESI): m/z calcd. for C12H16O3SNa [M + Na]+: 263.0712; 

found: 263.0712. 1H NMR (399 MHz, CDCl3): δ 7.40 – 7.31 (m, 2H), 7.27 – 7.18 (m, 3H), 3.14 

(tt, J = 12.1, 3.5 Hz, 1H), 2.30 (dd, J = 13.3, 3.6 Hz, 2H), 1.96 – 1.84 (m, 2H), 1.76 – 1.61 (m, 

3H), 1.35 – 1.18 (m, 3H). 13C NMR (100 MHz, CDCl3): δ 149.2, 130.0, 127.0, 122.2, 60.2, 

26.7, 25.1, 25.0. 

 

3.5 Mechanistic studies 

3.5.1 Kinetic experiments 

First, a kinetic experiment at constant potential conditions was carried out (see 

Scheme 3.9 and Figures 3.10 and 3.11). 

 

  

Scheme 3.9 – Kinetic experiment at constant potential conditions. 
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Figure 3.10 – Kinetic experiment at constant potential conditions. 1D 19F NMR stacked 

spectra for the time course array of the reaction from 0 to 9 h reaction time (samples taken at 

the reaction time mentioned on each spectrum). Top: Full range stacked spectra. Bottom: 

Zoom from -63.0 to -60.0 ppm. 



 

166 
 

0 1 2 3 4 5 6 7 8 9

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7 8 9

0

20

40

60

80

100

120

M
o

la
r 

F
ra

ct
io

n
 (

%
)

 4-(Trifluoromethyl)benzenethiol

 Disulfide

 4-(Trifluoromethyl)benzenesulfonic acid

 4-(Trifluoromethyl)benzenesulfonyl fluoride

C
u

rr
en

t 
(m

A
)

Time (h)
 

Figure 3.11 – Kinetic experiment at constant potential conditions. Top: Integration of peaks 

of the 19F NMR plot. Bottom: Current intensity over time. 

 

The experiment showed a rapid conversion of thiol 3.25i to disulfide (within 45 

minutes). After this event, the formation of the product 3.26i is observed. Interestingly, a           

by-product (-61.1 ppm) formation was detected, which is attributed to overoxidation products 

(sulfonic acid). With the formation of 3.26i, traces of the released thiol 3.25i could be detected 

at -60.7 ppm (CF3 group). It was also possible to observe the formation of traces of other 

fluorinated species in the region between -62.0 and -61.3 ppm. In particular, the signals at 

approximately -61.8 and -61.6 ppm can be attributed to the CF3 groups of the S-phenyl 

benzenethiosulfonate.100 

During the kinetic experiment, a current drop was observed in the first hour, 

which is in correspondence with the formation of disulfide. Subsequently, the current stabilized 

around 50 mA until full conversion of the disulfide was observed (see Figure 3.11, bottom). 
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Next, a kinetic experiment at constant current conditions was carried out 

(Scheme 3.10 and Figures 3.12 and 3.13). 

 

 

Scheme 3.10 – Kinetic experiment at constant current conditions. 
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Figure 3.12 – Kinetic experiment at constant current conditions. 1D 19F NMR stacked spectra 

for the time course array of the reaction from 0 to 24 h reaction time. Top: Full range stacked 

spectra. Bottom: Zoom from -63.0 to -60.0 ppm. 
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Figure 3.13 – Kinetic experiment at constant current conditions. Top: Integration of peaks of 

the 19F NMR plot. Bottom: Applied voltage over time. 
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The experiment showed a similar outcome to that observed previously (Figures 

3.10 and 3.11). At the beginning, conversion to disulfide is observed (within 4 h). During this 

first step, the potential remains constant at 1.2–1.3 V (Figure 3.13, bottom). When full 

conversion of disulfide is achieved, the potential rises to 2.4–2.5 V (Figure 3.13, bottom), and 

the product 3.26i appears together with the peaks observed in the potentiostatic experiment. 

Full conversion is reached in 22 h (see Figure 3.13, top). 

Finally, a kinetic experiment at constant current under an inert atmosphere was 

carried out (Scheme 3.11 and Figures 3.14 and 3.15). 

 

 

Scheme 3.11 – Kinetic experiment at constant current under an inert atmosphere. 
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Figure 3.14 – Kinetic experiment at constant current under an inert atmosphere. 1D 19F NMR 

stacked spectra for the time course array of the reaction from 0 to 12 h reaction time. Top: 

Full range stacked spectra. Bottom: Zoom from -63.0 to -60.0 ppm. 
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Figure 3.15 – Kinetic experiment at constant current under an inert atmosphere. Top: 

Integration of peaks of the 19F NMR plot. Bottom: Applied voltage over time. 

 

The experiment under inert conditions showed a similar reaction pattern to the 

reaction carried out in air (Figures 3.12 and 3.13). However, at the beginning of the reaction, 

slower formation of disulfide was observed in comparison to the previous reaction. Also, the 

byproduct formation rate (sulfonic acid) in air was higher than in argon at the same reaction 

time (compare Figure 3.13 (top) with Figure 3.15 (top)). 

 

3.5.2 Radical quenching experiments 

In order to elucidate the mechanism, radical quenching experiments with 

TEMPO, BHT, and benzoquinone were carried out (Tables 3.9 and 3.10). 
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We commenced our investigation using an excess of radical scavengers (1.5–3 

equiv.) with thiophenol (3.25a) (Table 3.9).  

 

Table 3.9 – Thiophenol quenching experiment[a] 

 

Entry Radical Scavenger Product[b] 

1 BHT (1.5 equiv.) 36% 

2 TEMPO (1.5 equiv.) 82% 

3 Benzoquinone (1.5 equiv.) 21% 

4 BHT (3 equiv.) Traces 

5 TEMPO (3 equiv.) 21% 

[a]Thiophenol (2 mmol), radical scavenger (1.5 or 3 equiv.), KF (5 equiv.), pyridine (1 

equiv.), CH3CN/HClaq 1 M (1:1 v/v, 20 mL), r.t., 24 h, and a constant current of 20 

mA. [b]GC yields were calculated with an internal standard (biphenyl).  

 

Generally, the reaction proceeded with lower yields than the standard in all 

cases. A larger excess of BHT and TEMPO inhibited the reaction completely (or almost 

completely). No quenched intermediates were detected via GC-MS. 

Next, we decided to carry out the same experiment with diphenyl disulfide, in 

order to avoid any quenching of the radical traps by the thiol 3.25a (Table 3.10). As a result, 

only traces or low amounts of product 3.26a were observed after 24 h. No quenched 

intermediates were also detected via GC-MS.  
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Table 3.10 – Diphenyl disulfide quenching experiment[a] 

 

Entry Radical Scavenger Product[b] 

1 BHT 13% 

2 TEMPO Traces 

3 Benzoquinone Traces 

[a]Diphenyl disulfide (1 mmol), radical scavenger (1.5 equiv.), KF (5 equiv.), pyridine 

(1 equiv.), CH3CN/HClaq 1 M (1:1 v/v, 20 mL), r.t., 24 h, and a constant current of 20 

mA. [b]GC yields were calculated with an internal standard (biphenyl).  

 

3.6 Fluorination step 

Based on the experimental data obtained, we envisioned two different 

possibilities for the fluorination step: 

 

1. In situ formation of an electrophilic fluorinating species via anodic oxidation.  

 

 

 

2. In situ formation of an amine∙HF adduct in acidic conditions, similar to that previously 

reported in the literature employing alkali-metal fluorides and solid-supported acids in 

the presence of 2,6-lutidine in dehydrated acetonitrile under electrochemical 

conditions.77  
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For this reason, we carried out some preliminary reactions, to understand better 

the fluorination step of our mechanism. 

 

3.6.1 1-Fluoropyridinium 

The formation of sulfonyl fluoride employing 1-fluoropyridinium 

tetrafluoroborate (a common, mild electrophilic fluorinating reagent) was investigated (Scheme 

3.12).101,102 Hereto, the reaction was performed with 2 equiv. of 1-fluoropyridinium 

tetrafluoroborate with and without acid. Interestingly, both reactions led to only traces of the 

product after 24 h. 

 

 

Scheme 3.12 – 1-Fluoropyridinium tetrafluoroborate experiment. 

 

These results might indicate that a mild electrophilic fluorinating reagent is not 

necessary for the reaction.  

We previously carried out an electrochemical reaction with Selectfluor (see 

Table 3.4, entry 5), which led to almost quantitative GC yield towards the desired product. 

However, reaction with this strong fluorinating reagent was already proven to occur without 
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electricity at high temperatures or with prefunctionalized reagents.57,67,68 We think that in this 

case the fluorination step is promoted by Selectfluor, while the electrochemical reaction is 

needed to accelerate the oxidation step. 

 

3.6.2 Pyridinium chloride 

Based on the previous results, we decided to investigate the effect of an 

amine∙HCl salt. Hence, an experiment was carried out with pyridinium chloride and the desired 

product 3.26a was obtained in 84% GC yield (Scheme 3.13). 

 

 

Scheme 3.13 – Pyridinium chloride experiment (GC-FID yield, biphenyl as an internal 

standard). 

 

This result indicates that the preformed py∙HCl followed by anion exchange 

behaves similarly compared to the standard reaction conditions. 

 

3.6.3 Triethylamine 

In order to further prove that our fluorination step happens via an amine∙HF 

adduct, a different amine was tested (Scheme 3.14). During our optimization, we showed that 

triethylamine in neutral conditions was ineffective (see Table 3.3, entry 3). We tested it again 
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in the presence of HCl with thiophenol (3.25a). As a result, the reaction product 3.26a was 

formed after 24 h in good GC yield (81%). However, we also cannot rule out the possibility 

that a bifluoride [F–H–F]− anion is acting as a nucleophilic fluorination agent,37 especially in 

the reactions performed under acidic conditions in the absence of a base (see Table 3.8, entry 

17). Another possibility is the formation of an adduct between amine and bifluoride anion in 

acidic conditions ([pyH]+–[F–H–F]− adduct), which is an even more nucleophilic species. 

 

 

Scheme 3.14 – Triethylamine experiment (GC-FID yield, biphenyl as an internal standard). 

 

3.7 Cyclic voltammetry analyses 

Cyclic voltammetry analyses were carried out at room temperature with an 

IVIUM CompactStat potentiostat (Ivium Technologies B.V., Eindhoven, The Netherlands) 

using a standard three-electrode cell equipped with a platinum working electrode, a nickel 

counter electrode, and an SCE reference electrode. The experiments were performed at a 

concentration of 0.1 M in CH3CN (30 mL) with an electrolyte (Me4NBF4, 0.01 M); however, 

in some measurements, a small amount of water was added to get everything into solution. 

Unless specified, a scan rate of 200 mV/s was used. 

First, a “blank” voltammogram (i.e. one run for electrolyte solutions only, 

without a sample) was recorded (Figure 3.16).  
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Figure 3.16 – Cyclic voltammogram of blank solution (CH3CN/0.01 M Me4NBF4). 

 

3.7.1 Starting materials 
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Figure 3.17 – Cyclic voltammograms of thiophenol in CH3CN (0.01 M Me4NBF4), measured 

between (a) -1.5 and 2 V and (b) -1.5 and 4 V. 

 

As shown in Figure 3.17a, the cyclic voltammogram of 3.25a exhibited an 

oxidation peak at ca. +0.1 V (vs. SCE) related to the oxidation of thiolate anion (C6H5S
−).103 

However, the other peak expected at +1.5 V (vs. SCE in CH3CN),104 corresponding to the 

oxidation of thiophenol to diphenyl disulfide,103,105 was not well-resolved in the voltammogram 

of Figure 3.17b. 
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Figure 3.18 – Cyclic voltammogram of KF in CH3CN/H2O (0.01 M Me4NBF4). 

 

Cyclic voltammogram of KF is shown in Figure 3.18. This alkali fluoride did 

not lead to a substantial increment in current compared to the electrolyte (Figure 3.16 vs. 3.18). 

 

Diphenyl disulfide:  
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Figure 3.19 – Cyclic voltammogram of diphenyl disulfide in CH3CN/0.01 M Me4NBF4. 

 

The cyclic voltammogram of diphenyl disulfide is shown in Figure 3.19. The 

oxidation peak expected between +1.6 and +1.8 V (vs. SCE in CH3CN),2,106 corresponding to 

the oxidation of disulfide to its cation radical,105 was not well-resolved in this voltammogram. 
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Figure 3.20 – Cyclic voltammogram of pyridine in CH3CN/0.01 M Me4NBF4. 

 

The cyclic voltammogram of pyridine (Figure 3.20) exhibited a reduction peak 

at ca. -0.6 V (vs. SCE), but its oxidation peak was not particularly well-resolved.2,107 

 

3.7.2 Reaction mixture 
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Figure 3.21 – Cyclic voltammograms of mixture of pyridine with KF in CH3CN/H2O (0.01 M 

Me4NBF4): (a) without an acid and (b) in the presence one drop of HCl. 

 

A voltammogram of pyridine with KF in acetonitrile/water was recorded. As a 

result, no significant difference was observed compared to the voltammogram recorded for 

pyridine alone (see Figure 3.20 vs. 3.21a). The addition of one drop of HCl resulted in the 
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formation of a broad oxidation wave starting at approximately +0.95 V (vs. SCE) (Figure 

3.21b). 
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Figure 3.22 – Cyclic voltammograms of reaction mixture (Py + KF + PhSH) in CH3CN/H2O 

(0.01 M Me4NBF4): (a) without an acid and (b) in the presence one drop of HCl. 

 

A voltammogram of the reaction mixture (Py + KF + PhSH) in acetonitrile/water 

was recorded. When thiophenol was added to the mixture of pyridine and KF, a new peak 

appeared at around +2.3 V (vs. SCE), possibly related to the formation of a fluorinated species 

of thiol (Figure 3.22a). The addition of acid did not lead to any conclusive result (Figure 3.22b). 
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Figure 3.23 – Cyclic voltammograms of reaction mixture (Py + KF + PhSSPh) in 

CH3CN/H2O (0.01 M Me4NBF4): (a) without an acid and (b) in the presence one drop of HCl. 
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A voltammogram with diphenyl disulfide was also recorded. Consequently, no 

significant change in the benchmark profiles was observed when the reactants were dissolved 

in acetonitrile/water mixture (see Figures 3.19 and 3.20 vs. 3.23a). Upon adding one drop of 

hydrochloric acid, the peak of the oxidation of disulfide disappeared, an indication that the 

disulfide radical might react with another species (Figure 3.23b). 

 

3.7.3 Experiment with Et3N 

To further investigate the effect of the additive on the fluorination, a different 

base was tested (Figures 3.24 and 3.25). 
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Figure 3.24 – Cyclic voltammograms of Et3N in CH3CN/H2O (0.01 M Me4NBF4) with (red 

line) or without KF (black line). 
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Figure 3.25 – Cyclic voltammograms of reaction mixture (Et3N + KF + PhSSPh) in 

CH3CN/H2O (0.01 M Me4NBF4): (a) without an acid and (b) in the presence one drop of HCl. 

 

The cyclic voltammogram of triethylamine in CH3CN/H2O containing 0.01 M 

Me4NBF4 is shown in Figure 3.24 (black line). The oxidation peak expected at approximately 

+0.75 V (vs. SCE),77 corresponding to the oxidation of Et3N to its cation radical, was not       

well-resolved in this voltammogram. Potassium fluoride was then added and the cyclic 

voltammogram was recorded again (Figure 3.24, red line), but no difference was observed 

compared to the previous one. Further addition of diphenyl disulfide did not show substantial 

changes in the voltammogram, except for the addition of the disulfide profile (Figure 3.25a). 

The addition of acid did not lead to any conclusive result (Figure 3.25b). 

Based on results shown in Sections 3.6 and 3.7, we can speculate that the amine 

is protonated in acidic media and then via anion exchange108 generates the actual fluorinating 

species (amine∙HF or [amineH]+–[F–H–F]− adduct) (Figure 3.26). 
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Figure 3.26 – Proposal for the formation of fluorinating species via anion exchange process. 

 

3.8 Faraday efficiency 

Assuming complete anodic oxidation for the product (6 e- per mole of substrate). 

 

Average current for the oxidation to sulfoxide   

𝐼 = 20 𝑚𝐴 

𝑟𝑡 = 36 ℎ = 1.30 ∗ 105 𝑠 

𝑌𝑖𝑒𝑙𝑑 = 99% 

𝑄 = 𝐼 ∗ 𝑟𝑡 = 2.59 ∗ 103 𝐶 

 

Experimental electron amount  

𝑛𝑒𝑒𝑥𝑝𝑒
=

𝑄

𝐹
=

2.59 ∗ 103 𝐶

96,485 𝐶 ∗ 𝑚𝑜𝑙−1
=  26.8 𝑚𝑚𝑜𝑙 

 

 

Theoretical electron amount 

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 20 𝑚𝐿 

𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 0.1 𝑀   𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 12 𝑚𝑚𝑜𝑙 

𝑛𝑒𝑡ℎ𝑒𝑜
= 2.0 𝑚𝑚𝑜𝑙         (assuming 6 electrons needed) 

 

Faraday Efficiency 

𝐹𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦% =
𝑛𝑒𝑡ℎ𝑒𝑜

𝑛𝑒𝑒𝑥𝑝𝑒

∗ 100 =
12 𝑚𝑚𝑜𝑙

26.8 𝑚𝑚𝑜𝑙
∗ 100 =  45%   
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4 NMR Data 

4.1 Spectra of Chapter 1 

4.1.1 1H, 13C and DEPT-135 NMR spectra of compound 1.77 

 

Figure 4.1 – 1H NMR spectrum of compound 1.77 in CDCl3.
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Figure 4.2 – 13C NMR spectrum of compound 1.77 in CDCl3.  

 

 

Figure 4.3 – 13C DEPT-135 NMR spectrum of compound 1.77 in CDCl3.
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4.1.2 1H, 13C and DEPT-135 NMR spectra of compound 1.78g 

 

Figure 4.4 – 1H NMR spectrum of compound 1.78g in CDCl3.
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Figure 4.5 – 13C NMR spectrum of compound 1.78g in CDCl3.  

 

 

Figure 4.6 – 13C DEPT-135 NMR spectrum of compound 1.78g in CDCl3.
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4.1.3 1H, 13C and DEPT-135 NMR spectra of compound 1.80a 

 

Figure 4.7 – 1H NMR spectrum of compound 1.80a in CDCl3.
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Figure 4.8 – 13C NMR spectrum of compound 1.80a in CDCl3. 

 

 

Figure 4.9 – 13C DEPT-135 NMR spectrum of compound 1.80a in CDCl3.
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4.1.4 1H, 13C and DEPT-135 NMR spectra of compound 1.80b 

 

Figure 4.10 – 1H NMR spectrum of compound 1.80b in CDCl3.
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Figure 4.11 – 13C NMR spectrum of compound 1.80b in CDCl3. 

 

 

Figure 4.12 – 13C DEPT-135 NMR spectrum of compound 1.80b in CDCl3.



 

201 
 

4.1.5  1H, 13C and DEPT-135 NMR spectra of compound 1.80c 

 

Figure 4.13 – 1H NMR spectrum of compound 1.80c in CDCl3.
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Figure 4.14 – 13C NMR spectrum of compound 1.80c in CDCl3. 

 

 

Figure 4.15 – 13C DEPT-135 NMR spectrum of compound 1.80c in CDCl3.
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4.1.6  1H, 13C and DEPT-135 NMR spectra of compound 1.80d 

 

Figure 4.16 – 1H NMR spectrum of compound 1.80d in CDCl3.
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Figure 4.17 – 13C NMR spectrum of compound 1.80d in CDCl3. 

 

 

Figure 4.18 – 13C DEPT-135 NMR spectrum of compound 1.80d in CDCl3.
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4.1.7  1H, 13C and DEPT-135 NMR spectra of compound 1.80e 

 

Figure 4.19 – 1H NMR spectrum of compound 1.80e in CDCl3.
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Figure 4.20 – 13C NMR spectrum of compound 1.80e in CDCl3. 

 

 

Figure 4.21 – 13C DEPT-135 NMR spectrum of compound 1.80e in CDCl3.
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4.1.8 1H, 13C and DEPT-135 NMR spectra of compound 1.80f 

 

Figure 4.22 – 1H NMR spectrum of compound 1.80f in CDCl3.
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Figure 4.23 – 13C NMR spectrum of compound 1.80f in CDCl3. 

 

 

Figure 4.24 – 13C DEPT-135 NMR spectrum of compound 1.80f in CDCl3.
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4.1.9 1H, 13C and DEPT-135 NMR spectra of compound 1.80g 

 

Figure 4.25 – 1H NMR spectrum of compound 1.80g in CDCl3.
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Figure 4.26 – 13C NMR spectrum of compound 1.80g in CDCl3. 

 

 

Figure 4.27 – 13C DEPT-135 NMR spectrum of compound 1.80g in CDCl3.
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4.1.10 1H, 13C and DEPT-135 NMR spectra of compound 1.80h 

 

Figure 4.28 – 1H NMR spectrum of compound 1.80h in CDCl3.
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Figure 4.29 – 13C NMR spectrum of compound 1.80h in CDCl3. 

 

 

Figure 4.30 – 13C DEPT-135 NMR spectrum of compound 1.80h in CDCl3.
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4.1.11  1H, 13C and DEPT-135 NMR spectra of compound 1.80i 

 

Figure 4.31 – 1H NMR spectrum of compound 1.80i in CDCl3.
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Figure 4.32 – 13C NMR spectrum of compound 1.80i in CDCl3. 

 

 

Figure 4.33 – 13C DEPT-135 NMR spectrum of compound 1.80i in CDCl3.
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4.1.12 1H, 13C and DEPT-135 NMR spectra of compound 1.80j 

 

Figure 4.34 – 1H NMR spectrum of compound 1.80j in CDCl3.
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Figure 4.35 – 13C NMR spectrum of compound 1.80j in CDCl3. 

 

 

Figure 4.36 – 13C DEPT-135 NMR spectrum of compound 1.80j in CDCl3.
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4.1.13 1H, 13C and DEPT-135 NMR spectra of compound 1.80k 

 

Figure 4.37 – 1H NMR spectrum of compound 1.80k in CDCl3.
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Figure 4.38 – 13C NMR spectrum of compound 1.80k in CDCl3. 

 

 

Figure 4.39 – 13C DEPT-135 NMR spectrum of compound 1.80k in CDCl3.
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4.1.14 1H, 13C and DEPT-135 NMR spectra of compound 1.80l 

 

Figure 4.40 – 1H NMR spectrum of compound 1.80l in CDCl3.
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Figure 4.41 – 13C NMR spectrum of compound 1.80l in CDCl3. 

 

 

Figure 4.42 – 13C DEPT-135 NMR spectrum of compound 1.80l in CDCl3.
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4.1.15 1H NMR spectrum of compound 1.80m 

 

Figure 4.43 – 1H NMR spectrum of compound 1.80m in CDCl3.
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4.1.16 1H, 13C and DEPT-135 NMR spectra of compound 1.80n 

 

Figure 4.44 – 1H NMR spectrum of compound 1.80n in CDCl3. 
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Figure 4.45 – 13C NMR spectrum of compound 1.80n in CDCl3. 

 

 

Figure 4.46 – 13C DEPT-135 NMR spectrum of compound 1.80n in CDCl3.
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4.1.17 1H NMR spectrum of compound 1.80o 

 

Figure 4.47 – 1H NMR spectrum of compound 1.80o in CDCl3.
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4.1.18 1H, 13C and DEPT-135 NMR spectra of compound 1.80p 

 

Figure 4.48 – 1H NMR spectrum of compound 1.80p in CDCl3.
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Figure 4.49 – 13C NMR spectrum of compound 1.80p in CDCl3. 

 

 

Figure 4.50 – 13C DEPT-135 NMR spectrum of compound 1.80p in CDCl3.
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4.1.19 1H, 13C and DEPT-135 NMR spectra of compound 1.80q 

 

Figure 4.51 – 1H NMR spectrum of compound 1.80q in CDCl3.
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Figure 4.52 – 13C NMR spectrum of compound 1.80q in CDCl3. 

 

 

Figure 4.53 – 13C DEPT-135 NMR spectrum of compound 1.80q in CDCl3.
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4.1.20 1H NMR spectrum of compound 1.81a 

 

Figure 4.54 – 1H NMR spectrum of compound 1.81a in CDCl3/DMSO-d6 (2:1).
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4.1.21 1H NMR spectrum of compound 1.81b 

 

Figure 4.55 – 1H NMR spectrum of compound 1.81b in CDCl3/DMSO-d6 (2:1).
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4.1.22  1H NMR spectrum of compound 1.81c 

 

Figure 4.56 – 1H NMR spectrum of compound 1.81c in CDCl3/DMSO-d6 (2:1).
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4.2 Spectra of Chapter 2 

4.2.1 1H and 13C NMR spectra of compound 2.22a – 2 aryl 

 

Figure 4.57 – 1H NMR spectrum of compound 2.22a – 2 aryl in CDCl3.
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Figure 4.58 – 13C NMR spectrum of compound 2.22a – 2 aryl in CDCl3.
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4.2.2 1H and 13C NMR spectra of compound 2.22a – 4 aryl 

 

Figure 4.59 – 1H NMR spectrum of compound 2.22a – 4 aryl in CDCl3.



 

235 
 

 

Figure 4.60 – 13C NMR spectrum of compound 2.22a – 4 aryl in CDCl3.
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4.2.3 1H and 13C NMR spectra of compound 2.22b – 2 aryl 

 

Figure 4.61 – 1H NMR spectrum of compound 2.22b – 2 aryl in CDCl3.
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Figure 4.62 – 13C NMR spectrum of compound 2.22b – 2 aryl in CDCl3.
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4.2.4 1H and 13C NMR spectra of compound 2.22b – 4 aryl 

 

Figure 4.63 – 1H NMR spectrum of compound 2.22b – 4 aryl in CDCl3.
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Figure 4.64 – 13C NMR spectrum of compound 2.22b – 4 aryl in CDCl3.
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4.2.5 1H and 13C NMR spectra of compound 2.22c – 2 aryl 

 

Figure 4.65 – 1H NMR spectrum of compound 2.22c – 2 aryl in CDCl3.
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Figure 4.66 – 13C NMR spectrum of compound 2.22c – 2 aryl in CDCl3.
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4.2.6 1H and 13C NMR spectra of compound 2.22c – 4 aryl 

 

Figure 4.67 – 1H NMR spectrum of compound 2.22c – 4 aryl in CDCl3.
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Figure 4.68 – 13C NMR spectrum of compound 2.22c – 4 aryl in CDCl3.
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4.2.7 1H and 13C NMR spectra of compound 2.22d – 2 aryl 

 

Figure 4.69 – 1H NMR spectrum of compound 2.22d – 2 aryl in CDCl3.
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Figure 4.70 – 13C NMR spectrum of compound 2.22d – 2 aryl in CDCl3.
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4.2.8 1H and 13C NMR spectra of compound 2.22d – 4 aryl 

 

Figure 4.71 – 1H NMR spectrum of compound 2.22d – 4 aryl in CDCl3.
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Figure 4.72 – 13C NMR spectrum of compound 2.22d – 4 aryl in CDCl3.
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4.2.9 1H and 13C NMR spectra of compound 2.22e – 2 aryl 

 

Figure 4.73 – 1H NMR spectrum of compound 2.22e – 2 aryl in (CD3)2CO.



 

249 
 

 

Figure 4.74 – 13C NMR spectrum of compound 2.22e – 2 aryl in (CD3)2CO.



 

250 
 

4.2.10 1H and 13C NMR spectra of compound 2.22e – 4 aryl 

 

Figure 4.75 – 1H NMR spectrum of compound 2.22e – 4 aryl in CDCl3.
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Figure 4.76 – 13C NMR spectrum of compound 2.22e – 4 aryl in CDCl3.
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4.2.11 1H and 13C NMR spectra of compound 2.22f – 2 aryl 

 

Figure 4.77 – 1H NMR spectrum of compound 2.22f – 2 aryl in (CD3)2CO.
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Figure 4.78 – 13C NMR spectrum of compound 2.22f – 2 aryl in (CD3)2CO.
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4.2.12 1H and 13C NMR spectra of compound 2.22f – 4 aryl 

 

Figure 4.79 – 1H NMR spectrum of compound 2.22f – 4 aryl in (CD3)2CO.
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Figure 4.80 – 13C NMR spectrum of compound 2.22f – 4 aryl in (CD3)2CO.
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4.2.13 1H and 13C NMR spectra of compound 2.22g – 2 aryl 

 

Figure 4.81 – 1H NMR spectrum of compound 2.22g – 2 aryl in CDCl3.
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Figure 4.82 – 13C NMR spectrum of compound 2.22g – 2 aryl in CDCl3.
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4.2.14 1H and 13C NMR spectra of compound 2.22g – 4 aryl 

 

Figure 4.83 – 1H NMR spectrum of compound 2.22g – 4 aryl in CDCl3.
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Figure 4.84 – 13C NMR spectrum of compound 2.22g – 4 aryl in CDCl3.
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4.2.15 1H and 13C NMR spectra of compound 2.22h – 2 aryl 

 

Figure 4.85 – 1H NMR spectrum of compound 2.22h – 2 aryl in CDCl3.
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Figure 4.86 – 13C NMR spectrum of compound 2.22h – 2 aryl in CDCl3.
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4.2.16 1H and 13C NMR spectra of compound 2.22i – 2 aryl 

 

Figure 4.87 – 1H NMR spectrum of compound 2.22i – 2 aryl in CDCl3.
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Figure 4.88 – 13C NMR spectrum of compound 2.22i – 2 aryl in CDCl3.
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4.2.17 1H and 13C NMR spectra of compound 2.22i – 4 aryl 

 

Figure 4.89 – 1H NMR spectrum of compound 2.22i – 4 aryl in CDCl3.
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Figure 4.90 – 13C NMR spectrum of compound 2.22i – 4 aryl in CDCl3.
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4.2.18 1H and 13C NMR spectra of compound 2.22j – 2 aryl  

 

Figure 4.91 – 1H NMR spectrum of compound 2.22j – 2 aryl in CDCl3.
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Figure 4.92 – 13C NMR spectrum of compound 2.22j – 2 aryl in CDCl3.
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4.2.19 1H and 13C NMR spectra of compound 2.22j – 4 aryl  

 

Figure 4.93 – 1H NMR spectrum of compound 2.22j – 4 aryl in CDCl3.
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Figure 4.94 – 13C NMR spectrum of compound 2.22j – 4 aryl in CDCl3.
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4.2.20 1H and 13C NMR spectra of compound 2.22k – 2 aryl  

 

Figure 4.95 – 1H NMR spectrum of compound 2.22k – 2 aryl in CDCl3.
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Figure 4.96 – 13C NMR spectrum of compound 2.22k – 2 aryl in CDCl3.
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4.2.21 1H and 13C NMR spectra of compound 2.22k – 4 aryl  

 

Figure 4.97 – 1H NMR spectrum of compound 2.22k – 4 aryl in CDCl3.
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Figure 4.98 – 13C NMR spectrum of compound 2.22k – 4 aryl in CDCl3.
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4.2.22 1H and 13C NMR spectra of compound 2.22l – 2 aryl  

 

Figure 4.99 – 1H NMR spectrum of compound 2.22l – 2 aryl in CDCl3.
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Figure 4.100 – 13C NMR spectrum of compound 2.22l – 2 aryl in CDCl3.
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4.2.23 1H and 13C NMR spectra of compound 2.22l – 4 aryl  

 

Figure 4.101 – 1H NMR spectrum of compound 2.22l – 4 aryl in CDCl3.
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Figure 4.102 – 13C NMR spectrum of compound 2.22l – 4 aryl in CDCl3.
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4.2.24 1H and 13C NMR spectra of compound 2.22m – 2 aryl  

 

Figure 4.103 – 1H NMR spectrum of compound 2.22m – 2 aryl in CDCl3.
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Figure 4.104 – 13C NMR spectrum of compound 2.22m – 2 aryl in CDCl3.
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4.2.25 1H and 13C NMR spectra of compound 2.22m – 4 aryl   

 

Figure 4.105 – 1H NMR spectrum of compound 2.22m – 4 aryl in CDCl3.
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Figure 4.106 – 13C NMR spectrum of compound 2.22m – 4 aryl in CDCl3.
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4.2.26  1H and 13C NMR spectra of compound 2.22n – 2 aryl   

 

Figure 4.107 – 1H NMR spectrum of compound 2.22n – 2 aryl in CDCl3.
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Figure 4.108 – 13C NMR spectrum of compound 2.22n – 2 aryl in CDCl3.
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4.2.27 1H and 13C NMR spectra of compound 2.22n – 4 aryl   

 

Figure 4.109 – 1H NMR spectrum of compound 2.22n – 4 aryl in CDCl3.
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Figure 4.110 – 13C NMR spectrum of compound 2.22n – 4 aryl in CDCl3.
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4.2.28 1H and 13C NMR spectra of compound 2.22o – 2 aryl 

 

Figure 4.111 – 1H NMR spectrum of compound 2.22o – 2 aryl in CDCl3.
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Figure 4.112 – 13C NMR spectrum of compound 2.22o – 2 aryl in CDCl3. 
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4.2.29 1H and 13C NMR spectra of compound 2.22o – 4 aryl 

 

Figure 4.113 – 1H NMR spectrum of compound 2.22o – 4 aryl in CDCl3.



 

289 
 

 

Figure 4.114 – 13C NMR spectrum of compound 2.22o – 4 aryl in CDCl3.
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4.2.30 1H and 13C NMR spectra of compound 2.22r – 2 aryl 

 

Figure 4.115 – 1H NMR spectrum of compound 2.22r – 2 aryl in CDCl3.
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Figure 4.116 – 13C NMR spectrum of compound 2.22r – 2 aryl in CDCl3.
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4.2.31 1H and 13C NMR spectra of compound 2.22s – 2 aryl 

 

Figure 4.117 – 1H NMR spectrum of compound 2.22s – 2 aryl in CDCl3.
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Figure 4.118 – 13C NMR spectrum of compound 2.22s – 2 aryl in CDCl3.
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4.2.32 1H and 13C NMR spectra of compound 2.22t – 2 aryl 

 

Figure 4.119 – 1H NMR spectrum of compound 2.22t – 2 aryl in CDCl3.
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Figure 4.120 – 13C NMR spectrum of compound 2.22t – 2 aryl in CDCl3.
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4.2.33 1H and 13C NMR spectra of compound 2.22u – 2 aryl 

 

Figure 4.121 – 1H NMR spectrum of compound 2.22u – 2 aryl in CDCl3.
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Figure 4.122 – 13C NMR spectrum of compound 2.22u – 2 aryl in CDCl3.
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4.2.34 1H and 13C NMR spectra of compound 2.22u – 4 aryl 

 

Figure 4.123 – 1H NMR spectrum of compound 2.22u – 4 aryl in CDCl3.



 

299 
 

 

Figure 4.124 – 13C NMR spectrum of compound 2.22u – 4 aryl in CDCl3.
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4.2.35 1H and 13C NMR spectra of compound 2.22v 

 

Figure 4.125 – 1H NMR spectrum of compound 2.22v in CDCl3.
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Figure 4.126 – 13C NMR spectrum of compound 2.22v in CDCl3.



 

302 
 

4.2.36 1H and 13C NMR spectra of compound 2.22w – 2 aryl 

 

Figure 4.127 – 1H NMR spectrum of compound 2.22w – 2 aryl in CDCl3.
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Figure 4.128 – 13C NMR spectrum of compound 2.22w – 2 aryl in CDCl3.
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4.2.37 1H and 13C NMR spectra of compound 2.22w – 4 aryl 

 

Figure 4.129 – 1H NMR spectrum of compound 2.22w – 4 aryl in CDCl3.
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Figure 4.130 – 13C NMR spectrum of compound 2.22w – 4 aryl in CDCl3.
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4.2.38 1H and 13C NMR spectra of compound 2.22x 

 

Figure 4.131 – 1H NMR spectrum of compound 2.22x in CDCl3.
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Figure 4.132 – 13C NMR spectrum of compound 2.22x in CDCl3.
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4.3 Spectra of Chapter 3 

4.3.1 1H, 13C and 19F NMR spectra of compound 3.26a 

 

Figure 4.133 – 1H NMR spectrum of compound 3.26a in CDCl3.
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Figure 4.134 – 13C NMR spectrum of compound 3.26a in CDCl3. 

 

 

Figure 4.135 – 19F NMR spectrum of compound 3.26a in CDCl3.
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4.3.2 1H and 13C NMR spectra of compound 3.26a-der 

 

Figure 4.136 – 1H NMR spectrum of compound 3.26a-der in CDCl3.
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Figure 4.137 – 13C NMR spectrum of compound 3.26a-der in CDCl3.
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4.3.3 1H, 13C and 19F NMR spectra of compound 3.26b 

 

Figure 4.138 – 1H NMR spectrum of compound 3.26b in CDCl3.
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Figure 4.139 – 13C NMR spectrum of compound 3.26b in CDCl3. 

 

 

Figure 4.140 – 19F NMR spectrum of compound 3.26b in CDCl3.
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4.3.4 1H, 13C and 19F NMR spectra of compound 3.26c 

 

Figure 4.141 – 1H NMR spectrum of compound 3.26c in CDCl3.
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Figure 4.142 – 13C NMR spectrum of compound 3.26c in CDCl3. 

 

 

Figure 4.143 – 19F NMR spectrum of compound 3.26c in CDCl3.
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4.3.5 1H, 13C and 19F NMR spectra of compound 3.26d 

 

Figure 4.144 – 1H NMR spectrum of compound 3.26d in CDCl3.
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Figure 4.145 – 13C NMR spectrum of compound 3.26d in CDCl3. 

 

 

Figure 4.146 – 19F NMR spectrum of compound 3.26d in CDCl3.
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4.3.6 1H, 13C and 19F NMR spectra of compound 3.26e 

 

Figure 4.147 – 1H NMR spectrum of compound 3.26e in CDCl3.



 

319 
 

 

Figure 4.148 – 13C NMR spectrum of compound 3.26e in CDCl3. 

 

 

Figure 4.149 – 19F NMR spectrum of compound 3.26e in CDCl3.
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4.3.7 1H, 13C and 19F NMR spectra of compound 3.26f 

 

Figure 4.150 – 1H NMR spectrum of compound 3.26f in CDCl3.
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Figure 4.151 – 13C NMR spectrum of compound 3.26f in CDCl3. 

 

 

Figure 4.152 – 19F NMR spectrum of compound 3.26f in CDCl3.
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4.3.8 1H, 13C and 19F NMR spectra of compound 3.26g 

 

Figure 4.153 – 1H NMR spectrum of compound 3.26g in CDCl3.
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Figure 4.154 – 13C NMR spectrum of compound 3.26g in CDCl3. 

 

 

Figure 4.155 – 19F NMR spectrum of compound 3.26g in CDCl3.
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4.3.9 1H, 13C and 19F NMR spectra of compound 3.26h 

 

Figure 4.156 – 1H NMR spectrum of compound 3.26h in CDCl3.
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Figure 4.157 – 13C NMR spectrum of compound 3.26h in CDCl3. 

 

 

Figure 4.158 – 19F NMR spectrum of compound 3.26h in CDCl3.
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4.3.10 1H, 13C and 19F NMR spectra of compound 3.26i 

 

Figure 4.159 – 1H NMR spectrum of compound 3.26i in CDCl3.



 

327 
 

 

Figure 4.160 – 13C NMR spectrum of compound 3.26i in CDCl3. 

 

 

Figure 4.161 – 19F NMR spectrum of compound 3.26i in CDCl3.
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4.3.11 19F and 13C NMR spectra of compound 3.26j 

 

Figure 4.162 – 19F NMR spectrum of compound 3.26j in CDCl3.
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Figure 4.163 – 13C NMR spectrum of compound 3.26j in CDCl3.
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4.3.12 1H, 13C and 19F NMR spectra of compound 3.26j-der 

 

Figure 4.164 – 1H NMR spectrum of compound 3.26j-der in CDCl3.
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Figure 4.165 – 13C NMR spectrum of compound 3.26j-der in CDCl3. 

 

 

Figure 4.166 – 19F NMR spectrum of compound 3.26j-der in CDCl3. 
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4.3.13 1H, 13C and 19F NMR spectra of compound 3.26k 

 

Figure 4.167 – 1H NMR spectrum of compound 3.26k in CDCl3.
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Figure 4.168 – 13C NMR spectrum of compound 3.26k in CDCl3. 

 

 

Figure 4.169 – 19F NMR spectrum of compound 3.26k in CDCl3.
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4.3.14 1H, 13C and 19F NMR spectra of compound 3.26l 

 

Figure 4.170 – 1H NMR spectrum of compound 3.26l in CDCl3.
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Figure 4.171 – 13C NMR spectrum of compound 3.26l in CDCl3. 

 

 

Figure 4.172 – 19F NMR spectrum of compound 3.26l in CDCl3. 



 

336 
 

4.3.15 1H, 13C and 19F NMR spectra of compound 3.26m 

 

Figure 4.173 – 1H NMR spectrum of compound 3.26m in CDCl3.
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Figure 4.174 – 13C NMR spectrum of compound 3.26m in CDCl3. 

 

 

Figure 4.175 – 19F NMR spectrum of compound 3.26m in CDCl3.
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4.3.16 1H, 13C and 19F NMR spectra of compound 3.26n 

 

Figure 4.176 – 1H NMR spectrum of compound 3.26n in CDCl3.
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Figure 4.177 – 13C NMR spectrum of compound 3.26n in CDCl3. 

 

 

Figure 4.178 – 19F NMR spectrum of compound 3.26n in CDCl3.
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4.3.17 1H, 13C and 19F NMR spectra of compound 3.26o 

 

Figure 4.179 – 1H NMR spectrum of compound 3.26o in CDCl3.
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Figure 4.180 – 13C NMR spectrum of compound 3.26o in CDCl3. 

 

 

Figure 4.181 – 19F NMR spectrum of compound 3.26o in CDCl3.
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4.3.18 1H, 13C and 19F NMR spectra of compound 3.26p 

 

Figure 4.182 – 1H NMR spectrum of compound 3.26p in CDCl3.
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Figure 4.183 – 13C NMR spectrum of compound 3.26p in CDCl3. 

 

 

Figure 4.184 – 19F NMR spectrum of compound 3.26p in CDCl3.
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4.3.19 1H, 13C and 19F NMR spectra of compound 3.26q 

 

Figure 4.185 – 1H NMR spectrum of compound 3.26q in CDCl3.
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Figure 4.186 – 13C NMR spectrum of compound 3.26q in CDCl3. 

 

 

Figure 4.187 – 19F NMR spectrum of compound 3.26q in CDCl3.
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4.3.20 1H and 13C NMR spectra of compound 3.26r-der 

 

Figure 4.188 – 1H NMR spectrum of compound 3.26r-der in CDCl3.
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Figure 4.189 – 13C NMR spectrum of compound 3.26r-der in CDCl3.
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4.3.21 1H and 13C NMR spectra of compound 3.26s-der 

 

Figure 4.190 – 1H NMR spectrum of compound 3.26s-der in CDCl3.
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Figure 4.191 – 13C NMR spectrum of compound 3.26s-der in CDCl3.
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4.3.22 1H and 13C NMR spectra of compound 3.26t-der 

 

Figure 4.192 – 1H NMR spectrum of compound 3.26t-der in CDCl3.
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Figure 4.193 – 13C NMR spectrum of compound 3.26t-der in CDCl3.
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4.3.23 1H, 13C and 19F NMR spectra of compound 3.26u 

 

Figure 4.194 – 1H NMR spectrum of compound 3.26u in CDCl3.
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Figure 4.195 – 13C NMR spectrum of compound 3.26u in CDCl3. 

 

 

Figure 4.196 – 19F NMR spectrum of compound 3.26u in CDCl3.
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4.3.24 1H and 13C NMR spectra of compound 3.26v-der 

 

Figure 4.197 – 1H NMR spectrum of compound 3.26v-der in CDCl3.
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Figure 4.198 – 13C NMR spectrum of compound 3.26v-der in CDCl3.
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4.3.25 1H, 13C and 19F NMR spectra of compound 3.26w 

 

Figure 4.199 – 1H NMR spectrum of compound 3.26w in CDCl3.  
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Figure 4.200 – 13C NMR spectrum of compound 3.26w in CDCl3. 

 

 

Figure 4.201 – 19F NMR spectrum of compound 3.26w in CDCl3.
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4.3.26 1H, 13C and 19F NMR spectra of compound 3.26x 

 

Figure 4.202 – 1H NMR spectrum of compound 3.26x in CDCl3.
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Figure 4.203 – 13C NMR spectrum of compound 3.26x in CDCl3. 

 

 

Figure 4.204 – 19F NMR spectrum of compound 3.26x in CDCl3.
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4.3.27 1H, 13C and 19F NMR spectra of compound 3.26y 

 

Figure 4.205 – 1H NMR spectrum of compound 3.26y in CDCl3.
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Figure 4.206 – 13C NMR spectrum of compound 3.26y in CDCl3. 

 

 

Figure 4.207 – 19F NMR spectrum of compound 3.26y in CDCl3.
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4.3.28 1H, 13C and 19F NMR spectra of compound 3.26z 

 

Figure 4.208 – 1H NMR spectrum of compound 3.26z in CDCl3.
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Figure 4.209 – 13C NMR spectrum of compound 3.26z in CDCl3. 

 

 

Figure 4.210 – 19F NMR spectrum of compound 3.26z in CDCl3.
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4.3.29 1H, 13C and 19F NMR spectra of compound 3.26aa 

 

Figure 4.211 – 1H NMR spectrum of compound 3.26aa in CDCl3.
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Figure 4.212 – 13C NMR spectrum of compound 3.26aa in CDCl3. 

 

 

Figure 4.213 – 19F NMR spectrum of compound 3.26aa in CDCl3.
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