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Abstract 
 

Lately, electroorganic chemistry has received the attention of chemists due to its efficiency and 

ability to form organic molecules by adding or removing electrons. In addition, microreactors 

and flow platforms are successfully engaged to offer practical solutions for the typical 

limitations of batch electrolysis. Our laboratory has made significant contributions to this area 

by developing and producing home-made electrochemical flow reactors and showing their 

applications in various synthetic transformations. These developments were successfully 

achieved but the developed reactors suffered from some limitations that affect standardization 

of the reaction process development.  

The continuous quest to develop standard electrochemical equipment, led to development of 

the Ion electrochemical reactor by the flow technology company, Vapourtec, in collaboration 

with our laboratory. This reactor was developed to be more robust and easier to use. The first 

part of my work was the assessment of the performance and reliability of the Ion reactor 

prototype before its commercialization. The Shono oxidation was used as a model reaction 

(Scheme i) and the results were compared to the previously published results for the same 

reaction using other flow electrochemical reactors.[1]  

 
Scheme i. Alkoxylation of N-formylpyrrolidine. 

 

The Ion reactor was then integrated with a fully automated flow system. This platform was 

utilised for selenenylation reactions of alkenes (Scheme ii).[2] The automation allowed multiple 

electrochemical reactions to be performed in a fully autonomous way.  

 
Scheme ii. Electrochemical Selenenylation of alkenes. 

 

Similarly, the automated electrochemical flow system has been utilised for chalcogenophosphite 

formation (Scheme iii).[3]  
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Scheme iii. Flow electrochemical synthesis of chalcogenophosphites. 

 

Also, an efficient electrochemical flow processes for the selective oxidation of sulfides to 

sulfoxides and sulfones, in addition to oxidation of sulfoxides to N-cyanosulfoximines have 

been developed.[4] The synthesis was facilitated by the fully automated electrochemical 

protocol.  

 
Scheme iv. Flow electrochemical diversification of sulfides. 
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1.1. Electrolysis and organic synthesis 

Although electrochemistry was born as a synthetic method (by Faraday, Kolbe, Haber, and 

many others),[1,2] the synthetic applications of electrochemistry and the development of 

electroorganic synthesis were much way behind the analytical and physical electrochemical 

studies and applications. It took almost two centuries for electroorganic synthesis to come to 

the forefront of organic synthesis and becoming one of its mainstreams. This lag could be due 

to the unfamiliarity of synthetic organic chemists with electricity and electrochemical setups 

and the lack of standardised equipment and techniques which result in difficulties in 

reproducing results sometimes. This image is completely flipped in the 21st century and the 

field is flourishing and becoming one of the mainstreams of synthetic organic chemistry with 

a burst of publications and the development of tremendous electroorganic synthesis 

methodologies and the development and commercialisation of standardised electrolysis cells 

and equipment for synthetic purposes under both batch and flow conditions.[3–7] 

The current interest and developments in electroorganic synthesis can be attributed to two main 

driving forces: sustainable eco-friendly synthesis and the search for new reactivity, selectivity, 

and better understanding and control of chemical reactions.  

The scientific community generally and the chemical society in its heart is not isolated from 

the ecological challenges the humanity is facing and the increased global awareness and social 

movements for combating climate change and developing sustainable economy that guarantee 

prosperity and at the same time preserves the environment, resources, and reduces waste 

production. Electroorganic synthesis is the construction of organic molecules using electricity 

as a ‘reagent’ via achieving oxidation and reduction of organic compounds at electrodes. 

Therefore, using electricity in organic synthesis eliminates hazardous, toxic, and sometimes 

expensive chemical oxidants and reductants and their direct chemical waste. In addition, 

electricity is cheap and can be produced from sustainable, renewed energy sources rather than 

fossil fuel. Hence, electroorganic synthesis is inherently green and is an efficient tool for 

achieving sustainable eco-friendly organic synthesis.[2,4]  

Electroorganic synthesis is also a powerful tool available for organic chemists in their 

continuous search for new reactivities, better selectivity and control over reaction pathways. 

Electron transfer at the electrode surface is a fast phenomenon and electrochemical reactions 

are generally mild as they are usually run under ambient conditions. As the oxidation and 

reduction processes take place at the electrode surface, the two redox events are isolated and 

can be used for productive formation of the desired product(s) (paired electrolysis) and high 

degrees of selectivity can be achieved by controlling the applied potential at the working 
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electrode, the composition of the electrolytic solution and the electrode material. In addition, 

the generation of reactive species and hazardous / toxic reagents can be achieved in a highly 

controlled way by controlling the rate of charge passage through the solution and the electrode 

potential. The advantages of electroorganic synthesis are clear and vast but it does not come 

without a cost.  As the electric conductivity of organic solvents is poor, the use of large amounts 

of supporting electrolytes is inevitable to facilitate the passage of charge and to run the 

reactions under practical cell potentials in addition to corrosion and erosion of electrodes have 

its implications on the safety, cost, time, and the burden of removing it from the product. Over 

oxidation of the desired product(s) sometimes and the restriction of the electron transfer 

processes to the limited electrode surface poses some challenges, especially for scaling-up.[1,2,5] 

But, some of these problems could be minimised and sometimes avoided completely by 

performing the electrolysis under flow conditions, a technique that is gaining popularity and 

attention lately.[8–11] 

The history of electroorganic synthesis can be traced back to the pioneering work of Faraday 

and Kolbe on the electrolysis of carboxylic acids done in the mid of the 19th century. The well-

known reaction, referred to as Kolbe electrolysis, is a very powerful tool for synthesis of 

hydrocarbons via dimerization of alkyl radicals generated by anodic decarboxylation of 

carboxylic acids (Scheme 1.1 A). The work of Haber by the end of the 19th century on the 

electrochemical reduction of nitrobenzene (1.3) is another remarkable early example of the 

power and potential of electrolysis in organic synthesis. Haber demonstrated the importance of 

the applied potential in controlling the reaction outcome and selectivity, applying different 

potential values lead to the isolation of the different reduction products of nitrobenzene: 

nitrosobenzene (1.5), phenylhydroxylamine (1.6), and aniline (1.7) (Scheme 1.1 B). 

 
Scheme 1.1. Examples of pioneering work on electroorganic synthesis: A) Kolbe electrolysis; B) Haber’s 

reduction of nitrobenzene. 
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Several electrochemical processes for commercial production of organic chemicals are 

known.[12] For example, adiponitrile (1.9), an important intermediate in the production of 

nylon-6,6 (1.10) is produced on a scale > 100,000 ton/year[5] by electrochemical 

hydrodimerization of acrylonitrile (1.8), the ‘Monsanto’ process (Scheme 1.2A). The reaction 

was known since 1940s but it was improved by Baizer and commercialised by Monsanto in the 

1960s.[2,13]  Another example of industrial electrochemical process for organic compounds is 

the electrochemical methoxylation of 1-(furan-2-yl)ethan-1-ol (1.11) adopted by the Japanese 

to produce ~150 ton/year of the methoxylated product (1.12), a precursor for the food additive 

maltol (1.13) (Scheme 1.2b).[12]  

 
Scheme 1.2. Examples of electrochemical process for commercial production of organic chemicals: A) The 

‘Monsanto’ process; B) Otsuka maltol production. 
 

BASF process for production of 4-(t-butyl)benzaldehyde dimethyl acetal (1.15) and phthalide 

(1.17) is a remarkable commercial (~30.000 ton/year) example of exploiting both half-cell 

reactions (paired electrolysis) to produce value-added chemicals at the anode and the cathode 

simultaneously (Scheme 1.3).[12] 

 
Scheme 1.3. Schematic representation of the BASF process for electrochemical production of 1.15 and 1.17. 
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1.2. Basic requirements 

In electrochemical reactions the electrodes replace chemical oxidants and reductants where 

electron transfer takes place heterogeneously at the electrode surface leading to oxidation at 

the anode and reduction at the cathode. Usually, the reaction at one electrode (the working 

electrode) only is intended and leads to the desired product, while the reaction at the other 

electrode (the counter electrode) is sacrificial, but it is possible to get benefit of the two half-

cell reactions simultaneously. Hence, to achieve electrochemical reaction at least two 

electrodes are needed, positive electrode (the anode) where oxidation takes place and negative 

electrode (the cathode). The two electrodes need to be connected to the power source and a 

supporting electrolyte is usually needed to facilitate the passage of the electric charge through 

poorly conductive organic solvents. The laboratory setup for electrolysis varies from very 

simple one (a beaker with two electrodes immersed in the solution) to sophisticated 

instruments, but regardless of being simple or complex the various setups has common basic 

requirements needed for successful electrolysis.   
 

1.2.1. The power supply 

A power supply is a source of electricity that maintains a continuous flow of electrons through 

the cell by exerting voltage enough to overcome the cell resistance. It come with a wide and 

variable range of capabilities and costs, from extremely cheap small batteries to high-end 

expensive sophisticated programable electronic devices that can precisely control the current 

and voltage over a wide range of values and feed various cells at the same time. 
 

1.2.2. The electrolysis cells 

The cell is a vessel that holds the electrolytic solution and at least two electrodes. Like the 

power supply it can be as simple as an open beaker or a flask with two electrodes connected to 

a power source or especially designed cell with various shapes, materials, and degrees of 

sophistication according to the needs, in addition to flow electrochemical cells. More detailed 

discussion of cell designs and types in section 1.3. 
 

1.2.3. The electrodes 

In principle, electrodes can be made of any conductive or semiconductive material and like the 

cell and the power supply it can vary from cheap graphite (a pencil), aluminium foil or metallic 

cutlery to highly expensive or boron-doped diamond (BDD). As the electron transfer takes 

place at the electrode surface, electrodes are the most characteristic component of the cell, and 

they are of outmost importance for successful electrochemical transformation. In addition to 

having sufficient electric conductivity, electrode material should have sufficient corrosion 
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stability and chemical ‘inertness’.[1,14] Electrode passivation, due to the formation of an 

insulating layer on the electrode surface that reduces its activity because of complete or partial 

blockage of the electrode surface is the main electrode related problems encountered during 

electrolysis. The passive layer could be a metal oxide or polymeric film that is formed due to 

oxidation of electron rich organic molecules, especially olefins and aromatic compounds. 

Electrode passivation can be alleviated by reversing the electrode polarity periodically -

requires the same material for both the anode and the cathode- or using additive to increase the 

solubility of the polymeric material.[1]    
 

1.2.4. The electrolyte 

In electrolysis, electrolyte is the mixture subjected to electrolysis (the reaction mixture). It 

consists of the solvent or solvents mixture, supporting electrolytes, reactants, catalysts, 

additives, and products. The solvent system is a highly important parameter for the success of 

the electrolysis and obtaining the desired product. In electroorganic synthesis, the electrolysis 

is usually performed in organic solvents which generally have poor electric conductivity 

necessitating addition of supporting electrolytes to decrease the cell resistance and make the 

electrolysis practical. The supporting electrolyte is a chemical, usually, a salt (organic or 

inorganic) that is added to facilitate the passage of electricity through the poorly conductive 

reaction medium. Sometimes, one or more of the reactants and / or additives needed for the 

desired chemical reaction are ionisable and can have a dual role as reactants and enhance the 

mixture conductivity eliminating or minimising the need of added supporting electrolytes. 

Supporting electrolytes can be inorganic salts such as LiClO4 or organic salts such as 

pyridinium and quaternary ammonium salts. The organic salts such as Bu4NBF4 and related 

compounds have the advantage of easy solubility in organic solvents, but their removal from 

the product is sometimes problematic.[1,2]  
 

1.3. Types of electrolysis cells 

As mentioned earlier, electrolysis cells can vary from very simple beaker-type cells to elaborate 

especially designed cells. In this section the basic types of electrolysis cells commonly 

encountered in synthetic organic chemistry laboratories will be described, flow electrolysis 

cells will be discussed briefly in section 1.3.4 and in depth in section 1.8. 
 

1.3.1. Undivided cells 

The simplest cell design is the undivided cell (Figure 1.1). In an undivided cell the two 

electrodes -usually parallel plates- are immersed in the electrolytic solution contained in a vial, 

beaker, flask or more elaborate especially made glassware or other materials, the distance 
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between the two electrodes should be kept as small as possible to minimise the cell resistance. 

The electrode surface area and hence the cell productivity can be increased by using a series of 

parallel plates.[15]  In undivided cells, there is no physical separation between the anode and the 

cathode, therefore the components of the electrolyte can reach both electrodes. Hence, the 

reactive intermediates or the desired product(s) formed at one electrode should not undergo a 

reverse reaction at the counter electrode, otherwise, a “chemical short-cut” is established 

leading to non- or less productive process. A situation that is usually avoided by choosing an 

easy sacrificial (non-productive) counter reaction such as hydrogen gas evolution from the 

reduction of protic solvents or acids at the cathode in case of anodic oxidation. Sometimes the 

counter reaction can be productive (paired electrolysis) leading to the formation of a reagent or 

a reactive species needed for the formation of the desired product, or it can be used to produce 

a second desired product from the same cell, like the BASF process mentioned earlier (Section 

1.1, Scheme 1.3).  
 

                              

                                   
Figure 1.1. Undivided cell setup. Top left: schematic representation; top right: home-made; bottom left: 

home-made; Commercially available Electrasyn from IKA.  
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1.3.2. Divided cells 

Sometimes it is necessary to physically separate the anode from the cathode, to prevent a 

“chemical short-cut” or undesired reaction at the counter electrode. In such cases a more 

elaborate divided cell design, also known as H-cell is used (Figure 1.2). The divided cell is 

composed of two compartments physically separated by a porous material such as sintered 

glass or ceramics or ion exchange membrane such as Nafion membranes, these separators allow 

the exchange of ions between the two separated compartments and hence allowing the 

conductivity, but prevent mixing chemicals (substrates, reagents, product) from one 

compartment with the other. One compartment is equipped with the anode and charged with 

anodic electrolyte (anolyte) and the other compartment is equipped with the cathode and 

charged with the cathodic electrolyte (catholyte). Although the divided cell is more elaborate 

and is more complicated compared to a basic undivided cell, its use is sometimes inevitable, in 

addition, the physical separation of the anolyte and the catholyte can allow paired electrolysis 

easily and simplify the isolation of the products.  

   
Figure 1.2. Divided cell setup.  

 

1.3.3. Quasi-divided cell 

Quasi-divided cell design is characterised by working electrode of very large surface area 

relative to a small surface area counter electrode usually a wire (Figure 1.3) and the electrolysis 

is done under low constant current (e.g 10 mA). At the working electrode the current density 

is low and the substance with the lowest redox potential undergoes electron transfer. At the 

counter electrode and because of its low surface area the current density is relatively very high, 

and the mass transfer is poor, hence, the current is used to electrolyze the solvent preventing 

electrolysis of starting material or product at the counter electrode, avoiding, or largely 
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minimizing side reactions or chemical short-cut. Therefore, quasi-divided cell design combines 

the advantages of both divided and undivided-cell designs. 
 

              
Figure 1.3. Quasi-divided cell. Left: Setup schematic representation; Right: Working principle schematic 

representation.  
 

1.3.4. Flow cells 

Electrolysis under flow conditions can be done simply by pumping the reactant(s) solution 

between two electrodes fixed on a very short distance from each other. The narrow gap between 

the two electrodes reduces the cell resistance: hence, the electrolysis can be performed without 

supporting electrolytes or using much way lower concentrations of added electrolytes 

compared to batch-type electrolysis. In addition, under flow conditions the reaction mixture is 

removed continuously reducing the opportunity of overoxidation, which is considered one of 

the main drawbacks of electrolysis in batch-type cells. A simplified schematic representation 

of electrolysis under flow conditions is depicted in figure 1.4.[8–10] 

 
Figure 1.4. Simplified schematic representation of electrolysis under flow conditions. 

 

Several implementations of the above arrangement (Figure 1.4) have been developed by 

various research groups, leading to the design and production of many electrochemical flow 

cells, that have been utilized in a wide range of electrochemical reactions.[16–22] In addition, 

some designs of electrochemical flow cells have been commercialised[23–25] which has 

prompted more laboratories to consider electrolysis under flow conditions as a viable 
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alternative in organic synthesis. In this context, our laboratory has developed several 

generations of electrolysis flow cells that have been utilized in the development of a wide range 

of electrochemical methodologies for organic synthesis.[8] 

The various types and designs of electrochemical flow cells and examples of their applications 

in organic synthesis will be discussed in detail in section 1.8.  
 

1.4. Control modes of electrolysis 

Electrochemical reactions can be controlled by electrical parameters. The basic concepts of 

electrolysis of can be deduced from Ohm’s law (V =I.R) which is applicable to all kinds of 

electrolysis. Based on that electrolysis cells can operate under different control modes as 

follows: 

1.4.1. Constant potential electrolysis (Potentiostatic operation) 

Under potentiostatic mode of operation the electrolysis is performed at a constant potential 

applied over the whole electrolysis time, using a potentiostat as a power supply (Figure 1.5). 

 
Figure 1.5. Schematic representation of electrolysis under potentiostatic mode of operation.  

 

 The applied potential is set to a specific value that matches the redox potential of a specific 

substrate in the reaction mixture. Hence, the redox potential of the desired substrate must be 

known in the same solvent system used for the reaction which can be achieved by running 

cyclic voltammetry experiment before the electrolysis (Figure 1.6).  
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Figure 1.6. Determination of redox potential by cyclic voltammetry. Reproduced from reference [14] under 

Creative Commons CC BY license. 
 

Under this operation mode, at the beginning, the substrate concentration is high, and the mass 

transport is sufficient to keep the cell current constant to some extent. With the progress of the 

reaction and consumption of the starting material its concentration decreases, and the mass 

transfer becomes insufficient, therefore the cell current drops reaching the endpoint of the 

electrolysis when the cell current is about only 5% of the initial value which corresponds to 

consumption of about 98% of the staring material (Figure 1.7). 

 
Figure 1.7. Change of cell current over potentiostatic electrolysis. Reproduced from reference [14] under 

Creative Commons CC BY license. 
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From mere electrochemical point of view, potentiostatic mode of operation is the optimal 

control mode as selective electron transfer can be achieved and the maximum possible reaction 

rate (current density) is automatically adjusted independent of other variables, under the 

application of constant potential corresponding to the redox potential of the desired substrate.[1] 

But this operation mode is more complicated than the galvanostatic mode (vide infra) and is 

relatively expensive, especially in large-scale cells. As the electrochemical potential is a 

relative value, a third electrode (reference electrode) is necessary. Calomel electrode and 

Ag/AgCl electrode are widely used reference electrodes. For reproducible results, the applied 

potential and the type of the reference electrode used must be reported.  
 

1.4.2. Constant current electrolysis (Galvanostatic operation) 

Under the galvanostatic mode of operation, the electrolysis is performed at a constant current 

applied over the whole electrolysis time, using a galvanostat as a power supply.[1] This mode 

of operation is simpler compared to potentiostatic mode requiring only two electrodes, anode 

and cathode, and an inexpensive power supply (Figure 1.8).  

 
Figure 1.8. Schematic representation of electrolysis under galvanostatic mode of operation.  

 

The potential (V) of the transformation is not controlled under galvanostatic mode of operation, 

therefor, at low current densities electrochemical transformation of the substrate of the lowest 

redox potential takes place. But the concentration of that substance decreases over time and at 

some point, the concentration becomes insufficient (Figure 1.9).  
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Figure 1.9. Change of substrate concentration over galvanostatic electrolysis. Reproduced from reference 

[14] under Creative Commons CC BY license. 
 

If the electrolysis continued beyond that point, the galvanostat will increase the applied 

potential to keep the applied current constant leading to electrochemical transformation of the 

substance that has the next lowest redox potential, which could result in over-oxidation of the 

product if that substance happens to be the desired product. Under this mode of operation, it is 

important to report the applied current, the dimensions of the electrodes (the immersed area), 

the total charge (F/mol) or the time to ensure reproducibility of the results. It is also desirable 

to report the gap between the electrodes and the cell design.[14] 
 

1.4.3. Alternating current electrolysis 

The above two modes of operation; potentiostatic and galvanostatic electrolysis, rely on direct 

current where the polarity of each electrode remains fixed over the whole electrolysis time. 

Doing the electrolysis using alternating current or periodically alternating the electrode polarity 

is not common and its applications in organic synthesis are scarce. In organic synthesis, 

electrolysis with alternating polarity is mainly used to overcome electrode passivation due to 

deposition of solids or formation of polymeric films on the electrode surface. 

Recently, electrolysis using alternating current has gained some momentum. In 2019 Hilt and 

co-workers[26] reported the application of alternating current electrolysis in the synthesis of 

libraries of unsymmetrical disulfides starting from readily available symmetric disulfides 

through sulfur-sulfur bond metathesis (Scheme 1.4).  
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Scheme 1.4. Electrochemical reduction-oxidation cycle for formation of mixed disulfides via sulfur-sulfur 

bonds metathesis. 
 

The authors reported that it was possible to form a dynamic library of mixed disulfides using a 

matrix of up to six symmetrical disulfides under alternating polarity conditions. Where the 

electrolyte mixture was subjected to constant current pulse for a specific period (t1) followed 

by a period with no current (t2) then the polarity of electrodes is reversed for a period of t1 

(Figure 1.10). 

 
Figure 1.10. Alternating current profile for synthesis of mixed disulfides by sulfur-sulfur bonds metathesis 

of a mixture of symmetrical disulfides. Reproduced from reference [26] under Creative Commons CC-BY-

NC-ND license. 
 

In another report, Schotten et. al.[27] highlighted a significant enhancement of the 

electrochemical synthesis of metal-NHC complexes (Scheme 1.5) under flow conditions using 

alternating polarity protocol. Where, application of alternating polarity enhanced the stability 

of the continuous synthesis of Cu(I)–NHC complexes, as both electrodes’ surfaces were used 

evenly, and short-circuiting due to the build-up of metal dendrites was avoided. 
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Scheme 1.5. Electrochemical synthesis of Cu(I)-NHC complexes using alternating polarity.[27] 

 

Recently, Fährmann and Hilt[28] reported electrochemical synthesis of 1,2-oxazines via Diels-

Alder reaction of anodically generated acyl nitroso intermediates 1.28 and dienes 1.26 (Scheme 

1.6). Hydroxamic acid derivatives 1.25 were oxidised at the anode to the corresponding acyl 

nitroso dienophiles 1.28. Performing the reaction using direct current led to decomposition of 

the hydroxamic acid substrate without formation of the desired cycloadduct. On the other hand, 

doing the electrolysis using alternating current led to oxidation of the hydroxamic substrate 

without decomposition of the generated intermediate 1.28 that underwent a successful Diels-

Alder reaction forming the desired 1,2-oxazine cycloadducts 1.27 in high yields. 

 
Scheme 1.6. Electrochemical synthesis of 1,2-oxazines 1.27 via Diels-Alder reaction of dienes and 

electrochemically generated dienophile 1.28. 
 

Lately, Baran and co-workers[29] reported a new method for controlling chemoselectivity via 

rapid alternating polarity (rAP). rAP is a type of alternating current achieved by alternating the 

polarity of an electrode in the millisecond timescale while keeping either the potential or 

current fixed. The authors hypothesised that if the rate of alternating polarity is faster than the 
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rate of certain redox reactions, this could enable suppression a slower subset of electrochemical 

processes. In other words, rAP would enable chemoselective electrosynthesis because of 

differentiation of redox reactions based on their relative reaction rate (Figure 1.11). Such a 

technique could open a new dimension to reaction control. 

 
Figure 1.11. Schematic representation of the hypothesis of chemoselectivity via application of rapid 

alternating polarity (rAP). 
 

The authors proved the viability of this new method for controlling chemoselectivity of many 

electrochemical reactions. For example, a striking chemoselectivity was observed with 

phthalimide 1.29 which underwent selective deoxygenation of the phthalimide moiety under 

rAP conditions without affecting the alkyl aldehyde part. While conventional direct electrolysis 

of 1.29 under the same condition resulted in decomposition leading to a complex mixture 

(Scheme 1.7). 

 
Scheme 1.7. Chemoselective reduction of phtalimide derivative 1.29 under rapid alternating polarity (rAP) 

conditions. 
 

1.5. Electrolysis techniques 

In electrochemistry, electron transfer processes at the electrode surface are heterogenous. But 

different electrolysis techniques can be realized depending on the mode of electron transfer 

from/to the electrode surface and chemicals in the bulk solution and the following chemical 
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transformations. Generally, the electron transfer process could be direct or indirect. In the 

following sections the different techniques of electrolysis will be discussed. 
 

1.5.1. Direct electrolysis 

Direct electrolysis involves direct heterogenous electron transfer between the electrode and the 

chemical substrate at the electrode surface. This heterogenous electron transfer leads to 

activation of the starting material generating reactive species that undergoes chemical 

transformations leading to the final product (Scheme 1.8).   

 
Scheme 1.8. Schematic representation direct electrolysis. 

 

Electrochemical synthesis of benzothiazoles and thiazolopyridines via anodic oxidation / 

cyclization of thioamide derivatives is an example of direct electrochemical processes (Scheme 

1.9). The starting material, thioamide 1.32, is oxidised directly at the anode surface -

heterogenous electron transfer- forming radical species 1.34 that undergoes intramolecular 

heterocyclization forming intermediate 1.36 that undergoes a second one-electron anodic 

oxidation giving the final product 1.33 after rearomatization.[30] 
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Scheme 1.9. Flow electrochemical synthesis of benzothiazoles and thiazolopyridines via anodic oxidation / 

cyclization of thioamide derivatives. 
 

1.5.2. Indirect electrolysis 

Sometimes the direct heterogenous electron transfer between the electrode and the substrate is 

sluggish and inefficient. In some other cases, the direct electrolysis could lead to the formation 

of polymeric films -oxidation of pyrrole and aniline for example- that covers the electrode 

surface reducing the conductivity and sometimes leading to complete passivation of the 

electrode. In such scenarios, where the direct electrolysis is problematic, indirect electrolysis 

could offer the solution. In indirect electrolysis, a redox active mediator is used as electron 

carrier. The mediator gets activated through a heterogenous electron transfer at the electrode 

surface then undergoes homogenous electron transfer with the substrate in the bulk solution 

(Scheme 1.10).[31] 

 
Scheme 1.10. Schematic representation indirect electrolysis. 

 

Indirect electrolysis has two different modes: in-cell and ex-cell. In the in-cell mode the 

mediator and the substrate are present in the electrolysis cell from the beginning of the 

electrolysis and the reaction ends by the end of electrolysis. On the other hand, in the ex-cell 

mode only the mediator is electrolysed to for a reactive form of it then the substrate is added 

after the electrolysis is finished (Figure 1.12). 
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Figure 1.12. Indirect electrolysis. Left: in-cell mode; right: ex-cell mode. 
 

Electrochemical flurodesulfurisation of β-phenylsulfenyl β-lactams 1.37, presented in Scheme 

1.11 is an example of in-cell indirect (mediated) electrolysis.[32]  

 
Scheme 1.11. In-cell tertiaryarylamine mediated electrochemical flurodesulfurisation of β-phenylsulfenyl β-

lactams 1.37. 
 

Direct anodic oxidation of sulfur-containing organic compounds is sometimes sluggish and 

leads to electrode passivation. In the above reaction, in contrast to direct electrolysis, using 10 

mol% of tertiary arylamine redox mediator 1.39 leads to a smooth flurodesulfurisation of 

lactam substrates in very good yields avoiding electrode passivation. The reaction mechanism 

is presented in Scheme 1.12.  

 
Scheme 1.12. Mechanism of flurodesulferization of β-phenylsulfenyl β-lactams 1.37. 

 

The indirect electrochemical synthesis of benzoxazoles from imines is an example of ex-cell 

mediated process. In this reaction the iodoarene derivative 1.43 is anodically oxidised to the 
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corresponding hypervalent iodine species 1.44. After completion of the electrolysis, imine 

substrates 1.45 were added to react with the electrochemically generated species 1.44 forming 

benzoxazole products 1.46 via hypervalent iodine mediated oxidative heterocyclisation 

(Scheme 1.13). 

 
Scheme 1.13. Ex-cell indirect electrochemical synthesis of benzoxazoles 1.46 via electrochemically 

generated hypervalent iodine species 1.44. 
 

1.5.3. Paired electrolysis 

In the vast majority of reported organic electrochemical methods, only one-half cell reaction 

(anodic oxidation or cathodic reduction) is productive, and the other half reaction is sacrificial, 

usually decomposition of the solvent. But in principle the two half reactions could be both 

productive leading to value added products, this approach is called paired electrolysis.[4,14,33] 

Highly sustainable synthetic methods can be achieved via paired electrolysis that is 

characterised by highly efficient use of energy and chemicals and waste minimization. Paired 

electrolysis methodologies can be categorised into five types.       
 

1.5.3.1. Parallel paired electrolysis 

Parallel paired electrolysis is an electrolysis technique in which two substrates are transformed 

concurrently without interaction to produce two products one at the anode and the other one at 

the cathode (Scheme 1.14). In other words, the two-half-cell reactions are productive and lead 

simultaneously to two desired products. Parallel paired electrolysis can be done in both divided 

and undivided electrolysis cells.  
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Scheme 1.14. Schematic representation of parallel paired electrolysis. 

One of the largest electrochemical processes that is of utmost importance to a wide range of 

our daily life products, the chlor-alkali process is one of the most important examples of parallel 

paired electrolysis, where millions of tons of chlorine and sodium hydroxide are produced from 

brine at the anode and cathode, respectively (Scheme 1.15).  

 
Scheme 1.15. The two-half reactions of the chlor-alkali process. 

An impressive large scale industrial application of paired parallel electrolysis in commercial 

production of organic chemicals is the BASF electrochemical process for 4-(t-

butyl)benzaldehyde dimethyl acetal (1.15) and phthalide (1.17) presented in scheme 1.3 (vide 

supra).  Hydrogen gas evolution at the cathode is the most encountered sacrificial half-reaction 

in synthetic applications relying on anodic oxidation of organic compounds. The Berlinguette 

group reported[34,35] elegant synthetic applications of electrochemically generated hydrogen in 

hydrogenation reactions (Scheme 1.16).   
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Scheme 1.16. Parallel paired electrolysis: using electrochemically generated hydrogen for hydrogenation 

reactions. 

 

1.5.3.2. Divergent paired electrolysis 

In divergent paired electrolysis two different products arise from a common substrate that 

undergoes simultaneous oxidation at the anode and reduction at the cathode giving a different 

product at each electrode (Scheme 1.17). The divergent paired electrolysis is limited to 

substrates containing function groups that can undergo both oxidation and reduction. 

 
Scheme 1.17. Schematic representation of divergent paired electrolysis. 

 

One example of divergent paired electrolysis is the simultaneous anodic acetoxylation and 

cathodic carboxylation of conjugated dienes[36] to form 1,4-diol derivatives 1.52 and 1,4-

dicarboxylates 1.53, respectively (Scheme 1.18). 
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Scheme 1.18. Divergent paired electrolysis of dienes 1.51 to diol derivatives 1.52 and dicarboxylates 1.53. 
 

Another example is the anodic oxidation of glucose to gluconic acid and its cathodic reduction 

to sorbitol (Scheme 1.19).[37,38] 

 
Scheme 1.19. Synthesis of gluconic acid and sorbitol from glucose via divergent paired electrolysis. 

 

1.5.3.3. Convergent paired electrolysis 

In convergent paired electrolysis the product is formed by the combination of two 

intermediates, one is generated via anodic oxidation and the other one is generated via cathodic 

reduction (Scheme 1.20). 
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Scheme 1.20. Schematic representation of convergent paired electrolysis. 

 

The combination of carbon-centred radicals generated simultaneously at the anode and the 

cathode is an interesting application of convergent paired electrolysis for carbon-carbon bond 

formation as demonstrated by Jensen and Buchwald in 2020[39] (Scheme 1.21).  

 
Scheme 1.21. Convergent paired electrolysis: carbon-centred radical coupling for C-C bond formation. 

 

Another interesting example is the synthesis of N-O-acetal derivatives 1.67 via three-

component convergent paired electrolysis depicted in Scheme 1.22.[40] The reaction proceeds 

through the formation of allyl anion 1.65 at the cathode via cathodic reduction of allyl bromide 

1.64. The electrochemically generated anion reacts with benzaldehyde to form intermediate 

1.66 which reacts with iminium ion derivative 1.63 generated at the anode by anodic oxidation 

of the solvent, DMF. 
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Scheme 1.22. Convergent paired electrolysis: synthesis of N-O-acetal derivatives 1.67. 

 

1.5.3.4. Sequential paired electrolysis (Domino paired electrolysis) 

In sequential paired electrolysis, a substrate undergoes anodic oxidation to generate an 

intermediate that is sequentially transformed to the product at the cathode or the other way 

around (Scheme 1.23). For this kind of electrolysis to be successful, the initially generated 

intermediate should be stable enough to migrate to the counter electrode to undergo the 

subsequent transformation. 

 
Scheme 1.23. Schematic representation of sequential paired electrolysis. 

 

Waldvogel et. al[41] reported a sequential paired electrolysis route for arylnitriles (Scheme 

1.24). The starting aldoximes 1.68 were anodically oxidised to the corresponding nitrile oxides 

1.69 that have enough stability to travel to the cathode and undergo reduction give the nitrile 

final products 1.70.  
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Scheme 1.24. Synthesis of arylnitriles via sequential paired electrolysis. 

 

Conversion of biaryl ketoximes 1.71 to polycyclic N-heteroaromatic compounds 1.74 was 

reported Xu and co-workers [42] in 2018 via sequential paired electrolysis (Scheme 1.25).  

 
Scheme 1.25. Synthesis of polycyclic N-heteroaromatic compounds 1.74 via sequential paired electrolysis. 
 

1.5.3.5. Linear paired electrolysis (200% current efficiency) 

Paired electrolysis can in principle achieve 200% current yield (current efficiency) that is so 

called linear paired electrolysis. For this to happen a starting material must be converted to the 

same product in both anodic and cathodic reactions (Scheme 1.26). Achieving up to 200% 

current efficiency is more complicated and is only possible through mediated processes that 

can generate an oxidizing species at the cathode or a reducing species at the anode. 

N
OH

Ar

A
node

C
athode

NAr O

NAr

e

1.68

1.69

1.70

e



Nasser Amri                                                                             Chapter 1: General introduction 
 

29 
 

 
Scheme 1.26. Schematic representation of linear paired electrolysis (200% cell). 

Li and Nonaka reported a seminal example for such a linear paired electrolysis with a 

theoretical 200% current efficiency in 1999.[43]  The authors investigated the conversion of 

hydroxylamines to nitrones through anodic oxidation and a cathodic oxidation system and 

reported the formation of the desired nitrones in up to 185% current efficiency (Scheme 1.27). 

 
Scheme 1.27. Linear paired electrolysis of hydroxylamines. 

The hydroxylamine derivative 1.75 is oxidized to the corresponding nitrone 1.76 at the anode 

mediated by anodically generated bromine from bromide ions. At the cathode molecular 

oxygen is reduced forming hydrogen peroxide that oxidises tungstenate to peroxo-tungstenate, 

oxidising species that is proposed to oxidize 1.75 to 1.76. The overall process shows that a flow 

of only two electrons led to a 4e oxidation process (200% theoretical current yield). 

Another synthetic applications of linear paired electrolysis (200% cell), is the bromine-

mediated oxidation of furane 1.77 in methanol to form the dimethoxy derivative 1.78 in up to 

195% current yield  (Scheme 1.28).[44] The anodic reaction involves oxidation of bromide to 
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bromine that oxidises furan in methanol to the dimethoxy derivative 1.78. At the cathode, N-

methyl-1,10-phenanthroline-5,6-dione catalyst 1.79 mediates reduction of molecular oxygen 

to hydeogen peroxide that oxidises bromide to bromine that oxidizes furan to the same product 

1.78. The overall is that flow of only two electron leads to generation of two molecules of 

bromine that oxidizes two molecules of furan to two molecules of product 1.78 i.e. only two 

electron result in a four electron oxidation process.  

 
Scheme 1.28. Linear paired electrolysis of furan. 

 

The above reaction represents the basis of another example published recently by Hilt and co-

workers (Scheme 1.29).[44] The same principle was applied to generate bromine from both the 

anodic and cathodic reactions, the generated bromine adds to alkenes giving the corresponding 

dibromo products, reaching up to 200% current yield.  

 
Scheme 1.29. Bromination of alkenes via linear paired electrolysis. 
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1.6. High-Throughput experimentation in electrochemistry 

Organic electrochemical reactions comprise complex variable interactions. In addition to 

universal chemical reaction parameters such as stoichiometry, concentrations, temperature, 

solvents, reagents, catalysts, and additives, using electricity in organic synthesis ads more 

parameters including electrode material, supporting electrolytes, charge, current density, cell 

design and electrolysis mode. Therefore, the development of a reliable and scalable 

electrochemical process can currently be challenging. Hence, high-throughput experimentation 

(HTE) is of great importance for rapid and robust optimisation of electrochemical reactions.[45] 

In 2020 Jensen and co-workers[46] described an automated multifunctional microfluidic 

platform for HTE application in electroorganic synthesis (Figure 1.13). The developed HTE 

platform enabled rapid screening and optimisation of various radical−radical cross-coupling 

reactions. In principle this system could be expanded to other electrochemical reactions and 

could be of great benefit for the growing electroorganic synthesis field. 

 
Figure 1.13. Schematic representation of microfluidic electrochemical HTE platform developed by Jensen 

and co-workers.[46] 
 

Recently, we have demonstrated in our laboratory the power of combining flow 

electrochemical reactor, 2D-HPLC, and Design of Experiment (DoE) approach in the rapid 
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development and optimisation of stereoselective electrochemical alkoxylation of amino acids 

(Scheme 1.30).[47]   

 
Scheme 1.30. Memory of Chirality: rapid optimization with online 2D-HPLC and DoE approach. 

 

Nowadays, various automated high-throughput experimentation (HTE) platforms are 

commercially available from commercial suppliers such as IKA and Vapourtec.[45] 
 

1.7. Electroorganic synthesis: the other face of the coin 

As discussed throughout this chapter, electroorganic synthesis is undoubtedly inherently green, 

efficient, reliable, and advantageous. But is it always green and advantageous? Is it free of 

limitations? The short answer for the two questions is definitely no. 

Although electroorganic synthesis itself is inherently green as it replaces chemical oxidants 

and reductants and the inevitable accompanying waste with traceless holes and electrons, this 

does not necessarily a guarantee that all electricity driven chemical reactions have no ecological 

footprint or that they are always environmentally more benign compared to traditional methods. 

Large quantities of hazardous supporting electrolytes are inevitable in most batch 

electrochemical methods, a problem that could be minimised under flow conditions. 

Flammable, corrosive, or toxic reagents and solvents and environmentally hazardous additives 

are also used in electrochemical methods and result in the production of waste, negatively 

impacting the safety and the ‘greenness’ of the overall process, the same way they do in 

traditional methods.[48] 

Apart from the above safety and environmental issues, electroorganic synthesis suffers from 

some other practical limitations and drawbacks. Again, the inevitable large amounts of 

supporting electrolytes are sometimes hard to separate from the desired product due to their 
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amphiphilic nature. Precipitation of chemicals or formation of polymeric films on electrode 

surfaces and leaching of metals from some electrode materials are some of the electrode related 

problems that could lead to sluggish impractical reactions sometimes. Metal catalysis is 

relatively not easy under the simple cheap undivided cells due to the easy reduction of the metal 

cations at the cathode which requires the use of expensive ion exchange membranes in the more 

complicated divided cells. In addition, lack of equipment and / or the high cost of some 

electrochemical setups and electrode materials limit exploring electroorganic synthesis in some 

synthetic organic chemistry laboratories.[48,49] 
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1.8. Flow Electroorganic Synthesis 

The electrochemical flow reactor techniques to organic chemistry have gained widespread 

attention because of their capability to produce improved conversions and selectivity in product 

generation. Under similar conditions compared to batch electrolysis, electrolysis in microflow 

should provide improved yields and selectivity. This requires development of a flow cell that 

avoid the drawback of traditional beaker cells that show slow rates of conversion, use of excess 

supporting electrolytes and longer reaction times.[50,51] 

In flow electrolysis the reaction mixtures flows through a setup of closely spaced 

electrodes.[8,9,52] The small gap between the two electrodes leads to reducing the electric 

resistance. Hence, the electrolysis can be done at very low supporting electrolyte concentration 

or even without using any supporting electrolyte. Furthermore, one of the major issues with 

batch electrolysis is overoxidation, which could be minimised or avoided under flow 

circumstances by removing the reaction mixture continuously from the cell. Scheme 1.31 

shows a generalized version of such configuration. 

 
Scheme 1.31. Simplified diagram of electrolysis under flow conditions.  

 

Various groups  have documented the progress and usage of microflow cells in electrosynthesis 

under continuous flow.[16,20,22,27,53,54] Our group has also contributed to the development of 

electrochemical microflow cells.[55,56] The most relevant and emerging technologies of 

electrochemical microflow cell designs including our developments will be discussed in detail 

in this chapter. 
 

1.8.1. Flow electrochemical cells 

In 2015, Waldvogel and co-workers reported an electrochemical microflow reactor designed 

for dehalogenation reactions.[57] This development allowed to increase the productivity of the 

desired reaction, previously performed under batch conditions. 

This electrochemical microflow cell was made up as a divided cell assembly of two blocks of 

Teflon®, which are attached by two stainless steel plates. Each Teflon® part contains a small 

space where the electrodes and reaction chambers can be placed. The cathode is made of leaded 

Reactant (s)
Solution

Product
Collection
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bronze (15% Pb), while the anode is made of graphite felt. Nafion® membrane was used to 

separate the anodic and cathodic chambers. (Figure 1.14). 

 
Figure 1.14. (1) Overall view of the flow cell, (2) cross section of the whole cell, (3) anodic half-cell and 

Nafion® separator, (4) cathodic half-cell: (a) cathode, CuSn7Pb15; (b) anode, graphite; (c) Nafion® 

membrane; (d) inlets for electrolyte; (e) outlets for electrolyte; (f) contacts for cooling media.[57] Copyright 

(2015) American Chemical Society.  
 

Using the reactor shown in Figure 1.14 they synthesised compound 1.87 from the dibrominated 

spirocyclopropane-proline derivative 1.86 in good yields and high selectivity (Scheme 1.32). 

  
Scheme 1.32. Flow electrochemical dehalogenation.[57] 

 

Methanol was utilised as a sacrificial reagent, which was continuously oxidised at the anode 

and recirculated, while the catholyte was collected and the product was separated after a single 

pass through the microflow cell (Figure 1.15). 
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Figure 1.15. Schematic setup of the flow electrochemical cell and the recycling streams.[57] Copyright (2015) 

American Chemical Society. 
 

In 2020, Waldvogel and co-workers described a scalable flexible parallel-plate electrochemical 

microflow cell (Figure 1.16).[58] Two Teflon® half-cells (170 mm x 30 mm x 5 mm) were 

sandwiched between two stainless steel covers to form the cell using 10 bolts. This setup 

allowed to avoid the extension of Teflon® during the use of chilling by using the bolts 

adjustment. Many electrode materials combinations can be used and placed simply. Also, the 

channel between two the electrodes can be controlled by different Teflon® spacer thickness 

(0.12 mm − 2.0 mm) which allowed minimization or complete waiver of supporting electrolyte. 

This microflow cell may also be operated as a divided cell by inserting an ion exchange 

membrane between two spacers.  
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Figure 1.16. (A) Partly exploded drawing of the full-featured flow cell. (B) Cross-section of one half-cell. 

(C) Completely mounted 4 cm × 12 cm flow cell and a Euro coin (diameter: 23.25 mm) for comparison.[58] 

Copyright (2020) American Chemical Society.  
 

The undivided microflow cell (4 cm × 12 cm) was tested for the coupling of 2,6-

dimethoxyphenol 1.88 and 3-hydroxy-2-naphthoate 1.89.[58] The higher mass transformation 

was achieved by using thin spacer (0.25 mm), leading to 94% yield of the desired product 1.90 

with a current density of 15 mA/ cm2 (Entry 3, Table 1.1). However, the efficient mass transfer 

between both electrode surfaces depends on the microflow cell geometry, which is judiciously 

designed in this case. 
 

Table 1.1. Overview of the optimized conditions of each Electrolysis Cell and the corresponding yields for 

anodic Cross-Coupling of 1.88 with Methyl 3-hydroxy-2-naphthoate 1.89.[58] 

 
Entry Cell type T [°C] Supporting Electrolyte Yield [%]   Productivity [g/h] 

1 beaker-type cell (25 mL) 30 0.09 M MeBu3NO3SOMe 86 0.27 

2 flow cell (2 cm × 6 cm) rt 0.005 M MeBu3NO3SOMe 86 0.24 

3 flow cell (4 cm ×12 cm) 10 0.005 M MeBu3NO3SOMe 94 3.15 
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O O

+
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To show the microflow reactor productivity, the reaction has been tested using smaller and 

commercially available microflow cell (ElectraSyn) that developed by the same group and IKA 

Ltd® with dimensions of 2 cm × 6 cm (Figure 1.17) and 86% of desired product 1.90 was 

obtained.[16,57,59] Also, the targeted product 1.90 was obtained in 86% yield using beaker-type 

cell (25 mL).  

 
Figure 1.17. a) Cross-section of the Teflon® block; b) half-cell with the stainless-steel plate, the Teflon® 

block and the electrode placed in the Teflon® block; c) half part of the cell withthe gasket; d) Complete 

reactor as a divided cell. For an undivided cell, only one gasket isneeded, the second one and the Nafion® 

membrane are excluded.[16] Copyright (2017) American Chemical Society.  
 

Robertson and co-workers (2018) have designed a simple electrochemical flow reactor.[60] The 

reactor was proposed using simple software and 3D printer. The reactor house is made up of 

polyether ether ketone (PEEK) materials with a suitable groove in the middle for the electrodes 

(Figure 1.18). The electrodes are held to the PEEK with Araldite® epoxy resin glue in this slot, 

which features a series of grooves. With a typical pitch spacing of 2.54 mm, three spring-loaded 

pins (Preci-dip) were used to connect the electrodes and were hidden within a straight socket 

to ease cable connection. Two threaded ports were made to flow into and out the cell through 

PTFE tube. Appropriate gaskets with different thickness (25–100 mm) were cut from a variety 

of materials, including FEP, PEEK, PTFE, and Kapton. To use in electrochemical 

transformations, the cell is held together by ten screws. 
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Figure 1.18. Flow cell schematic. a) PEEK mount; b) glassy carbon anode; c) platinum cathode; d) PEEK 

mount showing a recess e) for the electrodes; f) port for electrical connection; g) and h) the inlet ports for 

the reaction solution; i) gasket; j) the complete assembly.[60] Copyright (2018) Springer Link. 
 

This flow electrochemical reactor was examined by effecting anodic oxidation of furfuryl 

alcohols 1.91 in methanol into hydroxypyrones. Different functional group and phenyl ring 

bearing side-chain of furfuryl alcohols were well tolerated and products were obtained in good 

yield up to 80 % (Scheme 1.33).[60] 

 
Scheme 1.33. Flow anodic oxidation of furfuryl alcohols.[60]  

 

In 2018, Noël and co-workers designed an electrochemical microflow cell using cheap and 

solvent-resistant materials that allowed performing reactions at small and large scale (Figure 

1.19).[62] The reactor is robust and flexible to use different spacer thickness and simple and 

variable electrodes forms. The reactor consists of rectangular insulator (160 mm× 95 mm×10 

mm) made from polytetrafluoroethylene (PTFE) pressed between two stainless-steel parts 

using eight bolts. The Super Flangeless Nuts (PEEK, 1/4–28 Flat bottom, for 1/16” OD) were 

used to inject the reaction mixture into the cell.  
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Figure 1.19. Schematic representation of electrochemical flow reactor. (a) open-channel gasket design; (b) 

8-channel gasket design; (c) bottom plate with electrode and 8-channel gasket; (d) schematic representation 

of the complete device; (e) picture of the assembled electrochemical flow reactor with banana cables to 

establish the electric connections.[62] Copyright (2018) Springer Link.  
 

This homemade reactor was applied for sulfides oxidation and compared with previous 

reported results that done in the same group using a commercial electrochemical microflow 

reactor that supplied by Syrris Asia Flux.[62,63] Under flow reaction conditions, potentiostatic 

electrolysis is used to selectively oxidise sulfide 1.93 to the corresponding sulfoxide 1.94 or 

sulfone 1.95. Different parameters such as spacer thickness, residence time and electrolyte 

concentration were screened. The reaction uses stainless-steel as electrodes and nBu4NClO4 

(10 mol%) as supporting electrolyte; the best results were obtained by adjusting the applied 

voltage and residence time. (Scheme 1.34). 
 

 
Scheme 1.34. Electrochemical oxidation of thioethers to sulfoxides and sulfones in flow electrochemistry 

using potentiostatic reaction conditions.[62]  
 

The microflow cell was used for several types of transformations, using either a divided reactor 

or an undivided cell setup by the same group.[22,62,64–67] For the use of the undivided cell, 

potentiostatic reduction of furfural to corresponding furfuryl alcohol (Scheme 1.35.a),[22] 

synthesis of sulfonamide through oxidative coupling of thiols and amines (Scheme 1.35.b),[66] 

synthesis of sulfonyl fluoride through oxidative coupling of thiols with potassium fluoride 
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(Scheme 1.35.c)[65] and aziridination of alkenes via oxidative coupling of alkenes and 

alkylamines (Scheme 1.35.d)[67] were successfully achieved. Additionally, using the paired 

setup of the microflow cell, an electrochemical transformation of furfural to produce useful 

derivatives by using a membrane separated the cathode and anode was developed (Scheme 

1.35.e).[64]  
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Scheme 1.35. Different kinds of synthesis using microflow cell (Figure 1.19). 

 

Lately (2021), Kappe and co-workers developed an economical and simple microflow cell that 

can be easily manufactured (Figure 1.20).[68] The reactor involves two sheets electrodes divided 

by a flexible spacer as flow channel (Mylar films). The Mylar films can be cut to different 

geometry by laser-cutting and variety of spacer thicknesses can be easily prepared. The spacer 

material has the ability to avoid the reaction mixture solution leakage and solvent resistance. 

The reactor cover made from aluminium which can be threaded taps by drill. All the equipment 

that used to construct the reactor are simple, inexpensive and without the necessity of 

complicated machine. The reactor design is useful for a variety of synthesis processes, using 

either a divided or undivided cell configuration. 

 
Figure 1.20. Exploded view of the flow electrolysis cell, based on a parallel plate arrangement and consisting 

of a stack of insulating, chemically resistant Mylar foils.[68] Copyright (2021) Wiley).  
 

To show the performance of this reactor, the decarboxylative methoxylation of diphenylacetic 

acid 1.106 as typical reaction has been demonstrated (Scheme 1.36a).[68] Several flow reactor 

parameters such as channel geometry, total flow charge and flow rates were optimized and the 

highest yield of benzhydrol methyl ether 1.107 in a single pass was 85% under constant current 
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of 96 mA and 200 µL/min flow rate.[68] Likewise, the same reactor have been used also for 

anodic decarboxylative acetoxylation reaction (Scheme 1.36b).[69] Methylhippuric acid 1.108 

was converted into 1.109 in a very high yield (98%). 
 

 
Scheme 1.36. Electrochemical decarboxylation using the flow electrolysis cell.  

 

Willans and co-workers developed three generationa of microflow cells to increase synthetic 

process effectiveness and scalability.[27,70] The first generation electrochemical microflow cell 

consists of two PTFE plates with two copper electrodes (surface area of each electrode 7.6 cm2) 

separated by a linear 2.5 mm interelectrode distance, flow channel covered using stainless steel 

plates (Figure 1.21a).[70] Using IMes•HCl (1.23) as the starting material, this reactor effectively 

produced the required Cu(I) – NHC complex and [Cu (IMes)Cl]. In addition, [Cu(IMes)2]Cl 

and bis-NHC complex has been synthesised with the same setup. The targeted mono-NHC 

complex was carried out with a yield of 82% in a single pass through the flow cell (Scheme 

1.17a) and 98% yield by recirculating the reaction mixture (Scheme 1.37b).[70]   

The second-generation microflow cell has manufactured similar to the first-generation cell but 

with higher electrode surface and volume (Figure 1.21b).[70] The microflow cell is made up of 

two electrodes with PTFE flow channel spacers (1 mm) between them. Depending on the 

application type, the reactor volume can be adjusted by stacking more electrodes. The 

electrodes and spacers are covered by stainless steel block similar to the first-generation 

reactor. The reactor design has the flexibility to increase the surface area of the electrodes as 

well as the volume of the reactor suitable for scale-up. The efficiency of the microflow reactor 

was demonstrated by the production of Cu (IMes)Cl complex, with full conversion (94 % yield) 

accomplished in a single pass. (Scheme 1.37c).[70] 
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Figure 1.21. Three generations of electrochemical flow reactors used for the synthesis of transition metal 

complexes. (Reproduced with permission from ref.[27,70] Copyright (2015 and 2021) Royal Society of 

Chemistry. 
 

Very recently, the third-generation microflow cell was designed that allows fast screening of 

derived catalysts under electrochemical arrangement (Figure 1.21c).[27] The microflow cell is 

constructed similar to the second-generation flow cell with assembled electrodes and PTFE 

spacers (0.25 mm) that covered by two stainless steel plates. The reactor is designed to 

minimize reaction volume for high production screening. The Cu (IMes)Cl complex has been 

formed and demonstrated over extended reaction times using the third generation microflow 

cell that can be operated to reach full conversion (Scheme 1.37d).[27] 

    

 
a) First generation flow reactor – single pass    (82%) 

b) First generation flow reactor – recirculating (98%) 

c) Second generation Flow reactor                    (94%)   

d) Third generation flow reactor                      (quant.) 
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The commercial electrochemical reactor Asia Flux established by Syrris Ltd® (Figure 1.22)[71]  

has been used to study different electrochemical transformations in numerous research 

laboratories.[63,72–74] The Asia Flux module consists of two electrodes divided by a snaking 

channel of volume 225 µL. Various range of electrodes can be used and replaced without 

requiring any complex tools. This reactor can withstand pressures of up to 5 bar and 

temperatures ranging from 0 to 60 oC. 

 
Figure 1.22. Asia Flux module for continuous flow electrochemistry, provided by Syrris Ltd. a) Internal 

picture of the reactor showing the grooved electrode and elastomer gasket to form meandered channel; b) 

cell with the top electrode in place; c) schematic picture of the grooved electrode and top electrode, with the 

gasket in between them.[52]  
 

Brown and co-workers have made substantial contributions to developing flow electrosynthesis 

technology in recent years. Several electrochemical flow cells have been established and 

designed to reach an electrochemical transformation rate of multigrams per hour. In order to 

study the capability and productivity of the various microflow electrochemical cells, 

electrochemical methoxylation of N-formylpyrrolidine (1.110) was utilised as an exemplar 

substrate (Scheme 1.38).[53,54,75–77]  

 
Scheme 1.38. Methoxylation of N-formylpyrrolidine. 

 

In order to obtain high selectivity and conversion in one pass, reaction time and the amount of 

supporting electrolyte have been optimised using four different microflow electrolytic reactors.  

In 2011, a star-moulded microflow electrochemical cell with a channel (600 mm x 1 mm) and 

a 500 µm interelectrode distance was constructed and utilised to methoxylate N-

formylpyrrolidine (Figure 1.23a).[53]  A commercially offered microflow electrochemical 

reactor provided by Syrris Ltd (Figures 1.23b and 1.23c) was used for investigating the same 
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reaction by the same group. The same authors examined the same reaction process using an 

electrochemical flow reactor provided by Syrris Ltd. (Figures 1.23b and 1.23c), with (700 mm 

length x 1.5 mm width) and 200 µm interelectrode gap, resulting in a larger reaction volume. 

This cell allows to produce the required product in shorter time.[75]  

 
Figure 1.23. a) Microflow reactor with the main components of the cell, b) cell spacer for the Syrris Flux 

module, c) flow electrolytical cell diagram. [53,75] Copyright (2011 and 2012) Elsevier. 
 

Two sizes of Ammonite cell have been designed by Cambridge Reactor Design Ltd, 

Cambridge, UK.[54,77] First, flow electrolysis reactor (Ammonite 15) was manufactured.[54] The 

reactor consists of two circular electrodes (Ø = 149 mm), spiral channel (2.0 m long and 5 mm 

wide) between two electrodes with an interelectrode gap of 500 µm and a 5 mL internal volume 

(Figure 1.24). The Ammonite 15 electrolysis reactor allows to produce a multigram scale 

synthesis up to 20 grams per hour.  
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Figure 1.24. Ammonite 15 electrolysis cell: a) Components of the flow electrolysis cell; 1. Central bolt: 2. 

Washer; 3. Insulating tube; 4. Peripheral bolt; 5. Perspex top plate; 6. Cu baking plate; 7. Carbon/polymer 

anode plate; 8. Perfluoroelastomer gasket; 9. Insulating tube around central bolt; 10. Stainless steel cathode 

plate with spiral groove; 11. Aluminium base plate. b) Picture of the assembled reactor. c) Picture of the 

open reactor with gasket fitted into the cathode plate (spiral channel).[54] Copyright (2015) American 

Chemical Society.  

 

A second version of the Ammonite reactor is the Ammonite 8 was also proposed and 

manufactured by Cambridge Reactor Design Ltd in 2016. The reactor designed for use in a 

synthetic chemistry laboratory. The reactor capacity has been reduced to 1 mL, and the flow 

channel has been lengthened to 1.0 m long and 2 mm broad, with a spacer thickness and groove 

depth making the interelectrode gap at 0.5 mm, providing a thinner flow route that can improve 

the reaction.[77] The reactor has been used in two electrolysis transformations; the 

methoxylation of N-formylpyrrolidine (1.110) and the cleavage 4-methoxybenzyl groups from 

ethers to form deprotected alcohols, giving high yields and production rate >1 g/ h with flow 

rates up to 3 mL/min.  
 

Brown and co-workers (2020) developed a small flow reactor with a rectangle shape that 

manufactured and assembled in a simple workshop (Figure 1.25).[76] The reactor comprises of 

a copper plate (70 mm long × 40 mm wide × 3 mm thick); The copper plate contains two holes 

for inlet and outlet of the solution as well as two ears for electrical connection. RVC block (30 
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mm × 20 mm × 10 mm) was fitted in the middle section (30 mm long 20 mm wide). The anode 

electrode part comprising of a PTFE plate (70 mm long × 40 mm wide × 3 mm thick) with the 

middle section made to permit solution flow. The cathode electrode was made of 316 stainless 

steel plate (70 mm 40 mm 3 mm thick) with two ears for electrical connection and two holes 

(diameter 4.77 mm) for solution inlet and outlet. All components were clamped with aluminium 

plates with 6 screws. This cell was operated as divided and undivided cell.  

 
Figure 1.25. (a) Picture of the components of the cell with RVC electrode: 1. Copper plate current connector 

2. Carbon/PVDF composite plate; 3. PTFE working electrode compartment with RVC anode in place; 4. 

PTFE counter electrode compartment filled with stack of fine polymer meshes; 5. Stainless steel plate 

cathode. (b) Picture of the cell assembled with flat carbon/PVDF composite plate anode.[76] Copyright (2020) 

Royal Society of Chemistry. 
 

The results of the five flow electrochemical reactors mentioned above for the methoxylation of 

N-formylpyrrolidine 1.110 are summarized in Table 1.2. 

  

a) b) 
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Table 1.2. Comparison of the outcome of the different flow electrochemical reactors. [4-7] 

 

Entry Cell description Flow rate Conversion Rate maxa Ref 

  (mL min-1) (%) (g h-1)  

 Star shaped microchannel: 

600 mm long x 1 mm wide 

(500 µm interelectrode gap) 

0.1 96 0.078  

1    [53] 

 3.5 33 0.95  

 Patterned recessed channel: 

700 mm long x 1.5 mm wide 

(200 µm interelectrode gap) 

    

2 3 >95 1.8 [75] 

     

 Spiral shaped microchannel: 

2000 mm long x 5 mm wide 

(500 µm interelectrode gap) 

    

3 16 88 20.7 [54] 

     

 Spiral shaped microchannel: 

1000 mm long x 2 mm wide 

(500 µm interelectrode gap) 

    

4 1 82 3.16 [77] 

     

 

5 

Middle part microchannel: 

70 mm long x 40 mm wide 

(1000 µm aperture) 

36 86 0.44 [76] 

a Maximum rate of product formation 
 

In the last decade, our lab has made significant contributions in this area by developing and 

producing microflow electrosynthesis reactors and showing their application in various 

synthetic transformations. The first generation microreactor was established in 2011 (Figure 

1.26) and the microreactor has been applied for the synthesis of diaryliodonium salts 1.115. 

The flow reactor made up of two rounded platinum electrodes (0.1 mm thick) that are divided 

by using different thicknesses of a fluorinated ethylene propylene (FEP) as flow channels 

where the reaction mixture can pass through the channels.[56] The two electrodes and the FEP 

spacer (3 × 30 mm) were sandwiched using two round aluminum bodies.  

N CHO N CHO

MeOH
- 2e , - 2H

OMe

1.110 1.111
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Figure 1.26. First generation electrochemical flow microreactor.[56] Copyright (2011) Beilstein-Institut.  

 

The diaryliodonium salts were synthesized in a single pass of an iodoarenes 1.112 in the 

presence of 1.113 through electrochemical oxidation and avoiding the use of harmful chemical 

oxidants (Scheme 1.39).[56] 

 
Scheme 1.39. Electrochemical generation of diaryliodonium salts.  

 

In addition, the reactor is utilised for a variety of processes such as difluoro- and 

trifluoromethylation of alkenes (Scheme 1.40a-c),[78] and the deprotection of the 

isonicotinyloxycarbonyl (iNoc) protecting group from carbonates and thiocarbonates (Scheme 

1.40d).[78] 

I
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Scheme 1.40. Electrochemical generation of CF3 and CHF2 radicals for the addition to electron-deficient 

alkenes and deprotection of the isonicotinyloxycarbonyl (iNoc) protecting group. 
 

Although the reactor described above was employed successfully in numerous potential 

transformations, it had certain drawbacks. Only platinum electrodes were permitted to use, and 

replacing or repairing the bonded thin platinum foils was a time-consuming operation. The 

circular cell design resulted in the loss of a costly electrode cut off material, as well as overly 

brittle electrical connections to the electrode. A second-generation microreactor was planned 

and built.[55] The second-generation reactor (Figure 1.27) is made up of two square aluminium 

blocks (75 × 75 × 25 mm3) with a square area in the center (50 × 50 mm2, variable depth) for 
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the electrodes. To connect the electrodes, copper plates or stainless-steel sheets are welded to 

copper wires, which are then connected to the power supply. The two electrodes are divided 

by a FEP gasket, and the reaction takes place in a passage carved out of the FEP spacer. The 

new design resilience and versatility allowed easy switching to any electrode material based 

on user choice. This resulted in considerably easier and more efficient screening of reaction 

conditions, as well as extended operating durations with less maintenance and easy cleaning. 

Furthermore, the reactor body composition may be changed from aluminium material to 

polymeric material, allowing easy customization or modification using low-cost manufacturing 

(3D printing). 

 
Figure 1.27. Second generation electrochemical flow cell. (a) Schematic representation, (b) aluminum 

reactor, (c) reactor made by additive manufacturing (3D printing) using resins consisting of methacrylic acid 

esters, and (d) FEP spacer with flow channel.[55] Copyright (2017) Wiley. 
 

The second generation microflow reactor’s efficiency and reliability was successfully 

demonstrated by the synthesis of isoindolinones[55] and benzothiazoles.[79] Benzothiazoles and 

thiazolopyridines (Scheme 1.41a) were synthesized simply under flow electrochemical 

conditions without using any catalyst or supporting electrolyte. Furthermore, scaling up to the 

gram scale in high yield was easy by simply utilizing the same reactor for a longer duration.[79] 

The same reaction has been done using batch cell electrochemically in good efficiency. 

Although TEMPO as a mediator and supporting electrolytes were required, the scalability was 

limited. The current efficiency under flow conditions was better than the batch electrolysis for 

the synthesis of benzothiazoles.[79]  
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For the synthesis of isoindolinones (Scheme 1.41b), an online mass spectrometer was 

connected to second generation microflow reactor through an automatic sampling valve, 

monitoring the starting material and targeted product intensity peaks. This allowed to accelerate 

the optimization process.[79]  

Interestingly, the second generation microflow reactor has been reprinted by Prof. Xu and co-

workers and used for intramolecular dehydrogenative C–S coupling to produce benzofused six-

membered S-heterocycles (Scheme 1.41c).[80]  

 
Scheme 1.41. Flow electrochemical synthesis of benzothiazoles 1.125, isoindolinones 1.126 and benzofused 

six-membered S-heterocycles 1.127. 
 

The successful applications, efficiency and reliability of the second-generation reactor has 

prompted the flow technologies company Vapourtec Ltd. to collaborate and develop the third 

generation flow electrochemical reactor based on the second-generation reactor design. 

The essential collaboration between Prof. Wirth and Vapourtec Ltd. company led to the 

manufacture and commercialisation of the third generation flow electrochemical reactor, the 

Ion reactor. The Ion electrochemical reactor has two versions for standalone (Figure 1.28a) or 

integrated with Vapourtec heating and cooling module (Figure 1.28b).[81]  
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Figure 1.28. Vapourtec Ion electrochemical reactor. (a) Standalone reactor (b) Reactor integrated with 

Vapourtec cooling and heating module.[81] Copyright Vapourtec Ltd. Company. 
 

1.9. Development of Ion electrochemical reactor 

As described above, the first- and second-generation reactors have been used for a variety of 

fascinating transformations, but there were certain aspects that were improved in the third-

generation electrochemical reactor. 

1.9.1. Reactor designed 

The reactor was designed and built using two square stainless steel bodies with plastic stake, 

where the electrodes are placed (Figure 1.29a). Each stainless steel body is surrounded by 

solvent resistant rubber seals in order to avoid the electrical spark and reaction solution leakage. 

The whole device is held together by one clamp with a center male handwheel (Figure 1.16b), 

tightening manually using the hand without any need of screwdriver or kit is a major advantage 

of this reactor compared to other the pervious reactors, published or commercially available 

that use many bolts for holding. 

 
Figure 1.29. (a) Reactor bodies and clamp (b) Vapourtec Ion electrochemical reactor. 

 

1.9.2. Flow tube connectors 

a) 

 

b) 
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In the first- and second-generation reactor, the tube was connected by ferrule (e.g coned 

PEEKTM HPLC) and this led to occasional leakage between the copper plates and the electrodes 

or copper plates and the bodies. To avoid this problem, well-knitted plastic fittings were built 

in the bodies and encompassed rubber seals to get a well sealing at the inflow and outflow of 

the reactor (Figure 1.30). Also, an extra inlet was added in the middle of the reactor that can be 

used to add a second stream of flow during electrolysis in the reactor. 

 
Figure 1.30. Inlet and out let plastic fittings and rubber seals. 

 

1.9.3. Electrode wire connection 

The electrodes have to be linked to the power supply through a copper wire for electrical 

connection. In the first generation reactor, the wires were connected to the platinum sheets via 

drilled bores in the PTFE body. It deformed the platinum sheets, making the region, where the 

wire was located uneven. A similar approach was used in the second generation reactor, but 

rather than drilling a bore in the PTFE part randomly, the wire was taped or glued to the center 

of the electrode. The platinum electrode connects to the wire was glued on the PTFE piece 

which led to deform it after a while of use. In both reactors, the wire was one of the problematic 

parts which was fragile and need to be replaced or fixed after regularly. These problems have 

been solved efficiently in the third generation reactor. The wires were connected 

straightforwardly via holes in the reactor, using banana plugs wires which are commercially 

available. Two inlets have been made in the body of the reactor and assigned with different 

colors for working and counter electrode (Figure 1.31). This design allows to use of the reactor 

safely without any special care.   
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Figure 1.31. Counter and auxiliary wires connection. 

  

1.9.4. Spacer and flow channel 

The distance and the flow channel between the electrodes have defined by an inert FEP 

(fluorinated ethylene propylene) membrane. A range of membrane thicknesses can be used and 

easily replaced (Table 1.3).  The membrane was designed with sinuous shape, allowing good 

mixing of the reaction mixture and use the maximum electrodes area (Figure 1.32). Also, a 

small gap between the electrodes can effectively nullify or minimize the amount of supporting 

electrolyte depending on the reaction conditions. This microflow cell can also be operated as a 

divided cell if an ion exchange membrane is inserted among two gaskets. 
 

Table 1.3. Electrochemical reactor volumes and membrane thickness 

Membrane thickness (mm) Electrode area (cm2) Reactor volume (ml) 

0.125 12.07 0.15 

0.25 12.07 0.30 

0.5 12.07 0.60 

1 12.07 1.20 
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Figure 1.32. FEP spacer with flow channel design. 

 

1.9.5. Temperature control  

The Ion reactor has been developed with additional cooling and heating part that allow to cool 

and heat the cell in the temperature range from −10 to +100 °C (Figure 1.33). This part covered 

by housing made from plastic, integrating with Vapourtec E-Series or R-Series systems. Th 

set-up is controlled and stabilised by temperature sensor that is connected to the reactor via a 

hole. This feature was not present in the first- and second- generation.  

    
Figure 1.33. (a) Reactor with cooling and heating part; (b) Reactor house, and (c) Reactor integrated with 

Vapourtec cooling and heating module.[81]   
 

The Shono oxidation was used as a model reaction to assess the performance of the Vapourtec 

electrochemical Ion microreactor (Scheme 1.42a).[82] This study was first reported for this 

reactor even before its commercialisation. Many aspects and parameters were evaluated to 

identify their impacts on the reaction, which will additionally control the productivity of the 

developed reactor (explained in Chapter 2 in detail). Subsequently, the synthesis of iodine(III) 

reagents through anodic oxidation using Ion electrochemical microreactor was achieved 

(Scheme 1.42b).[61] Several iodoarenes 1.132 have been oxidised to the hypervalent iodine 

reagents 1.133 in good to excellent yields. Various hypervalent iodine mediated oxidative 

a) b) c) 
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transformations were obtained in good to excellent yields by combining a second flow of the 

substrate with the flow electrolysis setup. 

 
Scheme 1.42. (a) Flow electrochemical alkoxylation of Pyrrolidine-1-carbaldehyde and (b) Flow 

electrochemical generation of hypervalent iodine reagents. 
 

After successful development of the third-generation electrochemical reactor (Ion reactor) by 

flow technology company Vapourtec Ltd., the challenging aspect was to integrate the Ion 

electrochemical rector with automated machine.  
 

1.10. Automation: 

Automated flow synthesis platform plays an important role in the transformation from 

laboratory chemistry processes to industrial-scale processes.[83–86] The automation of 

continuous flow setup has the potential to accelerate the synthesis process, to scaling up the 

reaction, to reduce the required manpower, to avoid human errors, and to make a positive 

contribution towards sustainable and green chemistry by minimizing waste. The automated 

flow technologies have been used in several chemical applications. Several automated 

platforms such as the AFRICA flow systems,[87] Uniqsis Flow-Synch reactor systems,[88] the 

Advion Nanotec reactor systems,[89] and the Vapourtec R2+/R4 systems[90] have been 

manufactured and provided for the needs of researchers. Different reactors such as heated flow 

coil, glass column, and sample loop have been integrated with such a machine.[91–93] 

Integration of electrochemical reactor with automation machine hasn’t been done with all the 

reported reactors.  To the best of our knowledge, the Vapourtec electrochemical Ion reactor is 
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the first use of a flow electrochemical reactor integrated in an automated system RS-400. 

Certainly, remotely controlled self-optimization to accelerate various transformations under 

electrochemical conditions could be achieved using such technology. Vapourtec generously 

supplied RS-400 automated system in addition to the electrochemical reactor including full 

instructions regarding its operation.  
 

2.4.1. RS-400 – Automated System  

The RS-400 is a complex system, It is consisting of 4 pumps (2 HPLC pumps and 2 V3 pumps), 

reactors heater, external chiller, power supply, liquid handler (loading and collection), and 

autosampler, that are controlled automatically using Flow Commander™ software via touch 

screen (Figure 1.34).[94] Also, this machine can be integrated with different analysis machines 

such as HPLC, IR, UV and Mass spectroscopy. A sequence of reactions with varying 

conditions can be pre-programmed and executed without human interaction. 

 
Figure 1.34: Automated Vapourtec R-Series Flow System integrated with Ion electrochemical reactor. 
 

As a follow-up to our group's previous work on flow electrochemical reactor design and flow 

electrolytic transformation developments, the integration of automated system with flow 

electrochemical reactor and its application in different organic transformations will be 

discussed in chapters 3 to 5. 
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1.11. Conclusion and outlook 

Electroorganic synthesis is witnessing a renaissance and is becoming a mainstream in synthetic 

organic chemistry. A wide range of electrochemical transformations and efficient 

methodologies were developed using batch and / or flow electrolysis cells. The applications of 

electroorganic synthesis are not limited to small laboratory scale, but some large-scale 

production processes are already developed and participate in producing value added chemicals 

on industrial scale. Under electrolysis conditions electron transfer takes place on the electrode 

surface enabling selective redox chemical transformations without using exogenous oxidising 

and / or reducing agents, hence, prevents the formation of chemical waste associate with the 

traditional methods. Therefore, electroorganic synthesis is intrinsically greener than traditional 

chemical methods and reduces the environmental burden of chemical processes. On the other 

hand, electrochemical methods are not always green or are not always that green as large 

amounts of hazardous supporting electrolytes are necessary in most organic electrochemical 

transformations, especially under batch conditions. In addition, environmentally stressful 

additives and hazardous, corrosive, or toxic solvents used in traditional chemical methods are 

also used in electrochemical processes posing the same safety and environmental concerns.    

Despite the efficiency, reliability and relative ‘greenness’ of electroorganic synthesis and the 

burst of reports, publications and research efforts, the field is still in its infancy and various 

aspects and challenges need more interest and research in order to achieve more efficient and 

greener electroorganic synthetic methods and processes. Some of such aspects and challenges 

include but not limited to: 1) Eliminating or reducing the burden of supporting electrolytes; 2); 

paying more attention to electrochemical reduction reactions as cathodic reactions are less 

studied and exploited in organic synthesis compared to the extensively studied anodic 

reactions; 3); another underdeveloped area in electroorganic synthesis is asymmetric 

electrochemical protocols which are extremely limited and sporadic; 4); the vast majority of 

synthetic electrochemical methods benefit of one half of the cell only, either the anodic or the 

cathodic  reaction is involved in the production of the desired product while the other half is 

sacrificial. Some paired electrolysis protocols that benefit from the two halves of the cell are 

already reported but they are extremely limited, more attention and efforts are needed to 

develop paired electrolysis and push it to the mainstream of electroorganic synthesis; 5) design 

and production of more efficient continuous flow electrochemical cells and expanding 

electrorganic synthesis under flow conditions; 6) development of new materials for electrodes 

and ion exchange membranes. 
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Over the last few decades, flow electrochemistry techniques became a useful tool as a viable 

alternative methodology in organic synthesis. Electrolysis under the flow conditions can be 

completed using low concentrations of supporting electrolyte or even without adding 

supporting electrolyte, due to the short distance between the electrodes, which along with large 

surface to volume ratio are major advantages of such techniques over batch-type electrolysis. 

In addition, removing the reaction mixture continuously under flow conditions minimises the 

opportunity of overoxidation, that is one of the main problems of electrolysis under batch 

conditions. 

Various research laboratories have developed their own electrochemical flow cells, that were 

applied successfully in a various electrochemical transformation. Also, some electrochemical 

flow cells have been commercialized which encouraged more research groups to consider flow 

electrochemistry as a feasible alternative in organic synthesis. 

Our group has developed microflow electrosynthesis reactors showing their applications in 

various synthetic transformations over the last 10 years. Two generations of our flow 

electrochemical reactor with different shapes and features have been designed and produced 

in-house with low cost. Furthermore, a fruitful collaboration with the flow technology 

company, Vapourtec, resulted in an improved third generation (Ion Reactor) that has been 

produced and commercialized. The design of the ion reactor is based on the design of our 

second-generation reactor but avoiding its limitations and adding new features such cooling 

and heating capabilities, in addition to the ability to combine additional flow stream to the 

middle of the reactor. 

The Ion electrochemical reactor has been designed to be combined easily with automation 

platforms. Using the automation approach in combination with flow electrochemical reactor 

for rapid and robust optimisation of electrochemical transformations is a very attractive 

research area that requires more efforts to be developed as a standard technique in synthetic 

organic chemistry laboratories. 
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2.1. Introduction 

The N-acyl-N,O-acetal moieties have received much attention as a key structural motif in 

organic chemistry due to their medicinal bioactivity and uses as synthetic building blocks in 

complex compounds.[1] The cytotoxic compounds Pederin (2.1) and Pysmberin (2.2) are two 

examples of bioactive natural chemicals having an N,O-acetal moiety (Figure 2.1).[2,3] 

Furthermore, Floreancig and coworkers have shown that the N,O-acetal moiety of (2.1) and 

(2.2) is required for their bioactivity in structural activity investigations.[4] 

 
Figure 2.1. Bioactive natural products containing N-acyl-N,O-acetals. 

 

In addition to being important building blocks in organic chemistry, N-acyl-N,O-acetals are 

also particularly useful reactive intermediates to unstable N-acylimines (2.4) as water, air, and 

light stable precursors. The carbonyl group on the nitrogen has electron-attracting properties 

making the iminium carbon of N-acyliminium ions more electron-deficient. It has more 

cationic character which is a more reactive electrophile than simple N-alkyliminium 

compounds.[5–7] Treatment of N-acyl-N,O-acetals 2.3 with  Brønsted or Lewis acids produces 

the reactive intermediate N-acylimines 2.4, that undergo nucleophilic substitution forming 

products of type 2.5 (Scheme 2.1).[7–9]  

  
Scheme 2.1. Reactive N-acylimines generation from N-acyl-N,O-acetals. 

 

2.2. Different synthetic methods of N-acyl-N,O-acetals 

Several synthetic approaches to synthesise N,O-acetals have been established. Katritzky's 

benzotriazole approach and the production via amido-sulfones are two of the most widely used 

synthetic methods.[10,11] Amides 2.6 and aldehydes 2.7 condense to produce imines, that are 

attacked by nucleophilic benzotriazole (2.8) to form α-substituted amides 2.9 (Scheme 2.2a) or 

benzenesulfinic acid salt 2.10 to form α-amido sulfones 2.11 (Scheme 2.2c). Both 2.9 and 2.11 
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are then treated with sodium alkoxides to provide the corresponding N,O-acetals 2.3.[11,12] 

Nevertheless, these reactions are restricted to aromatic aldehydes, leading to the production of 

enamides 2.12 when aliphatic aldehydes were used.[13]                                                                                            

Another one-pot strategy involving hydrozirconization of nitriles 2.13, followed by acylation 

and alcohol trapping of the N-acylimine intermediates 2.14 have been described by Wen and 

co-workers in 2007 (Scheme 2.2d).[8] Also, Wen and co-workers have disclosed a simple 

titanium-ethoxide mediated approach in which N-acyl-N,O-acetals 2.3 were prepared in a 

single step, starting with amides 2.6 and aldehydes 2.7. A broad range of substrates including 

both aliphatic and aromatic aldehydes were successfully incorporated (Scheme 2.2b). [5] 

 
Scheme 2.2. Different synthetic approaches of N-acyl-N,O-acetals 2.3. 

 

Photochemistry has also contributed to carry out N-acyl-N,O-acetals reactions.[14,15] Recently, 

in 2020, Hashmi and co-workers developed a photochemical pathway for α-alkoxylation of 

pyrrolidines via C(sp3)–H dehydrogenative cross-couplings of pyrrolidines 2.15.[15] The 

reaction performed under visible light irradiation by using iodobenzene and an in situ-formed 

gold complex. A variety of alcohols were investigated to produce the corresponding α-

alkoxylated pyrrolidines 2.16 in good to excellent yield. The synthesis of cyclic ether acetals 

and thioacetals were also achieved under the optimal conditions. 
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Scheme 2.3. α-alkoxylation of pyrrolidines under visible-light irradiation. 

 

2.3. Electrochemical synthesis of N-acyl-N,O-acetals 

The application of anodic oxidation in selective C–H bond functionalization next to N-

protected cyclic amine derivatives is well known.[16] The first direct electrochemical example 

for the synthesis of N,O-acetal 2.18 via anodic α-methoxylation of amide 2.17 was reported by 

Shono and co-workers (Scheme 2.3).[17,18] After the electrolysis step, the reactive intermediate, 

N-acyliminium ion 2.19, was generated using titanium(IV) chloride as a Lewis acid.  

 
Scheme 2.4. Electrochemical methoxylation of amide 2.17.[17] 

 

Onomura and co-workers have also investigated the effect of the protecting group on nitrogen 

on the product of a variety of N-acylated cyclic amines.[17] It was proposed that the generated 

N-acyliminium ion would be stabilised by different protecting groups, changing the 

regioselectivity of the product (Scheme 2.5). It was discovered that the kinetically controlled 

product 2.22 was only produced for ring size n = 1 or 2 with carbonyl or sulfonyl-based 

protecting groups (Scheme 2.5a). Conversely, the thermodynamically controlled product 2.23 

was produced when the cyano group was used (Scheme 2.5b). Computational studies have 

shown that the cyano group significantly stabilises the more substituted iminium ion, 

promoting the regioselectivity switch for methoxylation. 

 
Scheme 2.5. The effect of the amino protecting group on anodic methoxylation.  

 

Yoshida and co-workers reported the electrochemical generation of N-acyl iminium cation 2.25 

using the “cation pool” method (Scheme 2.6).[19] The “cation pool” technique, in which the 
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offering N,O-acetal products 2.26 in several transformations. Such methods have been 

extensively investigated.[20–23] 

 
Scheme 2.6. The cation pool strategy in Shono oxidation.  

 

Mechanistically, N-centred radical cations 2.28 are formed via one-electron anodic oxidation 

of amides. The reactive intermediates 2.28 undergoes a second one-electron oxidation and loss 

of proton to generate iminium ions 2.29, which then reacts with nucleophiles such as MeOH 

to provide the corresponding N,O- acetal products 2.30 (Scheme 2.7).[17,24]  

 
Scheme 2.7. The classical Shono oxidation mechanism. 

 

In addition to the Shono anodic oxidation for direct α-methoxylation of amides, the 

electrochemical methoxylation of amino acids to synthesize N,O-acetals has also been utilized, 

known as non-Kolbe oxidation. Miyoshi and co-workers described another electrochemical 

method for alkoxylation of N-acylprolines derivatives through non-Kolbe electrolysis (Scheme 

2.8).[25] The N,O-acetals 2.32 were obtained in good to excellent yields by electrolysis of the 

N-acyl prolines 2.31 in methanol with sodium methoxide as a base and a supporting electrolyte. 

 
Scheme 2.8. Electrochemical methoxylation of amino acid derivatives to synthesize N,O-acetals. 
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conventional Kolbe reaction allows for the production of the dimerized product 2.42 via 

coupling of two generated radicals 2.41.[27,28] 

 
Scheme 2.9. Non-Kolbe and Kolbe electrolysis mechanism. 

 

Moreover, Yoshida and coworkers have reported an indirect Shono-type oxidation using 

electroauxiliaries (Scheme 2.10).[29] Sulfur-based electroauxiliaries in organic molecules are 

used to control the electron transfer and decrease the oxidation to produce the required products 

in exclusive regioselectivity. The α-organothio carbamate 2.46 is first anodically oxidised and 

cleaved to generate carbocations, followed by the introduction of a methoxy group as 

nucleophile.  

 
Scheme 2.10. Regioselective anodic oxidation with the use of a thiophenyl electroauxiliary. 
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the diorganodisulfide by-product through homocoupling (Scheme 2.11).[29] Initially, the 

iminium cation 2.49 and the organothio radical is generated from the radical cation 

intermediate 2.48 through the breakage of the carbon-sulfur bond. Subsequently, a methoxy 

group attacks 2.49 to afford N,O- acetal product 2.50. 

 
Scheme 2.11. Organothio electroauxiliary reaction mechanism. 

 

This electrochemical methoxylation is reported for acyclic amino compounds or 4–6-

membered cyclic amino derivatives. For larger ring systems such as 7-membered rings 

electroauxiliary is necessary for successful transformation.[30,31] Silicon derivatives are also 

used as electroauxilaries. For example, b-lactams (4-membered rings) 2.51 undergoes anodic 

oxidation of the carbon directly attached to silicon and the silyl group is replaced by the 

methoxy group to yield the a-methoxylated product 2.52 (Scheme 2.12).[32,33]  

 
Scheme 2.12. Electrochemical methoxylation of 4-membered ring.  

 

2.4. Flow electrochemical alkoxylation of N-acylpyrrolidine 

In the last decade, the anodic oxidation of N-acyl prolines has been used as an exemplar 

substrate to study the reliability and the productivity of different flow electrochemical reactors 

in several labs. In 2014, Ley and co-workers developed the α-methoxylation of N-protected 

cyclic amines under flow electrochemical conditions using the Asia Flux electrochemical 

module from Syrris Ltd (Scheme 2.13).[34] The optimal conditions were employed for the α-

methoxylation of several types of cyclic amino acids, with different ring size and protecting 

groups. The efficient methoxylation of N-protected pyrrolidine, piperidine, azepane, and 

morpholine derivatives 2.53 was successfully demonstrated, offering the α-methoxyamine 

products 2.54 in up to 98% yield. 
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Scheme 2.13. α-Methoxylation of N-protected cyclic amines. 

 

In 2019, Wirth and co-workers developed a useful method for studying the stereoselective 

electrochemical a-alkoxylation of amino acid derivatives with online analysis (Scheme 

2.14).[35] The iminium ion is formed by electrochemical decarboxylation of 2.55 which is then 

trapped by alcohols. The reaction is carried out using the Vapourtec Ion electrochemical reactor 

and the percentage enantiomeric excess is monitored by a 2D HPLC system through an 

automatic sampling valve. With the coupled system, the Design of Experiments (DoE) 

approach was used to accelerate the reaction screening and to identify the best reaction 

conditions. High yields (up to 100%) and enantioselectivities (up to 70% ee) for the N-acyl-

N,O-acetal 2.56 was achieved in a very short time. The optimal conditions were successfully 

applied for various protecting groups and alcohols.  

 
Scheme 2.14. Flow electrochemical a-alkoxylation of amino acids reported by Wirth et al. 

 

Other studies of the α-methoxylation of N-formylpyrrolidine (2.57) have been done by Brown 

and co-workers.[36–40] This reaction has been used to test the performance of several modules 

of flow electrochemical reactors such as the Star shaped microchannel,[36] Asia Flux module,[37] 

Ammonite 8 reactor,[39] Ammonite 15 reactor[38] and a homemade electrochemical cell[40] 

(explained in Chapter 1). 
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2.5. Results and Discussion 

In this chapter, we focus on the development and performance of the Ion electrochemical 

reactor[41] that was developed by Vapourtec (explained in details in Chapter 1), using the Shono 

oxidation.[42] The regioselective alkoxylation of the pyrrolidine 2.57 to the monoalkoxylated 

compound 2.58 or the dialkoxylated product 2.59 was  performed under flow electrochemical 

conditions.  

 
Scheme 2.15. Alkoxylation of N-formylpyrrolidine (2.57) using the Ion electrochemical microreactor. 

 

As previously mentioned, the alkoxylation of the pyrrolidine derivatives has been investigated 

under batch and flow electrolysis conditions. It was shown that the productivity and reaction 

time of such reactions varies, depending on the type of the reactor. However, the use of flow 

reactors has numerous advantages compared to batch reactors, especially in the case of reactive 

or unstable intermediates. The high surface area to volume ratio in and the short distance 

between the anode and the cathode enhance the mass transfer and allows for the reduction or 

even elimination of added electrolytes. With the aim of exploring the performance of the Ion 

electrochemical reactor for high selectivity and productivity, various flow electrochemical 

parameters and reaction optimisation were studied using pyrrolidine-1-carbaldehyde (2.57a) 

as a model substrate. 

First, Glassy Carbon (GC) was employed as anode and stainless steel as cathode for the initial 
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approximately 2% as detected by GC. With a further increase in current, the yield of the 

monomethoxylated product 2.58a dropped and the yield of the dimethoxylated product 2.59a 

increased (Table 2.1, entries 6 and 9). When the substrate concentration was increased to 1 M, 

the reaction followed the same pattern whereby the yield of product 2.58a was not improved 

and dimethoxylated product 2.59a was observed (Table 2.1, entry 10). Carrying out the 

reaction at room temperature, 30 ºC or 60 ºC, the reaction outcomes were identical (Table 2.1, 

entries 7, 12, 13). The use of a graphite electrode was shown to reduce the formation of the 

dimethoxylated product 2.59a (Table 2.1, entry 7). A divided electrolysis approach is feasible 

using the same reactor[41] by separating the anodic and the cathodic reaction using a Nafion 

membrane. A methanolic solution of 0.05 M tetraethylammonium tetrafluoroborate (Et4NBF4) 

was used as the catholyte and cathodic hydrogen generation was observed, while the anodic 

half reaction produced 80% yield of product 2.58a and 6% yield of the undesired product 2.59a 

(Table 2.1, entry 8). Unfortunately, in divided electrolysis, higher selectivity could not also be 

achieved. 

All of the findings and screening in Table 2.1 did not provide a product 2.56a with complete 

conversion without the generation of the undesired product 2.59a. However, increasing the 

current to 640 mA (8 F) lead in 83% conversion to the dimethoxylated product 2.59a with just 

8% yield of the monomethoxylation product 2.58a in the reaction mixture (Table 2.1, entry 

14). Applying a higher flow rate with higher current to the reactor led to heat generation. The 

temperature was stabilized at 25 ˚C by using a cooling system for the reactor, resulting in a 

conversion of 2.58a in 94% (87% isolated yield) and a production rate of 1.35g/h (Table 2.1, 

entry 10). 

The monomethoxylation product 2.58a was achieved selectively but with incomplete 

conversion of the starting material 2.57a (Table 2.1, entry 7). This was further improved by 

connecting a sequential second Ion electrochemical reactor with identical parameters. So far, 

only a few reactions have been investigated using two electrochemical serial microreactors in 

line.[43] Furthermore, recirculating the reaction mixture in the electrochemical microreactor 

until complete conversion could be accomplished, or stacking multiple electrochemical 

microreactors in one device are two more methods for optimizing electrochemical reactors.[44] 
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Table 2.1. Optimized conditions of electrochemical methoxylation of N-formylpyrrolidine 2.57a. 

 

Entry Anode Conditions Conv. of 2.58a [%][a] Conv. of 2.59a [%][a] 

1 glassy C 100 mA (1.25 F) 75 0 

2 glassy C 120 mA (1.5 F) 84 0 

3 glassy C 130 mA (1.6 F) 86 0 

4 glassy C 140 mA (1.75 F)  91 2 

5 glassy C 150 mA (1.88 F) 89 3 

6 glassy C 160 mA (2 F) 90 3 

7 Gr 160 mA (2 F)  85 0 

8 Gr 160 mA (2 F) [b] 80 6 

9 glassy C 320 mA (2 F) [c] 76 12 

10 glassy C 1250 mA (2 F) [d] 94 (87 [h]) 3 

11 Gr 1600 mA (2 F) [e] 73 18 

12 Gr 160 mA (2 F) [f] 88 0 

13 Gr 160 mA (2 F) [g] 86 0 

14 glassy C 640 mA (8 F) 8 [h] 83 [h] 

General Procedure: Reactions were performed using a stainless steel as cathode, a FEP spacer (0.5 mm 
thickness; reactor volume: 600 µL; working area: 12 cm2); [a] GC yield of the crude product solution. [b] 
Divided cell. [c] Flow rate: 1.0 mL/min. [d] Flow rate: 2 mL/min, cooling applied. [e] Concentration of 
2.57a: 1 M in MeOH. [f] 30 °C. [g] 60 °C. [h] Isolated yield. 
 

In the sequential configuration of two electrochemical reactors, four different current values 

were examined (Table 2.2). The reaction was not completed after the first reactor at a flow rate 

of 0.5 mL/min with the use of graphite (Gr) electrode as anode (Table 2.2, entries 1-4). After 

optimization, 150 mA could be used to obtain almost complete conversion after the second 

reactor (Table 2.2, entry 3). Full conversion of 2.57a to the monomethoxylation product 2.58a 

and a small amount of the dimethoxylated product 2.59a was detected when 160 mA (4 F) 

current was applied to each reactor (Table 2.2, entry 4). By changing the anode to glassy carbon 

(GC) and applying 120 mA current, 83% conversion of product 2.58a was observed after the 

first reactor and products 2.58a and 2.59a were observed after the second rector in 53% and 

N CHO
N CHO

OMe
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N CHO

OMe

+

OMe
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in ROH GC (+) / Fe (–)
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47% yields, respectively (Table 2.2, entry 5). However, full conversion is required since 

chromatographic separation of the starting material 2.57a from 2.58a was difficult. If only one 

reactor is employed for these experiments, half the flow rate (0.25 mL/min) will offer the same 

amount of electric charge to the substrate for the course of the reaction (residence) time. Only 

80% conversion to desired product 2.58a was achieved by applying 2 F (80 mA) and both the 

products 2.58a and 2.59a were produced with 78% and 16% conversion, respectively. When 

4F (160 mA) was applied, the starting material 2.57a was still present. 
 

Table 2.2. Optimized conditions for the methoxylation of N-formylpyrrolidine (2.57a) using two sequential 

flow electrochemical reactors. 

 
Entry Conditions Conv. after first reactor  

2.58a + 2.59a [%][a] 

Conv. after second reactor  

2.58a + 2.59a [%][a] 

1 100 mA (2.5 F) 66 + 0 90 + 0 

2 130 mA (3.2 F) 77 + 0 94 + 0 

3 150 mA (3.76 F) 80 + 0 95 + 2 

4 160 mA (4 F) 84 + 0 95 + 5 

5 120 mA (3 F) [b] 83 + 0 53 + 47 

[a] GC yield of the crude product solution. [b] Glassy carbon anode 
 

Under the optimal conditions, N-formylpyrrolidine (2.57) with various alcohols provided the 

corresponding mono- or dialkoxylation products on a larger scale (5.5 mmol). The 

monoalkoxylation compounds 2.58a, 2.58b, 2.58c, 2.58d and 2.58e have been prepared in 

good yields (Figure 2.2). While the reactor residence time is only 2.4 minutes, the reaction time 

for feeding 5.5 mmol starting material is 110 min. In addition, N-formylmorpholine also 

reacted to form the corresponding methoxylated product (2.58f) in 67% yield. Due to the 

limited rotation around the amide bond, two atropisomers combination of the compound 2.58f 

were detected which have already been characterized.[45,46]  

The reaction was also performed in a batch electrochemical cell with the same concentration 

of starting materials using identical electrode materials of graphite (1 cm2) and 304 stainless 
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OMe
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N CHO

OMe

+

OMe
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in ROH Gr (+) / Fe (–)
volume 2 x 0.6 mL
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electrode distance 0.5 mm
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steel under constant current of 10 mA, until 2 F/mol of charge was passed. Only 60% 

conversion to methoxylated product 2.57a was achieved after 160 minutes. 

 
Figure 2.2. Monoalkoxylation of N-formylpyrrolidine. 

 

Double alkoxylations were achieved using the reaction conditions for one electrochemical 

reactor provided in Table 2.1, entry 12, and have been carried out on a 5.5 mmol scale, yielding 

products 2.59a, 2.59b, and 2.59c as illustrated in Figure 2.3. However, use of n-butanol and n-

pentanol under the same conditions for the double alkoxylation process using one 

electrochemical reactor was not successful. With 640 mA (8 F), the conductivity was very low 

which led to high cell voltage. As the carbon chain increases the conductivity decreases with 

higher alcohols. To improve the yield, two electrochemical reactors were connected and a 

current of 320 mA was applied to each reactor. This has diminished the conductivity problems 

which in turn increased the yield of the compounds 2.59d and 2.59e as shown in Figure 2.3. 

While compound 2.59a has an approximately 1:2 ratio of the cis and trans-stereoisomer, 

compounds 2.59b, 2.59c, 2.59d, and 2.59e only have one stereoisomer (not assigned) as 

determined by 1H NMR spectroscopy. 
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Figure 2.3. Dialkoxylation of N-formylpyrrolidine. (a) two reactors, 320 mA. 

 

2.6. Conclusion 

To conclude, the selective mono- or dialkoxylation of N-formylpyrrolidine as a model substrate 

was optimized to evaluate the performance of the Ion electrochemical microreactor designed 

by Vapourtec. The Ion microreactor showed high performance providing the methoxylated 

product 2.58a arising from pyrrolidine-1-carbaldehyde (2.57a) in 94 % yield, in a single flow 

at a reasonably high flow rate (2 mL/min), using the system's cooling capabilities. Different 

alcohol nucleophiles including methanol, ethanol, n-propanol, n-butanol, and n-pentanol were 

successfully employed in this reaction. Furthermore, dialkoxylated products were selectively 

achieved by using serial coupled reactors in good to high yield.  

 

This work has already been published.[42]  
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3.1. Introduction 

Organoselenium compounds have a long history that can be dated back to first organoselenium 

compound synthesized by F. Wöhler and C. Siemens in 1847.[1,2] Until the discovery of 

selenoxide eliminations in the 1970s,[3–5] organoselenium chemistry progressed slowly. As 

early in the 1930s, it was discovered that organoselenium reagents are hazardous,  but the 

toxicity is lower than inorganic selenium compounds.[6,7] 

The properties of selenium compounds are similar to sulfur and tellurium counterparts. 

However, the chemistry of sulfur compounds have been vastly investigated, while reactions of 

selenium and tellurium compounds are less studied and are receiving more attention recently. 

The C–Se bond is weaker than the C–S bond. So, the elimination of selenium-containing 

functionalities occurs easily under mild conditions compared to those needed for the sulfur 

compounds.[8,9]  

Organoselenium compounds has been extensively studied in recent decades, with their unique 

reactivity and structural properties they became useful tools in organic synthesis. They have 

been used as ligands and catalysts in asymmetric synthesis and selective functionalizations of 

molecules, allowing valuable synthetic targets to be achieved.[10–12] They are also interesting 

molecules due to their relevance in medical and biological activities such as, anti-oxidant,[13,14] 

anti-inflammatory,[15,16] anxiolytic effects,[17] anticancer,[16,18] and antinociceptive activities[19] 

(Figure 3.1). 

 
Figure 3.1. Bioactive molecules containing selenium. 

 

Organicselenium reagents are typically utilised to catalyse organic processes. In organic 

synthesis, electrophilic organoselenium reagents are commonly employed to introduce new 

functional groups into organic molecules. The most common application of this functionality 

is the electrophilic addition of selenyl functional group to alkenes 3.1 in the presence of an 
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internal or external nucleophile, emphasising their dual roles as protective groups and reactive 

electrophiles intermediates (Scheme 3.1).[20] 

Mechanistically, the seleniranium ion 3.2 is generated through reaction of the electrophilic 

selenium with the carbon-carbon unsaturated bond. Then regioselective attack from the 

nucleophile provides the final product 3.3. Such reaction can also occur in an intramolecular 

fashion, providing a powerful route for heterocycles synthesis (Scheme 3.1b). The contain 

selenium molecules can be utilised for additional various applications resulting to non-

selenium-containing products.  

 
Scheme 3.1. Activation of alkenes using selenium electrophiles. 

 

Compounds 3.3 can be utilised to substitute the selenide group with functional groups in 

organic synthesis.  Selenid can be used in various transformations such as: nucleophilic 

substitution (a), radical reactions by cleavage of the carbon–selenium bond (b), and oxidation 

process to form double bonds (c) (Scheme 3.2).[21] 
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Scheme 3.2. General application of organoselenium compounds. 

 

3.2. Different methods for selenofunctionalization of alkenes 

The selenofunctionalization of alkenes is the reaction between unsaturated bond with selenyl 

functionality in the presence of different nucleophilic sources such as: (a) water, alcohols or 

acids producing oxyselenation products; (b) amines, producing aminoselenation products; (c) 

azides, producing azidoselenylation products. All these vicinal difunctional alkanes, β-

substituted selenides containing two different functional groups (α-OR or α-NR2 and β-SeR) 

at the same single bond might be used as significant intermediates for further transformation 

via the selective cleavage of the C–O or C–Se bonds. The homolytic cleavage of the C–Se bond 

is a relatively easy process, which can be initiated either photochemically or thermally.[9,22] 
  

3.2.1.  Oxyselenenylation of alkene 

Various synthetic methods for intermolecular oxyselenenylations of alkene have been 

developed. Commonly, the anti-addition of an alkyl- or arylseleno functionality in presence of 

an oxygen containing solvent including hydroxy-, alkoxy-, or acetoxy nucleophile are known. 

The production of β-methoxyselenides is traditionally achieved with the use of methanol as a 

solvent and PhSeCl as an electrophile.[23,24] Generally, the regiochemistry for terminal alkene 

addition follows the Markovnikov rule to afford product class 3.7, (Scheme 3.3a).[25] In 

contrast, the use of internal alkenes can lead to a mixture of regioisomers (3.8, 3.9) (Scheme 

3.3b). Interestingly, the use of conjugated dienes provide the 1,2 addition products (3.10) with 

Markovnikov selectivity (Scheme 3.3c).[26,27]  
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Scheme 3.3. Regioselectivity of oxyselenylation of alkenes. 

 

Several synthetic methods for β-alkoxyselenides 3.11 starting from cyclic and acyclic alkenes 

have been published (Scheme 3.4). Common methods include the reaction of an unsaturated 

olefinic substrates 3.1 with PhSeCN in the presence of a Cu(II) or Ni(II) catalyst and alcohol 

as solvent (Scheme 3.4.a).[28,29] Tiecco et al. reported the use of PhSeOSO3H as the 

electrophile. This is produced by the oxidation of diphenyl diselenide with ammonium 

persulfate in alcohol or a combination of dichloromethane and alcohol (Scheme 3.4.b).[30] 

Another method for β-alkoxyselenide synthesis is the oxidation of diphenyl diselenide to 

generate selenenylating species by using different oxidants such as hypervalent iodine reagents 

((diacetoxyiodo)benzene, (Scheme 3.4.c) or Iodobenzene trifluoroacetate (Scheme 3.4.d)) or 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, Scheme 3.4.e).[31–33] 

 

  
Scheme 3.4. Different methods for the synthesis of β-alkoxyselenides compounds. 

 

In 2015, Braga and co-workers have reported such methodology employing molecular iodine 

(I2) as a catalyst under microwave irradiation (Scheme 3.5).[34] This approach was applied on 

different styrene derivatives 3.12 and nucleophiles, offering the β-alkoxyselenated products 

3.1 in good to excellent yields. 
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Scheme 3.5. Synthesis of β-alkoxyselenides under microwave irradiation. 

 

An alternative route for the selenoalkoxylation of olefins 3.15 using molecular iodine (I2) as 

catalyst and 0.5 equiv. of hydrogen peroxide (H2O2) under visible light irradiation has been 

developed by Jiang and co-workers in 2018 (Scheme 3.6).[35] The amount of H2O2 was 

controlled to avoid the overoxidation of diselenides to achieve the high selectivity. Under 

ambient conditions, the use of different diselenides 3.16 and alcohols was successfully 

achieved, leading to the formation of selenoalkoxylated products 3.17 in good to high yields.  

 
Scheme 3.6. Synthesis of β-alkoxyselenides under visible light irradiation. 

 

In 2018, Santi et al. published the generation of β-oxyselenated products starting from alkenes 

3.12 and diorganyl diselenides 3.16 using stoichiometric amount of Oxone® as an oxidant at 

different temperatures (Scheme 3.7).[36] Under these conditions, high selectivity for β-

alkoxyselenation 3.18 was obtained when methanol was used as the solvent. Also, β-

hydroxyselenated products 3.19 were achieved in good to excellent yields when a mixture of 

MeCN/H2O was used as a solvent.  

 
Scheme 3.7. Oxyselenation of olefins using oxone. 

 

Very recently (2021), Ling and co-workers developed an alternative approach by using a 

simple and commercially available hypervalent iodine(III) reagent, iodosylbenzene (PhIO), as 

the oxidant (Scheme 3.8).[37] A wide range of selenofunctionalized products 3.20 was obtained 

under the optimum conditions with good to excellent yields, using a combination of alkene 

3.12, diselenide 3.16 and a nucleophilic source. 
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Scheme 3.8. Synthesis of selenofunctionalized products 3.17 using PhIO, as oxidant. 

 

3.2.2. Aminoselenenylation of alkene  

The aminoselenenylation of alkenes has been less studied compared to the oxyselenenylation 

of alkenes, despite the relevant synthetic usefulness for the production of biologically relevant 

compounds. In most cases the reaction needs additional activation methods. For instance, the 

addition of carbamate 3.21 as nucleophilic source and PhSeCl as selenyl functional group to 

alkene 3.21 was developed using silver tetrafluoroborate (AgBF4) as an activating agent 

(Scheme 3.9).[38]  

 
Scheme 3.9. Synthesis of β-phenylseleno carbamates 3.22 by using AgBF4. 

 

In the last decade, development of simple and sustainable methods for aminoselenenylation of 

alkenes have drawn more attention. In this regard, in 2015 Tang et al. reported a process for 

amidoselenenylation of alkenes using a Lewis acid catalyst (TiCl4) and N-(phenylseleno)-

phthalimide (3.24) as a nitrogen and selenium source (Scheme 3.10).[39] A vast range of alkenes 

3.23 were used to generate amidoselenenylation products 3.25 with high regioselectivity and 

diastereoselectivity. 

 
 Scheme 3.10. Amidoselenenylation of alkenes using TiCl4. 
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Subsequently, in 2016 Sun and co-workers described another synthetic method for  

selenoamination of alkenes affording amidoselenide-containing sulfamides and azoles 3.27 

using potassium peroxodisulfate (K2S2O8) as oxidant (Scheme 3.11).[40] The broad reaction 

scope was achieved with the use of olefins 3.15 in the presence of amino sources 3.26 as 

nucleophiles and diphenyl diselenide (3.16) as source of selenyl functionality. 

 
Scheme 3.11. Aminoselenenylation of alkenes using K2S2O8. 

 

The aminoselenenylation of alkenes has been also achieved  through molecular iodine (I2) as a 

mediator at room temperature by Yan and co-workers in 2017.[41]  In this reaction, only 

benzotriazole derivatives 3.28 were used as nitrogen source in the presence of diselenides 3.16, 

providing the corresponding aminoselenides 3.29 in good yields.  

 
Scheme 3.12. Aminoselenenylation of alkenes using I2. 

 

Very recently in 2020, Xia and co-workers described a visible-light mediated iron catalysed 

process for the aminoselenenylation of alkenes 3.23 with amines 3.26 and diselenides 3.16 

(Scheme 3.13).[42] The key intermediate, the photo-excitable Fe-amine [FeBr3•NHRAr] is 

generated in situ by mixing of amine and FeBr3. A broad variety of alkenes, diselenides, 

primary and secondary amines were evaluated under air atmosphere at room temperature, 

yielding the corresponding aminoselenenylation products 3.27 in good to excellent yields.   

 
Scheme 3.13. Aminoselenenylation of alkenes under visible-light irradiation. 
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3.2.3. Selenocyclization of alkenes 

Heterocycles play an important role in the agrochemical, pharmaceutical and medicinal 

industries (Figure 3.2).[43–48]  

  
Figure 3.2. Examples of biologically active heterocyclic agents. 

 

 

The selenium functionality can play an important role to generate such heterocyclic cores 

through intramolecular selenofunctionalisation. In 2013, Shaw and co-workers described the 

synthesis of polysubstituted tetrahydroquinoline 3.29 and octahydrophenanthridine 3.31 

through the reaction of alkene (3.28 or 3.30) and PhSeCl using catalytic amounts of a Lewis 

acid (Sc(OTf )3).[49] Two rings, three bonds, and three stereogenic centres were produced in a 

single reaction process with good stereo- and regio-control (Scheme 3.14). 

 
Scheme 3.14. Mono- and Bi-selenocyclization reactions of alkenes. 
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Subsequently in 2015, Yeung et al. explored an enantioselective selenolactonization of olefinic 

acids 3.32 in presence of N-phenylselenophthalimide (NPSP) (3.33) as the electrophilic 

selenium source using hydroquinidine 1,4-phthalazinediyl diether (DHQD)2PHAL (3.34) as 

chiral catalyst (Scheme 3.15).[50] This catalytic reaction protocol tolerated a vast range of 

functional groups, providing the selenolactones 3.35 in good to excellent yields and up to 96% 

ee. Also, heteroaromatic substrates were successfully prepared using this condition. 

 
Scheme 3.15. Enantioselective Selenolactonization of olefinic acids 3.32. 

 

In 2018, Yang et al. published an interesting process for the intramolecular selenoamination of 

alkenes 3.36 using a copper catalyst to generate seleno-N-heterocycles products 3.37 in 

moderate to excellent yields (Scheme 3.16).[51] The proposed mechanism showed that oxygen 

and DMSO act as co-oxidants and play important roles for these cyclization processes. 

 
Scheme 3.16. Intramolecular selenoamination of 3.36 using copper catalyst. 
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nucleophiles 3.40 were investigated to produce the corresponding selenoheterocycle products 

3.41 in good yields.  

 
Scheme 3.17. Intramolecular selenocyclization under visible-light irradiation. 

 

3.3. Electrochemical selenofunctionalization of alkenes 

In the last decades, the conventional and electrochemical synthetic methods for the 

functionalization of the alkenes have been widely explored, but electrochemical methods for 

the selenofunctionalization of alkenes are relatively uncommon. However, few developments 

for such reaction including oxyselenenylation, aminoselenenylation and selenocyclization 

starting from alkene have been conducted.  
 

In 2006, Wirth and co-workers have described the electrochemical selenenylation–elimination 

of alkenes in a single reaction process using catalytic amount of chiral diselenide (Scheme 
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water affords the alkoxy- or hydroxyselenenylated intermediate (II). In this reaction, 
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Scheme 3.18. Electrochemical oxyselenenylation and deselenenylation of alkenes. 

 

In 2019, Lei et al. reported an electrochemical selenofunctionalisation of styrenes to afford the 

aminoselenation and oxyselenation products 3.47 (Scheme 3.19).[54] The reaction was 

performed in an undivided cell under constant current of 15 mA using graphite (Gr) electrode 

as the anode and a platinum plate (Pt) as the cathode with nBu4NBF4 as the supporting 

electrolyte. A solvent combination of CH3CN/HFIP mixture was used in a 4:1 ratio where the 

co-solvent HFIP is proposed to stabilise the radical. Various functional groups attached to 

styrene substrates 3.45, diselenide 3.16, and different nucleophiles 3.46 including amines, 

alcohols, carboxylic acids and water delivered the desired products 3.47. However, this method 

was limited to substituted-styrene substrates.  

  
Scheme 3.19. Electrochemical selnofunctionalization of styrenes in an undivided batch cell. 
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to good yields. Likewise, the unsaturated amides 3.50 also returned the corresponding 

selenylated oxazolines 3.51 in moderate to excellent yields. 

 
Scheme 3.20. Electrochemical synthesis of selenylated dihydrofurans and oxazolines in an undivided 

batch cell. 
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electrochemical conditions in good yields. Furthermore, medium-sized ethers (7-, 9-, and 11-
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condition. 

 
Scheme 3.21. Electrochemical synthesis of selenylated ethers, lactones and isobenzofuranones in an 

undivided batch cell. 
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throughput of selenofunctionalization of alkenes by using the Ion electrochemical flow reactor 

and the Vapourtec automated flow machine that is explained in chapter 1. The starting alkene, 

the diselenide as selenenylating reagent, and the nucleophile can all be selected in the 

automated setup. Also, various product solutions can be collected separately when different 

combinations are used. Vast range of substrates and nucleophiles will be screened to achieve 

the synthesis of different molecules including oxyselenenylation, aminoselenenylation and 

selenocyclization in a robot like fashion in a very short time. A simplified schematic 

representation of the selenenylation reactions through electrolysis under automated flow 

conditions is shown in Figure 3.3.  

 
Figure 3.3. Simplified schematic representation of selenenylation of alkene under automated 

electrochemical flow conditions. 
 

3.5. Results and discussion  

The three-component reaction; the alkenes 3.54, diselenide 3.16, and various nucleophiles 3.46 

were used in the initial studies to determine optimum reaction conditions (Scheme 3.22). 

Different reaction parameters were quickly and robotically screened by using the automated 

flow system with an integrated Ion electrochemical flow reactor. The system software allowed 

the automatic design of multiple reactions, applying several reaction parameters and collecting 

the specific reaction products in an automated mode. The most essential parameters such as 

electrical currents, solvents, supporting electrolytes, electrodes materials and flow rates were 

tested separately in order to identify the best conditions for performing this reaction in the 

electrochemical flow reactor. These parameters will be explained in details in the following 

sections. 

 
Scheme 3.22. Selenenylation of alkenes. 
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3.5.1. Reaction optimisation  

3.5.1.1. Current screening  

As a standard reaction, styrene (3.54a, 0.15 M), diphenyl diselenide (3.16a, 0.05 M) and MeOH 

(30 equiv.) in MeCN were reacted to generate methoxyselenenylated product 3.55 using 

graphite (Gr) as anode and platinum (Pt) as cathode, with a flow rate of 0.1 mL/min, and 5 mM 

tetrabutylammonium tetrafluoroborate (Bu4NBF4) as the supporting electrolyte (Table 3.1). 

Only 32% of the targeted product 3.55 was produced when a residence time of 6 minutes and 

a current of 16 mA (2.0 F) were applied at room temperature (Table 3.1, entry 1). Theoretically, 

the two-electron oxidation requires a charge of only 2.0 F per mol. However, it has been noted 

that increasing the current from 16 mA to 32 mA (4 F) led to improve the yield from 32 % to 

66 % along with unreacted starting materials (Table 3.1, entry 2). Reduced yield of the intended 

product (3.55) was observed when the charge was increased beyond 4.0 F (Table 3.1, entries 3-5). 
 

Table 3.1. Screening of current for the methoxyselenenylation of styrene (3.54a) to methoxyselenenylated 

product 3.55 under the flow conditions. 

 
 

Entry Current (mA) Current density (mA/cm2) 3.55 Yield (%)[a] 

1 16 1.33 32 

2 32 2.66 66 

3 48 4 40 

4 64 5.33 33 

5 80 6.66 20 

[a] The yield was determined using 1H NMR with 1,3,5-trimethoxybenzene as internal standard. 
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acetonitrile was the best solvent for this reaction. 
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Table 3.2. Screening of solvents for the methoxyselenenylation of styrene (3.54a) to methoxyselenenylated 

product 3.55 under the flow conditions. 

Entry Solvent 3.55 Yield (%)[a] 

1 MeCN 66 

2 THF 49 

3 MeOH 45 

4 MeCN/THF (1:1) 58 

[a] The yield was determined using 1H NMR with 1,3,5-trimethoxybenzene as internal standard. 
 

3.5.1.3. Supporting electrolytes screening 

Lei and co-authors described an oxyselenenylation of styrene in a batch electrochemical 

process using excess tetrabutylammonium tetrafluoroborate (nBu4NBF4) as a supporting 

electrolyte.[54] Under flow conditions, we observed that only small amounts of nBu4NBF4 were 

required to achieve identical results in a faster reaction time under flow conditions. The reaction 

under flow condition still produced a yield of 32 % even without the addition of electrolyte. 

The amount of electrolyte has a great impact on the yield. Different supporting electrolytes 

were screened at low concentrations, including nBu4NBF4, nBu4NOTs, nEt4NCl, nBu4NBr, 

KI, and nBu4NI. Among them, nBu4NI delivered the highest yield of 87 % (Table 3.3, entry 

8). This also confirms that nBu4NI played an important role in the formation of 

methoxyselenenylated product 3.55, which will be explained in details in section 3.5.3.  
 

Table 3.3. Screening of supporting electrolytes for the methoxyselenenylation of styrene (3.54a) under flow 

conditions. 

Entry Electrolyte (M) 3.55 Yield (%)[a] 

1 Without supporting electrolyte 23 

2 nBu4NBF4 (0.005) 66 

3 nBu4NBF4 (0.005) 73[b] 

4 nBu4NBr (0.005) 78 

5 nBu4NBr (0.05) 39 

6 Me4NPF6 (0.005) 59 

7 nEt4NCl (0.005) 78 

8 nBu4NI (0.005) 87 

9 nBu4NI (0.05) 43 

10 KI (0.005) 85 

[a] The yield was determined using 1H NMR with 1,3,5-trimethoxybenzene as internal standard. [b] at 40 ˚C. 
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3.5.1.4. Flow rate/residence time effect 

The impact of flow rate/residence time on product yield was also studied in order to find the 

best flow rate to avoid mass-transfer limitations.[57] Surprisingly, increasing the flow rate to 0.2 

– 0.6 mL/min resulted in full conversion with a yield of >99%. Further increase in the flow 

rate beyond 0.6 mL/min resulted in a decrease of the yield. This might be attributed to a 

decreased conductivity with increase flow rate. A quantitative yield was observed at flow rates 

up to 0.6 mL/min, equivalent to an estimated residence time of 1.0 minute by increasing the 

electrolyte concentration from 5 mM to 7.5 mM (Figure 3.4). The actual residence time is 

shorter due to hydrogen gas production. The increase in electrolyte concentration allowed a 

further reduction of the reaction time. 

 
Figure 3.4: Effect of residence time and flow rate on the yield of 3.55. 

 

3.5.1.5. Electrode screening 

The electrode materials employed in an electrochemical transformation are critical to the 

outcome of the reaction. Therefore, screening of different electrode materials as anode and 
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methoxyselenenylated product 3.55 (Figure 3.5). Initially, platinum (Pt) was used as cathode 

and various anode materials such as graphite (Gr), glassy carbon (GC), boron-doped diamond 

(BDD), Panasonic carbon, PTFE carbon, stainless steel (Fe), and nickel (Ni) were screened. 

Among these, Gr as anode was found to be most efficient. 
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Figure 3.5. Anode electrode material screening. 

 

Furthermore, Gr as anode was then screened against various cathodes such as Pt loaded on Nb, 

Pt loaded on Ti, Ni, Fe, Gr, GC, and Zn (Figure 3.6). From this screening it was found that Gr 

as anode and Pt as cathode constituted an optimal combination. A low-cost electrode (Pt loaded 

on Nb) still gave 95% yield. The same trend was observed for Gr as a cathode and anode. 

 
Figure 3.5. Cathode electrode materials screening. 

 

3.5.2. Substrate scope 

With the optimised reaction conditions in hand, an investigation of the scope and general 

applicability of this methodology using different alkenes, alcohols, and diselenides was 

performed in an automated way. Loading different alkenes, alcohols and diselenides into the 

auto-sampler allowed the reaction products shown in Schemes 3.23 and 3.24 and Scheme 3.25 
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to be obtained in a fully automated way without additional manual interference. The different 

product solutions obtained were purified by using a Biotage Isolera chromatography system. 

Due to the automated protocol, all reactions shown were performed using identical amounts 

and concentrations of reagents and 1.2 mmol alkene was used in each experiment. 

Pleasingly, the electrochemical reaction of many different substituted styrene derivatives gave 

the desired products in good to excellent yields 3.55 – 3.78. However, for 3.72 and 3.73, the 

yields were low. No product formation was observed with disubstituted alkenes 3.75 and 3.76 

(Scheme 3.23).  

 
Scheme 3.23. Scope and limitations of the electrochemical methoxyselenenylations of alkenes. [a] 

Dibenzyl diselenide was used instead of diphenyl diselenide. 
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Alkyl-substituted alkenes led to regioisomeric mixtures 3.79 – 3.81 as previously reported.[27] 

3,4-Dihydro-2H-pyran delivered 3.83 as a 1:1 mixture of cis and trans isomers in 14% 

combined yield as observed previously.[58] Indole was selenenylated in the 3-position leading 

to 3.84.[59] Other diselenides such as dibenzyl diselenide can also be used for the synthesis of 

3.85 using MeCN/THF solvent mixture (1:1) for optimum yield. 
 

Variations of nucleophiles in the selenenylation are shown in Scheme 3.24. Primary, 

secondary, and tertiary alcohols can be used in the selenenylation reactions as shown in the 

formation of products 3.86 – 3.96. Even water, formic acid, and acetic acid can be used, leading 

to products 3.97 – 3.99. Benzotriazole also participated as an N-nucleophile in this reaction to 

form the aminoselenenylated product 3.100 in 65% yield. 

 
 

Scheme 3.24. Different nucleophiles for the electrochemical selenenylation of styrene. 
 

Cyclic ethers and lactones are important cores in several natural products and important 

bioactive molecules. This methodology can also be expanded to intramolecular cyclisations 

and was found to be efficient to obtain a variety of cyclised O-heterocycles as shown in Scheme 

3.25. The lactones and ethers were obtained in moderate to good yields. Substituted 

tetrahydrofuran 3.101 was obtained in 73% yield. Functionalised pyrans 3.102 and 3.103 were 

obtained in 67 and 58% yield, respectively. Different functionalised and fused lactones 3.104 

– 3.17 were obtained in good yields. Similarly, dihydroindole 3.108 was obtained in 33% yield. 

All the synthesised compounds were fully characterised by different spectroscopic techniques. 

Among them, also a single crystal X-ray analysis was performed for compound 3.72 (see 

experimental section, chapter 7) that further confirms the formation of the target molecules.[60] 
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The selenium cation necessary for the addition and cyclisation reactions described here is 

believed to be formed through sequential oxidation of diphenyl diselenide as already 

investigated by Breder, Siewert, and co-workers.[61] The oxidation potential required for a 

subsequent elimination of the selenide is not reached here. To further demonstrate the synthetic 

potential of this protocol, a gram-scale reaction was performed for the synthesis of 3.55. 

Encouragingly, 1.52 g of 3.55 was obtained in just 100 minutes (overall yield 87%). 
 

 
Scheme 3.25. Flow electrochemical selenocyclisations. 

 

3.5.3. Reaction mechanism  
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diselenide at Ep = 1.0 V and Ep = 1.3 V (Figure 3.7, yellow line).  
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Figure 3.7. Cyclic voltammogram (CV) of substrates, styrene (5 mM); diphenyl diselanide (5 mM) and 

nBu4NI (5 mM) in 0.1 M nBu4NClO4 / MeCN electrolyte (20 mV s–1 scan rate). Working electrode: glassy 

carbon electrode tip (3 mm diameter); Counter electrode: platinum wire; Reference electrode: Ag/AgCl in 3 

M KCl. 
 

The oxidation potential of nBu4NI is lower than styrene (3.54a) and diphenyl diselenide 

(3.16a), indicates that the oxidation of iodide should proceed first in the galvanostatic setup. 

However, similar peaks were observed when styrene (3.54a) and nBu4NI were combined 

(Figure 3.8, purple line). Also, the CV of diphenyl diselenide (3.16a) and nBu4NI mixture 

showed only two oxidation peaks at Ep = 1.49 V and Ep = 1.86 V with no obvious oxidation 

peaks for nBu4NI (Figure 3.8, brown line). 

 
Figure 3.8. Cyclic voltammogram (CV) of substrate styrene (5 mM) with nBu4NI (5 mM); diphenyl 

diselenide (5 mM) and nBu4NI (5 mM) in MeCN with 0.1 M nBu4NClO4 as electrolyte (20 mV s–1 scan 
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rate). Working electrode: glassy carbon electrode tip (3mm diameter); Counter electrode: platinum wire; 

Reference electrode: Ag/AgCl in 3 M KCl. 
 

Based on our preliminary studies and according to previous literature reports on the 

selenenylation of alkene,[62,63] the possible mechanism for the oxyselenenylation of alkene is 

shown in Scheme 3.26. At the anode, iodide (I) is oxidised sequentially by losing two electrons 

from iodide to the iodine radical to the iodine cation: I– → I• → I+. The iodine cation (II) is 

known to activate the diphenyl diselenide (3.16a) by generating PhSeI (III) that reacts with 

alkene (3.54a) to generate seleniranium ion (IV). IV then reacts with MeOH to form the desired 

product 3.55. The proton produced in this process will be finally reduced to hydrogen at the 

cathode. 

  
Scheme 3.26. Proposed mechanism for the electrochemical oxyselenation of styrene. 

 

3.6. Conclusion and outlook  

In conclusion, an efficient and straightforward electrochemical synthesis for selenenylations of 

alkenes in flow electrochemical reactor integrated with remote-controlled synthetic equipment 

was developed. Using this method, many oxyselenated products were prepared in a short time 

with minimal humanal interference. Under the optimum conditions, vast range of substrates 

and nucleophiles were screened, leading to the synthesis a library of 54 molecules including 

oxyselenenylation, azaselenenylations and selenocyclization. To show the potentials of this 

electrochemically combined automated flow technology, a gram scale reaction was also carried 

out. Also, 10 of these reactions were automatically performed in 200 minutes.  

In future, different nucleophiles such as carbon-centered nucleophiles can be used to carry out 
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amount of diselenide as selenenylating reagent and control for sequential oxidation reaction 

has been rarely done under electrochemical conditions which can be improved under the flow 

electrochemical setup with automated flow system. Indeed, the remote-controlled technique 

has been demonstrated to accelerate the reaction optimization and preparation in a short time. 

This easy-to-use automated tool can be explored in further electrochemical transformations as 

well. 

 

This work has already been published.[64] 
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4.1. Introduction 

Organophosphorus compounds have been established and studied for over a century.[1,2] It is 

found in vast a range of different compounds from small molecules to large polymeric 

molecules. Organophosphorus compounds, especially containing chalcogens such as selenium 

and sulfur, are widely applied in agriculture, material chemistry and as ligands in 

organometallic chemistry.[3,4] Selenium–phosphorus or sulfur–phosphorus bonds are part of a 

large number of phosphorus compounds that can be found in a variety of biologically active 

molecules (Figure 4.1).[5,6]  

 
Figure 4.1. Bioactive molecules containing selenium–phosphorus or sulfur–phosphorus bonds. 

 

4.2. Typical processes for the synthesis of chalcogenophosphites 

Various reactions processes have been developed for making selenium- or sulfur–phosphorous 

bonds, but the synthesis of selenophosphonates has received less attention compared to the 

synthesis of thiophosphonates. The most of these methods are carried out by using expensive 

metals or toxic reagents. 

A classical approach to produce selenophosphites is the coupling of O,O-diaryl- or dialkyl-

phosphoryl chloride (4.2) with solution of PhSeLi which is in situ generated by the reaction of 

PhLi (4.1) with Se (Scheme 4.1).[7] However, this reaction is operated at cryogenic 

temperatures (–78 °C), leading to synthesis of phenylselenophosphites products 4.3 in 

HN

O

O N

OO
P

OO

Se

N3

antimicrobial agent

P
OEt

O O
S

P
OEt

EtO O
Se

insecticide

P
OEt

EtO O
S

NI

echothiophate
(treatment of glaucoma)

zidovudine (AZT) derivative
(treatment of AIDS)

Cl



Nasser Amri                            Chapter 4: Electrochemical Synthesis of Chalcogenophosphites 

 

 120 

moderate yields. The phosphorous-selenium bond is utilized in oxidative additions with Pd(0) 

and Pt(0) complexes for selenophosphorylation of alkynes.[7]  

 
Scheme 4.1. Synthesis of phenylselenophosphates using PhLi. 

 

In 2003, Huang et al. described the synthesis of chalcogenophosphites 4.6 via the coupling of 

dialkyl phosphites 4.4 with diaryl diselenide 4.5 (Scheme 4.2, method a).[8] Phosphonyl 

radicals were generated by using AIBN as the radical initiator for successful trapping by diaryl 

diselenide to give the aryl-selenophosphates products 4.6 in good to excellent yields. Similarly, 

the use of diaryldisulfides and diarylditellurides with dialkyl phosphites was also achieved 

under the optimum condition to produce the corresponding aryl-thiophosphates and aryl-

tellurophosphates, respectively. A similar approach for the synthesis of chalcogenophosphites 

4.6 using the same starting materials and (diacetoxyiodo)benzene and sodium azide was 

studied by Chen and co-workers (Scheme 4.2, method b).[9] However, the substrate scope for 

both reactions is limited to alkyl-phosphites only. 

 In 2009, Zhao and co-workers also developed an alternative method for the synthesis of 

chalcogenophosphites 4.6 (Scheme 4.2, method c).[10] The cross-coupling between the dialkyl 

phosphite 4.4 and diaryl dichalcogenide 4.5 in DMSO was achieved using copper catalysis, 

leading to chalcogenophosphites products 4.6 in good yields. However, in this reaction, a 

stoichiometric amount of organic base and only alkyl-phosphites were utilised. Along the same 

technique, Hajra and co-workers have used zinc dust (0.5 equiv.) to synthesise the desired 

chalcogenophosphites 4.6 (Scheme 4.2, method d).[11] However, zinc dust is quite toxic and 

undesirable from the standpoint of green chemistry. In a different report, cesium carbonate 

(Cs2CO3) and molecular iodine (I2) promoted the synthesis of chalcogenophosphites from 

diaryl dichalcogenide and different phosphites (Schem 4.2, method e).[12]  

More recently, Jana et al. showed an economical method, in which selenophosphites 4.6 are 

prepared in a single step starting from the phosphite 4.5 and diselenides 4.5 (Scheme 4.2, 

method f).[13] The reaction used molecular oxygen as the oxidant at room temperature. 
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Scheme 4.2. Different processes for the synthesis of selenophosphosphites. 

 

Very recently (2019), Saha and co-workers developed a simple approach by using a N-

chalcogenoimides 4.7 as chalcogenyl source and oxidant (Scheme 4.3).[14]  Under catalyst, 

base- and solvent- free conditions, N-chalcogenoimides 4.7 were utilised to chalcogenylate 

phosphite moieties 4.4, offering selenophosphosphites products 4.6 in good yields. 

 
Scheme 4.3. Chalcogenylation of phosphite 4.4 by using N-chalcogenoimides 4.7. 

 

4.3. Electrochemical processes for the synthesis of chalcogenophosphites 

In order to offer ecological and sustainable synthetic methods, electricity has also been utilised 

for phosphorylation reactions.[15,16] Different oxygen–phosphorus (O–P), sulfur–phosphorus 

(S–P) and selenium–phosphorus (Se–P) bonds were formed by using different nucleophiles 

under electrochemical conditions. 
 

4.3.1. Electrochemical oxygen–phosphorus bond formation  

Formation of oxygen–phosphorus (O–P) bond is very significant in biological systems. The 

Atherton-Todd reaction is a well-known technique for forming P–O bonds.[17,18] The cross 

coupling of diaryl phosphites with alcohols has recently been reported in the presence of 

stoichiometric quantities of oxidants or metals catalysts. 
 

Tang and co-authors demonstrated a sustainable and green process for the synthesis of 

organophosphites 4.10 through electrochemical oxidative coupling of H-phosphoryl substrates 

4.8 with alcohols 4.9 (Scheme 4.4, method a).[19] The reaction was performed at room 

temperature in an undivided batch cell under constant current (15 mA) in the presence of 

ammonium iodide (NH4I) as mediator and supporting electrolyte. Likewise, Han and co-

authors reported the same approach using nBu4NI as mediator and supporting electrolyte under 
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constant voltage (3 V) conditions at room temperature (Scheme 4.4, method b).[20]  In both 

protocols, carbon electrodes were employed as the anode and platinum electrodes as the 

cathode in an undivided batch cell. A wide range of alkyl and aryl phosphite esters (4.8) were 

converted to their corresponding organophosphate compounds (4.10) in the presence of various 

alcohols.  

 
Scheme 4.4. Electrochemical O–P bond formation via iodide mediator.  

 

The proposed mechanism for this transformation is identical in both protocols. At the anode, 

the iodide anion I is first oxidised to produce molecular iodine II. Then, II generates the 

phosphoryl iodide intermediate III via iodination of H-phosphite 4.8. Next, a nucleophilic 

substitution occurs between intermediate III and alcohol 4.9, resulting in the formation of 

organophosphinates product 4.10. At the same time, the proton produced in this process is 

reduced to hydrogen at the cathode. 

 
Scheme 4.5. Plausible mechanism for electrochemical O–P bond formation via iodide mediator.  

 

Subsequently in 2020, Cai and co-authors also documented useful electrochemical synthesis 

of acyl phosphates from phosphites and carboxylic acids in the presence of nBu4NBr as both 

mediator and supporting electrolyte (Scheme 4.6).[21]  The reaction was demonstrated in an 

undivided batch cell with platinum electrodes as anode and cathode under galvanostatic 

reaction conditions at room temperature for 6 h. The broad scope of carboxylic acids and 
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phosphite substrates bearing diverse functional groups delivered the acyl phosphates in 

moderate to excellent yields. The suggested mechanism of this reaction is similar to that shown 

in Scheme 4.5, in which molecular bromine (Br2) is produced from bromide anion (Br–) at the 

anode, which subsequently oxidises phosphite 4.8 to generate the phosphoryl bromide 

intermediate, which is then attacked by the acid anion to result in the O–P bonded product 4.12. 

 
Scheme 4.6. O–P bond formation via electrochemical coupling of phosphites with carboxylic acids. 

 

In 2019, Quan and co-authors developed an alternative electrochemical approach for nBu4NI 

mediated synthesis of carbamoylphosphonates 4.14 from phosphoramides 4.13 and alcohols 

4.9 (Scheme 4.7).[22] Alcohol was used as a solvent as well as the reagent. The reaction is 

carried out in an undivided batch cell under galvanostatic reaction conditions with platinum 

plates as anode and cathode, and LiClO4 as electrolyte at ambient temperature. A wide range 

of the desired products (4.14) was successfully achieved through this technique in moderate to 

good yields.  

 
Scheme 4.7. Electrochemical synthesis of carbamoylphosphonates 4.14. 
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were assessed to provide a wide range of corresponding thiophosphates 4.17 in moderate to 

high yields. In this reaction, the substrate scope is limited to aryl phosphine oxides. 
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Scheme 4.8. Electrochemical synthesis of thiophosphates 4.17. 

 

The suggested mechanism for this electrochemical cross-coupling process is illustrated in 

Scheme 4.9. Initially, sulfur radicals I are formed at the anode via single-electron-transfer 

(SET) oxidation of thiols 4.16. Subsequently, the dimerization of sulfur radicals I set an 

equilibrium to produce disulfides II. Meanwhile, I also produce the phosphorus radicals 

intermediate III via a hydrogen atom transfer (HAT). Then, III undergoes direct coupling with 

sulfur radicals or disulfides to produce the desired product 4.17. 

 
Scheme 4.9. Plausible mechanism for electrochemical synthesis of thiophosphates 4.17. 

 

At the same year (2019), Lee and co-authors published a similar approach for the synthesis of 

thiophosphites under electrochemical process in the presence of nBu4NI as a mediator (Scheme 

4.10).[24] The reaction was implemented in an undivided batch cell with platinum electrodes in 

MeCN at room temperature. The substrates scope was extended to phosphite derivatives with 

diverse range of thiols, leading to 24 examples of thiophosphite products in moderate yields.  

 
Scheme 4.10. Electrochemical synthesis of thiophosphites 4.18 using nBu4NI as a mediator. 
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Very recently in 2021, Le and co-authors established an indirect electrochemical synthesis of 

thiophosphites 4.18 starting from trialkyl phosphites 4.19 and thiols 4.16  (Scheme 4.11).[25] 

The use of KI as a redox mediator plays an important role in this reaction by delivering the 

products 4.18 at lower potential. The optimal condition for this reaction was carried out in 

undivided batch cell, with platinum electrodes in 0.1 M solution of NaBF4 in CH3CN under 

constant voltage (0.2 V) at 40 ˚C. A variety of phosphorothioates 4.18 were produced in good 

yields under these conditions. 

  
Scheme 4.11. Electrochemical oxidative coupling of trialkyl phosphites with thiols. 

 

A novel and powerful protocol for the S–P bond formation through the combination of both 

electricity and ultrasound has been also developed in 2021 by Xu and co-workers.[26] This 

oxidative cross-coupling was achieved in one-pot, three component fashion involving 

thiocyanate 4.21 with diakyl phosphite 4.4 and (hetero)arenes 4.21 to generate the S-

(hetero)aryl phosphorothioates products 4.22 in moderate to excellent yields. This substrate 

combinations with nBu4NHSO4/CH3CN as the electrolytic solution and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU)  were charged into undivided batch cell, with platinum 

plates as anode and cathode under constant current (15 mA) and ultrasonic irradiation (50 W, 

40 kHz) conditions at room temperature. In this case, different (hetero)arene substrates 4.20 

were tolerated, but only alkyl phosphites delivered the desired products. 

 
Scheme 4.12. Electrochemical thiophosphination of heterocycles 4.20. 
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selenophosphites 4.24 in good to excellent yields. The electrolysis was carried out in an 

undivided cell under constant current of 12 mA using nBu4NBr as the supporting electrolyte 

with platinum electrodes at room temperature. Under these conditions, vast range of phosphites 

4.8 were efficiently tolerated, leading to the products 4.24 in good to excellent yields. 

 
Scheme 4.13. Electrochemical synthesis of selenophosphites 4.24 in batch cell. 

 

The proposed mechanism for this reaction is illustrated in Scheme 4.13. At the anode, selenol 

4.23 is first oxidized to generate selenyl radical I, which is then dimerized to produce diselenide 

II. At the cathode, II is reduced to generate radical anion III, which can generate I and selenyl 

anion IV. Meanwhile, molecular bromine (Br2) is produced from bromide anion (Br–) at the 

anode, which subsequently oxidizes phosphite 4.8 to generate the phosphoryl bromide 

intermediate V, which is then attacked by IV to form a new Se–P bond in the products 4.10. 

 
Scheme 4.14. Plausible mechanism for electrochemical Se–P bond formation via bromide mediator. 
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toxic or expensive catalysts, long reactions time and the requirement of excess amounts of 

electrolytes. Hence, exploiting our previous experiences in flow transformations for 

selenenylations of alkene using integrated flow electrochemical reactor in an automated 

manner,[28] the synthesis of chalcogenophosphite derivatives is purposed. The same 

methodology is used in this study for the efficient synthesis of phosphorus–selenium and 

phosphorus–sulfur bonds (Figure 4.2). 

 
Figure 4.2. Automated flow electrochemical synthesis of chalcogenophosphites. 

 

The Vapourtec automated flow machine with combined Ion electrochemical flow reactor offers 

unique properties that speeds up the reaction process while minimising the needed manpower. 

The system can self-load the desired starting materials, self-collect the reaction products, and 

auto-clean itself while maintaining precise temperature, flow rate, and current control in each 

reaction. It can also be controlled remotely from other locations with an internet connection. 

This system is only limited to the accessible number of loading and collecting vials. 
 

4.4.1. Results and discussions 

4.4.1.1. Optimisation of the reaction conditions 

Initially the reaction between diethylphosphite (4.8a) and diphenyl diselenide (4.25) in 

acetonitrile as a model reaction was studied using different reaction conditions such as 

electrode materials, solvents, flow rates, and electrolytes. 
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the reaction time, the flow rate was raised from 1.0 mL/min to 1.8 mL/min. However, at 1.2 

mL/min, 97 % yield was obtained, while higher flow rates resulted in lower yields (Table 4.1, 
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and dimethylformamide resulted in lower yields (Table 4.1, entries 11–13). Change in electrode 

combinations showed a small effect on the product yields (Table 4.1, entries 14–15). 
 

Table 4.1. Reaction of 4.8a and 4.25 to O,O-diethyl Se-phenyl phosphoroselenoate 4.24a under flow 

electrolysis.[a] 

 

Entry Electrolyte Flow rate [ml/min] Current [mA] 4.24a Yield[%][b] 

   1[c] Bu4NI 1.0 80 66 

   2[d] Bu4NI 1.0 80 83 

3 Bu4NI 1.0 80 90 

4 Et4NBr 1.0 80 94 

5 Et4NCl 1.0 80 97 

6 Bu4NBF4 1.0 80 52 

7 Bu4NClO4 1.0 80 44 

8 Et4NCl 1.2 96 97 

9 Et4NCl 1.4 112 94 

10 Et4NCl 1.8 144 90 

   11[e] Et4NCl 1.2 96 68 

   12[f] Et4NCl 1.2 96 56 

   13[g] Et4NCl 1.2 96 50 

   14[h] Et4NCl 1.2 96 92 

   15[i] Et4NCl 1.2 96 87 

[a] Reaction conditions: Graphite anode, Pt cathode, 4.8a (0.2 M), 4.25 (0.05 M), electrolyte (0.01 M), 

acetonitrile was used as solvent. [b] Determined by using 1H NMR with 1,3,5-trimethoxybenzene as an 

internal standard. [c] 0.1 M of 4.8a. [d] 0.15 M of 4.8a. [e] Dichloromethane was used as solvent. [f] 

Methanol was used as solvent. [g] Dimethylformamide was used as solvent. [h] Glassy carbon anode, Pt 

cathode. [i] Pt anode, Pt cathode. 
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of 96 mA. These conditions are now being used in the automated synthesis of a wide range of 

products to study the usefulness and broad application of this electrochemical technique (Figure 4.3). 

 
Figure 4.3. Substrate scope for the electrochemical selenenylation and thiolation of phosphites. [a] Mixture 

of CH3CN / THF (1:1) was used. 
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Phosphite derivatives such as ethoxy (4.8a), methoxy (4.8b), n-butoxy (4.8c), isopropoxy 

(4.8d), 2-ethylhexyl (4.8e) and benzyl (4.8f) provided the products in good yields. A cyclic 

phosphite was investigated and formed the product 4.24g with 84% isolated yield. Similarly, 

the phenoxy substituted product 4.24h was formed in an excellent yield of 95%. Among 

different phosphine oxide derivatives, the phenyl (4.8i), tolyl (4.8j), 3,5-dimethyl benzene 

(4.8k) and 2-naphthyl (4.8l) the corresponding substituted products were isolated in good 

yields. Also, unsymmetrical phosphonates bearing ethoxy and phenyl substituents provided the 

product 4.24m in 80% yield. Cyclic phosphine 4.24n was formed in 86% yield. Similar to 

diphenyl diselenide, other dichalcogenides such as dibenzyl diselenide and diphenyl disulfide 

could be employed to give phosphorselenoates 4.24o–4.24r and phosphorsulfonates 4.24s–

4.24u, but the yields of the phosphorsulfonates were found to be slightly lower than the yields 

of the corresponding phosphorselenoates. 
 

4.4.1.3. Reaction mechanism  

In order to get some insight into the mechanism, we studied the electrooxidation properties of 

each compound (Figure 4.4). From cyclic voltammetry (CV) measurements, diethyl phosphite 

(4.8a) shows no oxidation peak (Figure 4.4, yellow line) and diphenyl diselenide (4.25) shows 

two oxidation peaks at Ep = 1.46 V and Ep = 1.8 V vs Ag/AgCl (Figure 4.4, dark green line) 

while Et4NCl showed an obvious oxidation peak at Ep =1.41 V vs Ag/AgCl (Figure 4.4, blue line). 

 
Figure 4.4. Cyclic voltammogram (CV) of substrate diethyl phosphite (5m M); diphenyl diselanide (5m M) 

and Et4NCl (5m M) in 0.1M LiClO4 / MeCN electrolyte (20 mV s-1 scan rate). Working electrode: glassy 

carbon electrode tip (3 mm diameter); Counter electrode: platinum wire; Reference electrode: Ag/AgCl in 3 

M KCl. 
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According to the previous literature reports and our preliminary studies,[20–27] the hypothesized 

mechanism involved in the selenenylation of phosphites is illustrated in Scheme 4.15. The 

diselenide 4.25 is reduced at the cathode to produce the radical anion I, which then reacts with 

the phosphite 4.8 to generate the selenophosphite 4.24 and the radical anion II. This 

intermediate II is then oxidized to the selenyl radical III which dimerises to 4.25 and a proton, 

which will be finally reduced to hydrogen at the cathode. Other mechanisms in the literature 

suggest the involvement of elemental halides[20,24,27] or halide radicals[29] produced from the 

supporting electrolyte. This cannot be excluded here, but according to the work published by 

Zheng et al.[23] (Explained in section 4.3.2, Scheme 4.9) and the fact that the reaction proceeds 

also without halide anions (Table 4.1, entries 6 and 7) indicate that a different mechanism 

should be operating for such reaction. 

 
Scheme 4.15. Proposed mechanism for the electrochemical synthesis of selenophosphites. 

 

4.5. Conclusion and outlook 

In conclusion, the direct anodic cross-coupling of phosphites with diselenide and disulfide to 

the corresponding phosphorselenoates and phosphorsulfonates, respectively has been 

developed. In this protocol, there is only need for tiny amounts of supporting electrolyte. The 

use of an automated flow system combined with electrochemical microreactor shows the 

capability and advantages of flow electrochemistry and efficiently improves the outcome the 

reported process for the formation of P–Se and P–S bonds. The scope and limitation of the 

technique was demonstrated with a vast range of substrates. Compared to previous procedures, 

this method is fast, inexpensive, metal-free, and environmentally friendly and most 
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importantly, automated. This advanced method can be useful for future research in synthesizing 

organic compounds electrochemically through automation techniques. 

 In future, this type of cross-coupling can be further extended to the formation of carbon-

phosphorus and oxygen-phosphorus bonds. Also, the use of diselenide as catalyst for the 

nucleophilic functionalization of phosphites can be developed under the flow electrochemical 

setup (Scheme 4.16).[30] Certainly, the remote-controlled technique has been demonstrated to 

accelerate the reaction optimization and preparation in a short time. This easy-to-use automated 

tool can be explored in further electrochemical transformations as well. 

 
Scheme 4.16. Organocatalytic activation of phosphites. 
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5.1. Organosulfur compounds 

Since ancient times, organosulfur compounds have attracted the attention of chemists due to 

their importance in medicine and pharmaceutical products.[1,2] Various bioactive sulfur 

compounds and natural products incorporate sulfoximine, sulfoxide, or sulfone moieties. 

Notably, sulfoximine, sulfoxide, or sulfone functional groups are very important in antibiotics, 

musculoskeletal, metabolism, alimentary tract, or anti-inflammatory drugs (Figure 5.1).[3–6] 

 
Figure 5.1. Examples of bioactive organosulfur compounds containing sulfoxide, sulfone, and sulfoximine 

moieties. 
 

Additionally, the chemical applications of organosulfur compounds in organic synthesis are 

tremendous. The oxygen of the sulfinyl group has the ability to coordinate with different carbon 

ligands and metal ions, in addition to the stereoelectronic effects and the conformational 

stability of the sulfinyl group. Chiral sulfoximines and sulfoxides are easily accessible stable 

functional groups that have been used as ligands in stereoselective synthesis.[7–10] 
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A wide range of oxidation protocols of the organosulfur compounds has been developed 

enabling access to various sulfur-containing function groups. Generally, such oxidation 

processes can be performed using different oxidants such as peroxides,[11,12] photocatalytic 

processes,[8,13] or hypervalent iodine reagents.[14–16] Continuous flow processes have been 

investigated as well.[17] Despite these developments in organosulfur oxidation processes, most 

lack industrial interest owing to sustainability, scaling-up, and safety concerns. 

Recently, a resurgence of organic electrosynthesis has been observed in the context of modern 

synthesis.[18–22] As a sustainable tool, electricity can be used to perform oxidation and reduction 

processes in clean and often environmentally benign procedures by replacing chemical 

oxidants and reductants with inexpensive electricity.[23,24] Anodic oxidation of sulfur 

compound has been successfully applied through controlled potential electrolysis.[25] Noël and 

co-workers have reported the direct oxidation of thioethers to the corresponding sulfoxides or 

sulfones in the presence of supporting electrolytes under flow reaction conditions.[26] Yudin et 

al. reported a method for the amination of sulfoxides in batch electrolysis using a divided 

cell.[27] Potentiostatic anodic oxidation have been applied in these reactions. Generally, using 

a divided cell leads to increased cell potentials.[28] 

There has been significant growth in the field of electroorganic synthesis over the last few 

years. Electroorganic synthesis in a flow reactor is a highly useful tool to perform redox 

transformations, in a more proficient manner while overcoming some of the constraints such 

as low reaction rates, large current gradients, and low conductivity of organic solvents in batch 

electrolysis. In addition, there have been innovations in flow cells that have permitted selective 

and successful synthesis exploiting the usually high electrode surface-to-reactor volume ratio, 

which in turn translates to a higher mass transfer and higher productivity.[29–32] 
 

5.2. Results and discussion 

This chapter focuses on the diversification of organic sulfides via electrochemical oxidation 

under automated flow conditions (Scheme 5.1).  

 
Scheme 5.1. Flow electrochemical diversification of sulfides. 
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In the following sections our studies on the flow electrochemical oxidation of sulfides 5.1 to 

the corresponding sulfoxides 5.2, sulfones 5.3, and sulfoximines 5.4 will be discussed in detail.   
 

5.2.1. Electrochemical oxidation of sulfides to sulfoxides 

The electrochemical of thioanisol (5.1a) to the corresponding sulfonxide 5.2a was chosen as a 

model reaction for the process optimization using the Ion electrochemical flow cell -described 

previously- under galvanostatic operation. Various reaction parameters such as electrod 

materials, current, charge, solvent, supporting electrolyte and concentration were studied. 
  

5.2.1.1. Electrode screening 

Electrodes play a crucial role in efficiency and selectivity of electrochemical transformations. 

Hence, various electrode materials / combinations were studied to achieve efficient selective 

electrochemical oxidation of the model substrate, thioanisole (5.1a) to the corresponding 

sulfoxide 5.2a (Table 5.1). A solution of thioanisole (5.1a) in a mixture of acetonitrile and 

water (9:1, 0.1 M) was pumped through the ion electrochemical reactor at a flow rate of 0.2 

mL/min and electrolysed under constant current of 64 mA (2F). 

The results (Table 5.1) show that the conversion of thioanisole (5.1a) to the corresponding 

sulfoxide 5.2a proceeded smoothly with high conversion and selectivity in most cases. Using 

a pair of platinum electrodes led to the formation of the desired product 5.2a in 83% yield, 

along with the overoxidation product, sulfone 5.3a in 7% yield (Table 5.1, entry 1). Changing 

the cathode from Pt to the cheaper platinum on titanium electrode (Table 5.1, entry 2) led to 

the increase of the desired product 5.2a to 92% and reduction of the sulfone 5.3a to 3%. While 

changing the cathode from platinum to graphite led to 86% yield of sulfoxide 5.2a and 

increased amount (12%) of sulfone 5.3a (Table 5.1, entry 3). While reversing the polarity of 

the electrode pair used in entry 2 led to the selective formation of 5.2a (90%) without observing 

5.3a (Table 5.1, entry 4). Replacing the platinum electrodes with graphite (Gr) led to a further 

improvement of the reaction outcome, where sulfoxide 5.2a was formed selectively in 96% 

yield (Table 5.1, entry 5). Keeping graphite as anode and changing the cathode to platinum and 

then to iron led to slight improvement and the selective formation of 5.2a in 98% in both cases 

(Table 5.1, entries 6,7). The same result was also obtained when glassy carbon (GC) was used 

as working electrode with platinum as a counter electrode (Table 5.1, entry 8). Using a pair of 

stainless-steel electrodes (Table 5.1, entry 9) led to big reduction of the conversion of 5.1a to 

sulfoxide 5.2a, that was formed selectively, but in low yield (48%). Among the various electrode 
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pairs that gave excellent results, the cheap pair of graphite anode and stainless-steel cathode 

(Table 5.1, entry 7) was chosen as optimum and was used for studying the reaction further.  
 

Table 5.1. Electrochemical oxidation of thioanisole (5.1a) to sulfoxide 5.2a: Electrode screening. 

 

Entry Anode Cathode Yield% (5.2a)[a] Yield% (5.3a)[a] 

1 Pt Pt 83 7 

2 Pt Pt on Ti 92 3 

3 Pt Gr 86 12 

4 Pt on Ti Pt 90 0 

5 Gr Gr 96 0 

6 Gr Pt 98 0 

7 Gr SS 98 0 

8 GC Pt 98 0 

9 SS SS 48 0 

General Procedure: Ion reactor, FEP spacer (0.5 mm thickness; reactor volume: 600 µL; active electrode 

surface area: 12 cm2); [5.1a] =0.1 M, MeCN/H2O (9:1); flow rate = 0.2 mL/min; I = 64 mA (2.0 F); calculated 

residence time = 3.0 min. [a] Determine by 1H NMR with 1,3,5-trimethoxybenzene as internal standard. Gr 

= graphite; GC = glassy carbon, SS = stainless-steel. 
 

5.2.1.2. Solvent screening 

Although excellent results were obtained using a solvent mixture of acetonitrile/water (9:1), 

other solvent systems were also investigated. Using the conditions of entry 7 (Table 5.1), some 

other solvent systems were screened. The results (Table 5.2) showed that the initially used 

solvent system (MeCN/H2O, 9:1) gave the highest yield and selectivity of sulfoxide 5.2a (Table 

5.2, entry 1). However, replacing acetonitrile with methanol led to comparable outcome, albeit 

giving 5.2a in slightly lower yield (Table 5.2, entry 2). Using a mixture of acetonitrile, 

methanol, and water in an 8:1:1 ratio or 2:2:1 ratio led to reduction of the sulfoxide yield to 

88%, but without observing the formation of sulfone 5.3a (Table 5.2, entries 3,4). Using a 
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mixture of acetonitrile, HFIP, and water in 8:1:1 ratio (Table 5.2, entry 5) led to further 

reduction of the sulfoxide 5.2a yield to 84% and the formation of the sulfone 5.3a in 9% yield.  

Table 5.2. Electrochemical oxidation of thioanisole (5.1a) to sulfoxide 5.2a: Solvent screening. 

 

Entry Solvent Yield% (5.2a)[a] Yield% (5.3a)[a] 

1 MeCN-H2O (9:1) 98 0 

2 MeOH-H2O (9:1) 95 0 

3 MeCN-MeOH-H2O (8:1:1) 88 0 

4 MeCN-MeOH-H2O (2:2:1) 88 0 

5 MeCN-HFIP-H2O (8:1:1) 84 9 

General Procedure: Ion reactor, Anode = graphite, cathode = stainless-steel, FEP spacer (0.5 mm thickness; 

reactor volume: 600 µL; active electrode surface area: 12 cm2); [5.1a] =0.1 M; flow rate = 0.2 mL/min; I = 

64 mA (2.0 F); calculated residence time = 3.0 min. [a] Determine by 1H NMR with 1,3,5-trimethoxybenzene 

as internal standard. Gr = graphite; SS = stainless-steel. 
 

5.2.1.3. Flow rate screening 

To explore the reaction productivity, several flow rates were tested. The substrate solution (0.1 

M) MeCN/H2O (9:1) was pumped at various flow rates through the Ion electrochemical reactor 

equipped with graphite anode and stainless-steel cathode and passing a fixed charge of 2 F/mol 

in all cases.  The results (Table 5.3) showed that lowering the flow rate from 0.2 ml/min to 0.15 

mL/min and 0.1 mL/min i.e increasing the residence time didn’t impact the reaction outcome 

and sulfoxide 5.2a was formed in 98% yield in the three cases (Table 5.3, entries 1-3). On the 

other hand, increasing the flowrate above 0.2 mL/ min to 0.25 mL/min and 0.3 mL/min (Table 

5.3, entries 4,5) led to reuction of the sulfoxide yield to 92% and 89%, respectively. 
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Table 5.3. Electrochemical oxidation of thioanisole (5.1a) to sulfoxide 5.2a: Flow rate screening. 

 

Entry Flow rate (mL/min) Current (mA) Residence time (min) Yield% (5.2a)[a] 

1 0.1 32 (2.0 F) 6 98 

2 0.15 48 (2.0 F) 4 98 

3 0.2 64 (2.0 F) 3 98 

4 0.25 80 (2.0 F) 2.4 92 

5 0.3 96 (2.0 F) 2 89 

General Procedure: Ion reactor, Anode = graphite, cathode = stainless-steel, FEP spacer (0.5 mm thickness; 

reactor volume: 600 µL; active electrode surface area: 12 cm2); [5.1a] =0.1 M, MeCN-H2O (9:1); flow rate 

= 0.2 mL/min; Charge = 2.0 F/mol. [a] Determine by 1H NMR with 1,3,5-trimethoxybenzene as internal 

standard. Gr = graphite; SS = stainless-steel. 
 

5.2.1.4. Concentration screening 

Finally, attempts to increase the reaction productivity by increasing the substrate concentration 

were tested. Under the optimised conditions, electrolysing solutions of thioanisole (5.1a) at 

higher concentrations than the previously tested 0.1 M concentration led to reduction of the 

yield of product 5.2a (Table 5.4). 
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Table 5.4. Electrochemical oxidation of thioanisole (5.1a) to sulfoxide 5.2a: substrate concentration 

screening. 

 

Entry [5.1a] (M) Current (mA) Yield% (5.2a) Yield% (5.3a)[a] 

1 0.1 64 (2.0 F) 98 0 

2 0.15 96 (2.0 F) 89 6 

3 0.2 128 (2.0 F) 88 6 

General Procedure: Ion reactor, Anode = graphite, cathode = stainless-steel, FEP spacer (0.5 mm thickness; 

reactor volume: 600 µL; active electrode surface area: 12 cm2); MeCN-H2O (9:1); flow rate = 0.2 mL/min; 

Charge = 2.0 F/mol. [a] Determine by 1H NMR with 1,3,5-trimethoxybenzene as internal standard. Gr = 

graphite; SS = stainless-steel. 

Therefore, the optimum conditions for the selective electrochemical oxidation of the model 

substrate, thioanisole (5.1a) to the corresponding sulfoxide 5.2a are as follows: 

Anode: graphite, Cathode: stainless-steel, Solvent: MeCN-H2O (9:1), Substrate concentration: 

0.1 M, Flow rate: 0.2 mL/min, Calculated residence time: 3 min, Current: 64 mA (2.0 F).  
 

5.2.1.5.  Substrate scope 

Having the optimised reaction conditions in hand, the reaction scope was studied using a wide 

range of organic sulfide substrates. Varying the two groups attached to the sulfur in the 

substrates 5.1, 27 sulfoxide products were obtained in generally good to excellent yields 

ranging from 37% to 90% with average yield of 76%. At 1.5 mmol scale, thioanisole 5.1a was 

converted to the corresponding sulfoxide 5.2a that was isolated in 87% yield. Thioanisole 

derivatives 5.1b-p with different substituents in the aromatic moiety were easily oxidized to 

the corresponding sulfoxides 5.2b-p in high yields in most cases. All para-substituted 

substrates 5.1b-i were easily oxidised to the desired sulfoxides 5.2b-i in very good yield, >80% 

in all cases except the formyl and nitro derivatives 5.1h,i that led to the corresponding 

sulfoxides 5.2h,i  in 68% and 63%, respectively. Similar outcomes were obtained for meta- 

and ortho-substituted substrates 5.1j-o leading to the corresponding products 5.2j-o in high 

yields, except 2-iodothioanisole (5.1o) that gave the corresponding sulfoxide 5.2o in low yield 

(34%), which might be due to competitive anodic oxidation of the iodine substituent.[33,34] 

While the dichloro derivative 5.2p was formed in excellent yield (89%). Oxidation of the 
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heterocyclic pyridine analogue 5.1q under the same condition was also successful leading to 

the corresponding sulfoxide 5.2q in 73% yield. 

Furthermore, substrates containing other aliphatic groups attached to the sulfur 5.1r-u were 

also easily oxidized to the corresponding sulfoxides 5.2r-u in very good yields. Ethyl phenyl 

sulfide (5.1r) led to sulfoxide 5.2r in excellent yield (91%). The n-propyl, cyclopropyl, and 

allyl derivatives led to the corresponding products in 86%, 84%, and 67% yields, respectively. 

Ind addition, substrate 5.1v containing benzylic group, amenable to anodic oxidation,[35,36] 

underwent smooth oxidation to the corresponding sulfoxide in very good yield (78%). While 

diphenyl sulfide (5.1w) afforded sulfoxide 5.2w in 70% yield. 

In addition, the oxidation of cyclic sulfides was also satisfactory under the optimised reaction 

conditions. Substrate 5.1x lead to the corresponding cyclic sulfoxide 5.2x in relatively lower 

yield (47%), while the aliphatic cyclic substrate 5.1y and the heterocyclic sulfide 5.1z afforded 

the corresponding cyclic sufoxides 5.2y and 5.2z in better yields, 72% and 67%, respectively. 

Similarly, dibutyl sulfide 5.1aa was oxidized to the corresponding sulfoxide 5.2aa in 66% 

yield. 
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Conditions: Ion reactor, Anode = graphite, cathode = stainless-steel, FEP spacer (0.5 mm thickness; reactor 

volume: 600 µL; active electrode surface area: 12 cm2); [5.1] = 0.1 M, MeCN-H2O (9:1); flow rate = 0.2 

mL/min (75 min, 1.5 mmol); current = 64 mA (2.0 F/mol).  

Scheme 5.2. Substrate scope of selective flow electrochemical oxidation of sulfides 5.1 to sulfoxides 5.2. 
 

5.2.2. Electrochemical oxidation of sulfides to sulfones 

The formation of sulfone 5.3a was observed as a side product during the optimization of the 

flow electrochemical oxidation of thioanisole (5.1a) to the corresponding sulfoxide 5.2a. After 

achieving an efficient selective electrochemical oxidation of sulfides 5.1 to the corresponding 

sulfoxides 5.2 under flow conditions, the focus turned into modifying the optimized conditions 

to achieve selective electrochemical oxidation of the same substrates, sulfides 5.1 to the 

corresponding sulfones 5.3. 
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5.2.2.1. Effect of charge on the selectivity of the anodic oxidation of sulfides 

Based on the optimized conditions, screening of charge and electrodes to flip the oxidation 

selectivity towards the sulfone products was studied (Table 5.5). 

Table 5.5. Electrochemical oxidation of thioanisole (5.1a) to sulfone 5.3a. 

 

Entry Anode Cathode Current (mA) Yield% (5.2a)[a] Yield% (5.3a)[a] 

1 Gr Fe 64 (2.0 F) 98 0 

2 Gr Fe 128 (4.0 F) 27 73 

3 Pt Fe 128 (4.0 F) 40 58 

4 Pt Fe 160 (5.0 F) 11 87 

5 Pt Fe 192 (6.0 F) 12 87 

General Procedure: Ion reactor, FEP spacer (0.5 mm thickness; reactor volume: 600 µL; active electrode 

surface area: 12 cm2); [5.1a] =0.1 M, MeCN-H2O (9:1); flow rate = 0.2 mL/min; calculated residence time 

= 3.0 min. [a] Determine by 1H NMR with 1,3,5-trimethoxybenzene as internal standard. Gr = graphite; SS = 

stainless-steel. 

The results (Table 5.5) showed that doubling the current from 64 mA (Table 5.4, entry 1) to 128 

mA (4.0 F/mol) led to the formation of sulfone 5.3a as the major product with 73% yield along 

with 27% yield of sulfoxide 5.2a (Table 5.5, entry 2). Changing the working electrode from 

graphite to platinum, applying the same current (128 mA), reduced the reaction selectivity, where 

sulfone 5.3a and sulfoxide 5.2a were both formed in an approximately 1.5:1 ratio (Table 5.5, 

entry 3). Increasing the current from 128 mA to 160 mA, i.e., increasing the charge from 4 F/mol 

to 5 F/mol (Table 5.5, entry 4), led to improvement of the reaction selectivity, where the desired 

sulfone 5.3a was formed in 87% yield and the yield of sulfoxide 5.2a decreased to 11%. 

Increasing the charge further didn’t impact the reaction outcome (Table 5.5, entry 5). 

Therefore, the optimum conditions for the electrochemical oxidation of the model substrate, 

thioanisole (5.1a) to the corresponding sulfone 5.3a are as follows: 

Anode: platinum, Cathode: stainless-steel, Solvent: MeCN/H2O (9:1), Substrate concentration: 

0.1 M, Flow rate: 0.2 mL/min, Calculated residence time: 3 min, Current: 160 mA (5.0 F).  

5.1a

S S S+

O

5.2a 5.3a

O O
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5.2.2.2. Substrate scope 

Having the new set of conditions that favours the sulfone formation over sulfoxides, the reaction 

scope was studied using the same sulfide substrates used for studying the scope of the 

electrochemical oxidation of sulfides to sulfoxides discussed earlier (Scheme 5.2). Twenty-seven 

sulfone products 5.3 were obtained in generally good to high yields (Scheme 5.3), with an 

average yield of 57%, which is about 19% lower than the average yield obtained for the 

corresponding sulfoxide products 5.2 presented in Scheme 5.2. At 1.5 mmol scale, thioanisole 

5.1a was converted to the corresponding sulfone 5.3a in 81% yield. Thioanisole derivatives 5.1b-

p with different substituents in the aromatic moiety were easily oxidized to the corresponding 

sulfones 5.3b-p in good to high yields in most cases. All para-substituted substrates 5.1b-i were 

easily oxidised to the desired sulfones 5.3b-i in very good yields, in all cases except the formyl 

and nitro derivatives 5.1h,i that led to the corresponding sulfones 5.3h,i  in low yields, 35% and 

28%, respectively. Similar outcomes were obtained for meta- and ortho-substituted substrates 

5.1j-o leading to the corresponding products 5.3j-o in good yields, except 2-iodothioanisole 

(5.1o) that gave the corresponding sulfone 5.3o in low yield (15%), which might be due to 

competitive anodic oxidation of the iodine substituent.[33,34] While the dichloro derivative 5.3p 

was formed in good yield (60%). Oxidation of the heterocyclic pyridine analogue 5.1q resulted 

in the formation of the corresponding sulfone 5.3q in good yield (67%).  

Moreover, substrates containing different aliphatic groups attached to the sulfur, 5.1r-t were also 

easily oxidized to the corresponding sulfones 5.3r-t in very good yields. Ethyl phenyl sulfide (5.1r) 

led to sulfone 5.3r in 74% yield. The n-propyl and cyclopropyl derivatives led to the corresponding 

products in comparable yields, 72% and 71%, respectively. The allyl substituted substrate 5.1u 

was not well-tolerated under these conditions and led to the formation of the corresponding 

sulfone 5.3u in only 18% yield.  Also, substrate 5.1v containing benzylic group, amenable to 

anodic oxidation,[35,36] was not tolerated and the corresponding sulfone 5.3v was not obtained. 

While diphenyl sulfide (5.1w) was well-tolerated, leading to sulfone 5.3w in good yield (70%). 

Furthermore, the oxidation of cyclic sulfides was also satisfactory leading to the desired sulfone 

products in moderate yields. Substrate 5.1x afforded the corresponding cyclic sulfone 5.3x in 

48% yield. Similarly, the aliphatic cyclic sulfide 5.1y and the heterocyclic substrate 5.1z led to the 

corresponding cyclic sufones 5.3y and 5.3z in comparable yields, 51% and 48%, respectively. 

While dibutyl sulfide 5.1aa was oxidized to the corresponding sulfone 5.3aa in lower yield (34%). 
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Conditions: Ion reactor, Anode = platinum, cathode = stainless-steel, FEP spacer (0.5 mm thickness; reactor 

volume: 600 µL; active electrode surface area: 12 cm2); [5.1] = 0.1 M, MeCN-H2O (9:1); flow rate = 0.2 

mL/min (75 min, 1.5 mmol); current = 160 mA (5.0 F/mol).  

Scheme 5.3. Substrate scope of flow electrochemical oxidation of sulfides 5.1 to the corresponding sulfones 5.3. 
 

5.2.3. Electrochemical oxidation of sulfoxides to sulfoximines 

After developing two protocols for the selective electrochemical oxidation of sulfides to the 

corresponding sulfoxides and sulfones under flow condition, the anodic oxidation of sulfides 

to sulfoximines was attempted. Initial trials of direct convertion sulfides into sulfoximines by 

applying the two sets of optimized conditions, discussed above, were not successful and only 

sulfoxides and sulfones were obtained. Therefore, the transformation was then studied in more 
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detail using the sulfoxides 5.2 prepared electrochemically (Scheme 5.1) as the starting material 

instead of sulfides. 
 

5.2.3.1. Electrode screening 

A solution of sulfoxide (5.2a) in HFIP (0.05 M), cyanamide (5.5, 1.5 eauiv.) and Et4NCl (0.01 

M) in HFIP was pumped through the ion electrochemical reactor at a flow rate of 0.1 mL/min 

and electrolysed under constant current of 24 mA (3.0 F). 
 

Table 5.6. Electrochemical oxidation of sulfoxide (5.2a) to sulfoximine 5.4a: Electrode screening. 

 

Entry Anode Cathode Conversion% (5.4a)[a] 

1 Gr Pt NR 

2 Gr Gr NR 

3 Gr SS NR 

4 Pt Gr 8 

5 Pt Pt 25 

General Procedure: Ion reactor, FEP spacer (0.25 mm thickness; reactor volume: 300 µL; active electrode 

surface area: 12 cm2); [5.2a] = 0.05 M, NH2CN (0.075 M), Et4NCl (0.01 M) in HFIP; flow rate = 0.1 mL/min; 

I = 24 mA (3.0 F); calculated residence time = 3.0 min. [a] Determine by 1H NMR. Gr = graphite; SS = 

stainless-steel. HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol. NR = no reaction (starting material recovered). 

The results (Table 5.6) showed no reaction when graphite was used as anode with Pt, graphite 

or stainless-steel as cathode (Table 5.6, entries 1-3). Changing the anode material to platinum 

with graphite as cathode led to poor conversion (8%) of the starting material to the desired 

product (Table 5.6, entry 4). The conversion was improved to 25% using a pair of platinum 

electrodes (Table 5.6, entry 5). Hence, platinum anode and cathode were chosen for further 

optimization experiments. 
 

5.2.3.2. Solvent and supporting electrolyte screening 

Using a pair of platinum electrodes, applying the condition of entry 5 of table 5.7, the effect of 

solvent and supporting electrolytes on the reaction outcome was studied. 
 

5.2a
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Table 5.7. Electrochemical oxidation of sulfoxide (5.2a) to sulfoximine 5.4a: Solvent and supporting 

electrolyte screening. 

 

Entry Solvent Supporting Electrolyte Conversion% (5.4a)[a] 

1 HFIP Et4NCl 25 

2 TFE Et4NCl 6 

3 MeCN Et4NCl 18 

4 CHCl3 Et4NCl 11 

5 CH2Cl2 Et4NCl NR 

6 MeOH Et4NCl 4 

7 HFIP Et4NI NR 

8 HFIP Et4NBr NR 

9 HFIP nBu4NBr NR 

10 HFIP none 34 

General Procedure: Ion reactor, FEP spacer (0.25 mm thickness; reactor volume: 300 µL; active electrode 

surface area: 12 cm2); [5.2a] = 0.05 M, NH2CN (0.075 M), SE (0.01 M); flow rate = 0.1 mL/min; I = 24 mA 

(3.0 F); calculated residence time = 3.0 min. [a] Determine by 1H NMR. HFIP = 1,1,1,3,3,3-Hexafluoro-2-

propanol, TFE = 2,2,2-Trifluoroethanol. NR = no reaction (starting material recovered). 
 

The results (Table 5.7) showed that in the presence of Et4NCl as supporting electrolyte, none 

of the tested solvents, TFE, MeCN, CHCl3, DCM, or MeOH (Table 5.7, entries 2-7) gave better 

results than HFIP (Table 5.7, entry 1). Hence, HFIP was chosen as the reaction solvent for the 

coming experiments. Replacing Et4NCl with other supporting electrolytes (Table 5.7, entries 

7-9) led to no reaction at all. While running the reaction in HFIP without adding any supporting 

electrolyte led to improvement of the conversion to 34%. Therefore, the optimization process 

will continue using HFIP as a solvent in the absence of added electrolytes. 
 

5.2.3.3. Flow rate and charge screening 

Applying the condition of entry 10 of table 5.6, the effect of flow rate and passed charge on the 

reaction outcome was studied. 
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Table 5.8. Electrochemical oxidation of sulfoxide (5.2a) to sulfoximine 5.4a: Flow rate and charge screening. 

 

Entry Flow rate (mL/min) Current (mA) Charge (F/mol) Conversion%(5.4a)[a] 

1 0.1 24 3.0 34 

2 0.1 32 4.0 41 

3 0.1 48 6.0 63 

4 0.075 18 3.0 33 

5 0.075 24 4.0 48 

6 0.075 36 6.0 62 

7 0.15 36 3.0 33 

8 0.15 48 4.0 48 

9 0.15 72 6.0 68 

10 0.2 48 3.0 17 

11 0.2 64 4.0 42 

12 0.2 92 6.0 62 

General Procedure: Ion reactor, FEP spacer (0.25 mm thickness; reactor volume: 300 µL; active electrode 

surface area: 12 cm2); [5.2a] = 0.05 M and NH2CN (0.075 M) in HFIP; [a] Determine by 1H NMR. HFIP = 

1,1,1,3,3,3-Hexafluoro-2-propanol. 

The results (Table 5.8) showed that at flow rate of 0.1 mL/min increasing the passed charge 

from 3.0 to 4.0 to 6. F/mol led to improvement of the conversion from 34% to 41% to 63%, 

respectively (Table 5.8, entries 1-3). The same trend was observed with lower flow rate (0.075 

mL/min) and higher flow rates, 0.25 and 0.2 mL/min (Table 5.8, entries, 4-12). The height 

conversion (68%) was achieved at 0.15 mL/min, applying 6.0 F/mol (Table 5.8, entry 9). 

Increasing the substrate concentration to 0.1 M led to big increase of the cell voltage and 

maintaining constant current was not possible. 
 

Therefore, the optimum conditions for the electrochemical oxidation of the model substrate, 

sulfoxide 5.2a to the corresponding sulfoximine 5.4a are as follows: 
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Anode: platinum, Cathode: platinum, Solvent: HFIP, Substrate concentration: 0.05 M, Flow 

rate: 0.15 mL/min, Calculated residence time: 2 min, Current: 72 mA (6.0 F). 
 

5.2.3.4. Substrate scope 

Applying the optimized conditions (Table 5.8, entry 9), the reaction scope was studied using 

sulfoxide substrates 5.2 prepared earlier and presented in Scheme 5.2. The yields of the 

electrochemically generated sulfoximine 5.4 were generally moderate, with an average yield 

of 35%, for 18 products (Scheme 5.4). All the reactions were performed on 0.5 mmol scale. 

Sulfoxide 5.2a was converted to the corresponding sulfoximine 5.4a in 46% yield. All para- 

and meta-substituted substrates 5.2b-i produced the sulfoximines 5.4b-i in moderate yields, 

ranging between 32% and 48%. In contrast the ortho-substituted substrates 5.2j,k faild to react 

under these conditions and the corresponding products 5.4j,k were not formed, while the 

dichloro-derivative 5.4l was formed in 29% yield. 

In addition, substrates containing different aliphatic groups attached to the sulfur, 5.2n-p were 

oxidized to the corresponding sulfoximine 5.4n-p in moderate yields (38%-43%). Diphenyl 

sulfoxide (5.2q) was converted to the corresponding sulfoximine 5.4q in 29% yield. The cyclic 

sulfoximine 5.4r was obtained in satisfactory yield (52%). 
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Conditions: Ion reactor, Anode = platinum, cathode = platinum, FEP spacer (0.25 mm thickness; reactor 

volume: 300 µL; active electrode surface area: 12 cm2); [5.2] = 0.05 M and NH2CN (0.075 M) in HFIP; 

flow rate = 0.15 mL/min (66.7 min, 0.5 mmol); current = 72 mA (6.0 F/mol).  

Scheme 5.4. Substrate scope of flow electrochemical oxidation of sulfoxides 5.2 to the corresponding 

sulfoximines 5.4. 
 

In addition, some of the prepared N-cyanosulfoximines 5.4 were converted to the 

corresponding NH-sulfoximine 5.6 upon treatment with trifluoroactic acid anhydride (TFAA) 

(Scheme 5.5). 
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Scheme 5.5 Conversion of N-cyanosulfoximines 5.4 to NH-sulfoximine 5.6. 

 

As mentioned earlier, attempts to convert sulfides 5.1 directly to sulfoximines 5.4 were not 

successful, and sulfoxides 5.2 were used as substrates for this transformation, an attempt has 

been made to achieve the oxidation of sulfides into sulfoximines in two connected flow 

electrochemical steps in a coupled flow/flow manner. With this setup (Scheme 5.6), initial 

promising result was obtained, where thioanisole (5.1a) was converted to the corresponding 

sulfoximine 5.4a in 26% yield.    
 

 
Scheme 5.6 Conversion of thioanisole (5.1a) to the corresponding sulfoximine 5.4a in a coupled flow/flow 

setup. 
 

5.2.4. Reaction mechanism 

To explore the reaction mechanism, the electrochemical oxidation of 5.1a was carried out in 

the absence of water with the addition of Bu4NBF4 as added electrolyte. This experiment failed 

to produce sulfoxide 5.2a and the starting material remained unreacted, showing the crucial 

role of water in this process. Also, the oxidation of thioanisol (5.1a) in was conducted the 

presence of H218O under the same reaction conditions. The sulfoxide product contained 18O 

which was confirmed by HRMS analysis, proving that the oxygen in water is the oxygen 

source, not the dissolved oxygen gas. 

Additionally, cyclic voltammetry studies of sulfide 5.1a and sulfoxide 5.2a in acetonitrile and 

HFIP were measured to obtain insight into the reaction mechanism in various solutions. Two 

electron oxidation peaks of thioanisol (5.1a) were observed in acetonitrile at Ep = 1.57 V and 
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Ep = 1.9 V (Figure 5.2a, yellow line), while there was only one apparent oxidation peak for 

sulfoxide 5.2a at Ep = 2.05 V (Figure 5.2a, blue line). Also, the cyclic voltammetry of sulfoxide 

5.2a in HFIP showed one oxidation peak at Ep = 2.1 V (Figure 5.2b, orange line), while there 

was no oxidation peak for cyanamide 5.4 (Figure 5.2b, gray line). 

a 

 

b 

 
 

Figure 5.2. Cyclic voltammetry (CV) studies of thioanisol (5.1a) (yellow line) and sulfoxide 5.2a (blue line) 

in MeCN (a). Sulfoxide 5.2a (orange line) and cyanamide 5.4 (gray line) in HFIP (b). GC carbon disk 

working electrode (immersed surface area: 3 mm2), Pt counter electrode (immersed surface area: 1.2 mm2), 

Ag/0.01 M AgCl refence electrode, 20 mV s–1. 
 

Based on our initial studies and according to various literature reports on oxygenation of 

sulfides,[37–39] a plausible mechanism is proposed (Scheme 5.7). Intially, sulfides 5.1 anodically 

oxidized to produce radical cation intermediate I, that reacts with hydroxide ions (OH–) 

generated from reduction of water, producing sulfoxides 5.2. Subsequently, the sulfoxide 5.2 

undergoes a similar transformation to produce sulfones 5.3 via intermediate II, that can lead 

also to N-cyanosulfoximines 5.4 upon reaction with react with cyanamide 5.5. Ultimately, 

protons generated in this process are reduced to hydrogen at the cathode. 
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Scheme 5.7 Proposed mechanism for anodic oxidation of sulfides to the corresponding sulfoxides, sulfones, 

and sulfoximines. 
 

5.3. Conclusions and outlook 

In conclusion, electrochemical flow protocols for the diversification of organic to sulfoxides, 

sulfones and sulfoximines via anodic oxidation have been developed. A broad range of 

sulfoxides (27 examples), sulfones (26 examples), and N-cyanosulfoximines (16 examples) 

were synthesized in moderate to excellent yields using an automated electrochemical flow 

system in the absence of added electrolytes. Depending on the charge passed, the selectivity of 

the oxidation of sulfides can be controlled to achieve sulfoxides or sulfones using the same 

protocol in very good yields. Direct oxidation of sulfides to sulfoximines was not successful 

but using the electrochemically prepared sulfoxides in the presence of cyanamide led to 

successful transformation to the desired sulfoximines in moderate yields. 

Although the developed protocols for sulfoxides and sulfones are selective and high yielding, 

the protocol to sulfoximines needs improvements. Which could be done by using Design of 

Experiment (DoE) approach for better exploration of the chemical space and finding good 

balance between the various reaction parameters to achieve better efficiency. In addition, the 

initial results of the electrochemical oxidation of sulfides to sulfoximines through a coupled 

flow/flow setup is promising, but more work is needed for better integration of the two steps 

in one connected protocol.  
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6.1.  General methods 

 

The reactions were performed using standard laboratory equipment. In all the reactions, 

standard reagent grade solvents and chemicals from Sigma Aldrich, Alfa Aesar, Acros Organic 

and FluoroChem were used without further purification, unless otherwise specified. All air 

sensitive reactions were carried out under argon or nitrogen atmosphere using oven dried 

glassware. All reactions were stirred using a stirrer plate and a magnetic stirrer bar and heating 

if necessary over a hotplate with a temperature probe control and adapted heating block. Lower 

temperatures were achieved using ice/water bath (0 ºC) or dry ice/acetone bath (-78 ºC). Dry 

ether and THF were collected from a solvent purification system (SPS) from the company 

MBRAUN (MB SPS-800). Dry CH2Cl2 was distilled over calcium hydride under nitrogen 

atmosphere. Büchi rotavapors were used for solvent evaporations (reduced pressure up to 8 

mbar) and a high vacuum apparatus was used to further dry the products. 
 

Thin-layer chromatography (TLC) was performed on pre-coated aluminium sheets of Merck 

silica gel 60 F254 (0.20 mm) and visualised by UV radiation (254 nm). Automated column 

chromatography was performed on a Biotage® Isolera Four using Biotage® cartridges SNAP 

Ultra 10 g, SNAP Ultra 25 g, SNAP Ultra 50 g, SNAP Ultra 100 g, Telos® 12 g and Telos® 20 

g. The solvents used for the purification are indicated in the text and were purchased from 

Fischer Scientific as laboratory grade. 
 

 1H NMR and 13C NMR spectra were measured on Bruker DPX 300, 400 or 500 apparatus and 

were referenced to the residual proton solvent peak (1H: CDCl3, δ 7.26 ppm; DMSO-d6, δ 2.54 

ppm) and solvent 13C signal (CDCl3, δ 77.2 ppm, DMSO-d6, δ 39.5 ppm). Chemical shifts δ 

were reported in ppm downfield of tetramethylsilane (δ = 0 ppm), multiplicity of the signals 

was declared as followed: s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, sex = 

sextet, hep = septet, dd = doublet of doublets, m = multiplet, b = broad; and coupling constants 

(J) in Hertz. 
 

Mass spectrometric measurements were performed by R. Jenkins, R. Hick, T. Williams and S. 

Waller at Cardiff University on a Water LCR Premier XEtof. Ions were generated by the 

Atmospheric Pressure Ionisation Techniques (APCI), Electrospray (ESI), Electron Ionisation 

(EI) or Nanospray Ionisation (NSI). The molecular ion peak values quoted for either molecular 

ion [M]+, molecular ion plus hydrogen [M+H]+ or molecular ion plus sodium [M+Na]+  
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IR spectra were recorded on a Shimadzu FTIR Affinity-1S apparatus. Wavenumbers are quoted 

in cm–1. All compounds were measured neat directly on the crystal of the IR machine. Melting 

points were measured using a Gallenkamp variable heater with samples in open capillary tubes.  
 

X-Ray crystallographic studies were carried out at the X-Ray Crystallography Service at 

Cardiff University. The data were collected on an Agilent SuperNova Dual Atlas 

diffractometer with a mirror monochromator, equipped with an Oxford cryosystems cooling 

apparatus. Crystal structures were solved and refined using SHELX. Non-hydrogen atoms were 

refined with anisotropic displacement parameters. Hydrogen atoms were inserted in idealised 

positions. The structure was solved by a direct method and refined by a full matrix least-squares 

procedure on F2 for all reflections (SHELXL-97). 
 

In the flow set-ups, the syringe pumps that were used were KR Analytical Ltd Fusion 200 

syringe pumps and FEP tubing (OD: 1/16”, ID: 0.2–1 mm). The electrochemical reactions were 

carried out in galvanostatic mode using a Vapourtec Ion Electrochemical flow reactor[1] 

powered up by an Ion reaction controller, GWINSTEK GPR-30H10D or Aim-tti bench power 

supply. The cyclic voltammogram studies were performed in an Orygalys OGF500 

Potentiostat/ Galvanostat with OGFPWR power supply. The electrode materials were 

purchased from Vapourtec and goodfellow suppliers. 
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6.2. Automated flow and electrochemical reactor setup: 
 

 
Figure 6.1. Actual flow set-up of the Ion electrochemical reactor combined with an R4-Series 

Vapourtec system. 
 

The automated flow system consists of: 

a) Display        h) 4 sample loops  

b) Pressure, flow rate and temperature display.    i) Ion electrochemical reactor. 

c) Cooling system.      j) Reactor heating system. 

d) Solvents or reagents bottle.    k) Ion potentiostat.  

e) Waste bottle.      l) Autosampler pump.  

f) 2 HPLC pumps.      m) Autosampler. 

g) 2 V-3 pumps.      n) loading and collection racks. 
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Ion electrochemical reactor 
 

The undivided electrochemical flow cell developed by Vapourtec Ltd was used to carry out the 

electrochemical transformation (Figure 6.2). The body of the microreactor consists of two 

stainless steel parts (a), each part can accommodate a (50 mm x 50 mm) electrode (b), the two 

electrodes are separated by a 500 µm fluorinated ethylene propylene (FEP) spacer (c) and 

clamp to tighten the reactor (d). 

 
Figure 6.2. Ion electrochemical reactor. 

 

 

  

a b c 

d 
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6.3. Experimental Data for Chapter 2: 

Electrochemical Alkoxylation of N-Formylpyrrolidine in a Flow Cell 
 

6.3.1. Synthesis of N,O-acetals 
 

6.3.1.1.  Monoalkoxylation of N-Formylpyrrolidine  
 

General Procedure 1 (GP1): 

 
 

A solution of 3.54 (0.1 M, 60 mL) in MeOH containing Et4NBF4 (0.05 M); with alcohol (EtOH, 

PrOH, BuOH and PentOH) was sonicated prior to the electrolysis to ensure complete 

dissolution. Two microreactors were connected and the aforementioned solution was pumped 

at 0.5 mL/min using a syringe pump or the Vapourtec E series, applying a constant current of 

160 mA on each reactor. The first 5 mL were discarded, then the reaction mixture was collected 

for 110 min (55 mL). The alcohol was removed under reduced pressure, and the crude product 

was washed with water (50 mL) to remove the supporting electrolyte and extracted with 

CH2Cl2 (3 x 30 mL). The organic layers were combined, dried over anhydrous MgSO4, filtered, 

evaporated and dried under high vacuum. The residue was chromatographed through silica gel 

eluting with hexane / ethyl acetate. 
 

2-Methoxypyrrolidine-1-carbaldehyde (3.55a): 

 
Compound 3.55a was synthesized following GP1, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (629 mg, 89%), chromatography: hexane/ ethyl 

acetate (1:1). NMR spectra show a mixture of rotamers (∼ 5:1).  
1H NMR (400 MHz, CDCl3): δ = 8.40maj and 8.29min (s, 1H), 5.37min and 4.92maj (d, J = 4.8 Hz, 

1H), 3.58 − 3.40 (m, 2H), 3.38min and 3.26maj (s, 3H), 2.13 − 1.79 (m, 4H) ppm. 13C NMR (101 

MHz, CDCl3): δ = 162.6min and 161.4maj, 89.7maj and 85.5min, 56.6min and 54.4maj, 45.2min and 

42.7maj, 31.9min and 31.8maj, 22.1min and 21.4maj ppm. The spectroscopic data are in agreement 

with the literature.[2]  
 

X N CHO
X N CHO

OR

3.54 3.55
in ROH

( )n ( )n

N CHO

OMe
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2-Ethoxypyrrolidine-1-carbaldehyde (3.55b): 

 
Compound 3.55b was synthesized following GP1, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (609 mg, 77%), chromatography: hexane/ ethyl 

acetate (1:1). NMR spectra show a mixture of rotamers (∼ 5:1).  
1H NMR (400 MHz, CDCl3): δ = 8.38maj (s, 1H), 8.26min (s, 1H), 5.46min (d, J = 3.4 Hz, 1H), 

5.03maj (d, J = 4.8 Hz, 1H), 3.66 – 3.25 (m, 4H), 2.24 – 1.68 (m, 4H), 1.35 – 1.06 (m, 3H) ppm. 
13C NMR (101 MHz, CDCl3): δ = 162.8min, 161.7maj, 88.3maj, 84.1min, 64.5min, 62.5maj, 45.2min, 

42.7maj, 32.2min, 32.2maj, 22.2min, 21.5maj, 15.4min, 15.1maj ppm; IR (neat): 2976, 2885, 1666, 

1386, 1066 cm–1; HRMS (ESI): m/z calcd for C7H13NO2+: 143.0946; found: 143.0954. 
 

2-Propoxypyrrolidine-1-carbaldehyde (3.55c): 

 
Compound 3.55c was synthesized following GP1, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (553 mg, 64%), chromatography: hexane/ ethyl 

acetate (1:1). NMR spectra show a mixture of rotamers (∼ 5:1).  
1H NMR (500 MHz, CDCl3): δ = 8.37maj, 8.25min (s, 1H), 5.44min and 5.00maj (d, J = 4.7 Hz, 

1H), 3.61– 3.18 (m, 4H), 2.28 – 1.69 (m, 4H), 1.69 – 1.34 (m, 2H), 0.88 (q, J = 7.9 Hz, 3H) 

ppm; 13C NMR (126 MHz, CDCl3): δ = 162.42min and 161.34maj, 88.37maj and 84.22min, 70.70min 

and 68.68maj, 45.12min and 42.62maj, 32.11min and 32.08maj, 23.05min and 22.78maj, 22.19min and 

21.47maj, 13.65min and 10.66maj ppm; IR (neat): 2962, 2877, 1668, 1386, 1074 cm–1; HRMS 

(ESI): m/z calcd for C8H16NO2+: 158.1176; found: 158.1181. 
 

2-Butoxypyrrolidine-1-carbaldehyde (3.55d): 

 
Compound 3.55d was synthesized following GP1, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (457 mg, 48%), chromatography: hexane/ ethyl 

acetate (1:1).  
1H NMR (400 MHz, CDCl3): δ = 8.38maj and 8.26min (s, 1H), 5.43min and 5.00maj (d, J = 4.8 Hz, 

1H), 3.62 – 3.35 (m, 4H), 3.27 (dt, J = 8.8, 6.5 Hz, 1H), 2.20 – 1.75 (m, 4H), 1.68 – 1.41 (m, 

N CHO

OEt

N CHO

OPr

N CHO

OBu
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2H), 1.36 – 1.22 (m, 2H), 0.99 – 0.65 (m, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 

162.4min, 161.4maj, 88.4maj, 84.2min, 68.8min, 66.8maj, 45.1min, 42.6maj, 32.11maj, 31.9min, 31.5maj, 

22.2min, 21.5maj, 19.4, 14.0min, 13.9maj ppm. IR (neat): 2956, 2872, 1670, 1384, 1076 cm–1; 

HRMS (ESI): m/z calcd for C9H18NO2+: 172.1332; found: 172.1338. 
 

2-(Pentyloxy)pyrrolidine-1-carbaldehyde (3.55e): 

 
Compound 3.55e was synthesized following GP1, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (431 mg, 42%), chromatography: hexane/ ethyl 

acetate (1:1).  
1H NMR (400 MHz, CDCl3): δ = 8.38maj and 8.26min (s, 1H), 5.45min – 5.0maj (d, J = 4.8 Hz, 

1H), 3.62 – 3.35 (m, 3H), 3.27 (dt, J = 8.8, 6.5 Hz, 1H), 2.20 – 1.75 (m, 4H), 1.60 – 1.46 (m, 

3H), 1.34 – 1.20 (m, 4H), 0.91 – 0.83 (m, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 162.4min, 

161.4maj, 88.4maj, 84.2min, 77.80, 69.1min, 67.45maj, 45.1min, 42.6maj, 32.14min, 32.11maj, 29.5min, 

29.2maj, 28.4maj, 22.6min, 22.5maj, 22.2min, 21.5maj, 14.15min, 14.11maj ppm. IR (neat): 2954, 2860, 

1670, 1384, 1076 cm– 1; HRMS (ESI): m/z calcd for C10H20NO2+: 186.1493; found: 186.1494. 
 

3-Methoxymorpholine-4-carbaldehyde (3.55f): 

 
Compound 3.55f was synthesized following GP1, using N-formylmorpholine (633 mg, 5.5 

mmol) to give the product as a colorless oil (534 mg, 67%), chromatography: hexane/ ethyl 

acetate (1:1).  

trans-Atropisomer (70%): 1H NMR (500 MHz, CDCl3): δ = 8.19 (s, 1H), 4.46 (s, 1H), 4.0 (dd, 

J = 11.6, 3.4 Hz, 1H), 3.90–4.12 (m, 2H), 3.41–3.63 (m, 2H), 3.27 (s, 3H), 3.14 (td, J = 12.8, 

3.9 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ = 161.2, 83.4, 70.0. 66.2, 54.6, 36.5 ppm. cis-

Atropisomer (30%): 1H NMR (500 MHz, CDCl3): δ = 8.18 (s, 1H), 5.31 (m, 1H), 3.90– 4.12 

(m, 2H), 3.60–3.65 (m, 1H), 3.41–3.63 (m, 2H), 3.33 (s, 3H) ppm. 13C NMR (126 MHz, 

CDCl3): δ = 162.2, 77.0, 69.4, 67.0, 55.8, 41.6 ppm. IR (neat): 2943, 2885, 1664, 1415, 1064, 

1033 cm–1. The spectral data are in agreement with the literature.[3] 
 

6.3.1.2. Dialkoxylation of N-Formylpyrrolidine 
 

General Procedure 2 (GP 2): 
 

N CHO

OPent

O N CHO

OMe



Nasser Amri                                                                                  Chapter 6: Experimental Part 
  
 

 170 

 
 

 

A solution of 3.54a (0.1 M, 60 mL) in MeOH containing Et4NBF4 (0.05 M); with alcohol 

(EtOH, PrOH, BuOH and PentOH) was sonicated prior to the electrolysis to ensure complete 

dissolution. The aforementioned solution was pumped through one microreactor at 0.5 mL 

min−1 using a syringe pump or the Vapourtec E series, applying a constant current of 640 mA. 

The first 5 mL were discarded, then the reaction mixture was collected for 110 min (55 mL). 

MeOH was removed under reduced pressure, and the crude product was washed with water 

(50 mL) to remove the supporting electrolyte and extracted with CH2Cl2 (3 x 30 mL). The 

organic layers were combined, dried over anhydrous MgSO4, filtered, evaporated and dried 

under high vacuum. The residue was chromatographed through silica gel eluting with hexane 

/ ethyl acetate. 
 

2,5-Dimethoxypyrrolidine-1-carbaldehyde (3.56a): 

 
Compound 3.56a was synthesized following GP2, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (723 mg, 83%), chromatography: hexane/ ethyl 

acetate (2:3).  

NMR spectra show a mixture of rotamers. 1H NMR (500 MHz, CDCl3): δ = 8.49min and 8.40maj 

(s, 1H), 5.40maj and 5.30min (d, J = 3.1 Hz, 1H), 5.00maj and 4.97min (d, J = 5.4 Hz, 1H), 3.41maj 

and 3.39min (s, 3H), 3.30maj, 3.29min (s, 3H), 2.15 – 1.80 (m, 4H) ppm; 13C NMR (126 MHz, 

CDCl3): δ = 162.9, 162.8, 90.6, 89.5, 86.4, 86.3, 57.1, 56.8, 54.7, 54.2, 30.4, 30.0, 28.9, 28.3 

ppm; IR (neat): 2987, 2833, 1681, 1363, 1076 cm–1. The spectroscopic data are in agreement 

with the literature.[4] 
 

2,5-Diethoxypyrrolidine-1-carbaldehyde (3.56b): 

 

N CHO

3.54a

N CHO

OMe

OMe

3.56

in ROH

N CHO

OMe

OMe

N CHO

OEt

OEt
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Compound 3.56b was synthesized following GP2, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (527 mg, 51%), chromatography: hexane/ ethyl 

acetate (1:1).  
1H NMR (500 MHz, CDCl3): δ = 8.48min and 8.38maj (s, 1H), 5.65 – 5.36 (m, 1H), 5.08 (dd, J 

= 13.0, 5.5 Hz, 1H), 3.75 – 3.51 (m, 3H), 3.46 – 3.31 (m, 1H), 2.21 – 1.86 (m, 4H), 1.27 – 1.13 

(m, 6H) ppm. 13C NMR (126 MHz, CDCl3): δ = 162.8, 89.2, 84.7, 64.5, 62.0, 30.8, 30.2, 15.4, 

15.1 ppm. 
 

2,5-Dipropoxypyrrolidine-1-carbaldehyde (3.56c): 

 
Compound 3.56c was synthesized following GP2, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (413 mg, 35%), chromatography: hexane/ ethyl 

acetate (1:1).  
1H NMR (500 MHz, CDCl3): δ = 8.37 (s, 1H), 5.46 (d, J = 2.7 Hz, 1H), 5.08 (d, J = 5.4 Hz, 

1H), 3.58 – 3.48 (m, 2H), 3.44 (q, J = 7.4 Hz, 1H), 3.27 (q, J = 7.4 Hz, 1H), 2.15 – 1.91 (m, 

4H), 1.65 – 1.49 (m, 4H), 0.94 – 0.82 (m, 6H) ppm. 13C NMR (126 MHz, CDCl3): δ = 162.8, 

89.3, 84.9, 70.7, 68.2, 30.8, 30.1, 23.0, 22.8, 10.74, 10.72 ppm; IR (neat): 2960, 2875, 1683, 

1367, 1072 cm–1; HRMS (ESI): m/z calcd for C11H21NO3+: 215.1521; found: 215.1521. 
 

2,5-Dibutoxypyrrolidine-1-carbaldehyde (3.56d): 

 
Compound 3.56d was synthesized following GP1, using N-formylpyrrolidine 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (364 mg, 27%), chromatography; hexane/ ethyl 

acetate (1:1).  
1H NMR (400 MHz, CDCl3): δ = 8.38 (s, 1H), 5.47 (m, 1H), 5.08 (dd, J = 5.5, 2.5 Hz, 1H), 

3.65 – 3.43 (m, 3H), 3.35 – 3.27 (m, 1H), 2.25 – 1.91 (m, 4H), 1.54 (ddd, J = 21.9, 10.8, 6.6 

Hz, 4H), 1.42 – 1.28 (m, 4H), 0.90 (dt, J = 13.6, 6.8 Hz, 6H) ppm.13C NMR (101 MHz, CDCl3): 

δ = 162.8, 89.3, 84.8, 68.8, 66.3, 31.9, 31.6, 30.7, 30.1, 19.48, 19.45, 14.0, 13.9 ppm. IR (neat): 

2962, 2877, 1668, 1386, 1074 cm– 1; HRMS (ESI): m/z calcd for C13H26NO3+: 244.1913; found: 

244.1913. 

N CHO
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2,5-Pis(pentyloxy)pyrrolidine-1-carbaldehyde (3.56e): 

 
Compound 3.56e was synthesized following GP1, using N-formylpyrrolidinec 3.54a (545 mg, 

5.5 mmol) to give the product as a colorless oil (342 mg, 22%), chromatography: hexane/ ethyl 

acetate (1:1).  
1H NMR (400 MHz, CDCl3): δ = 8.37 (s, 1H), 5.49 – 5.42 (m, 1H), 5.07 (dd, J = 5.6, 2.5 Hz, 

1H), 3.65 – 3.40 (m, 3H), 3.34 – 3.24 (m, 1H), 2.15 – 1.94 (m, 4H), 1.54 (ddd, J = 21.1, 14.0, 

6.9 Hz, 4H), 1.37 – 1.21 (m, 8H), 0.92 – 0.81 (m, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ = 

162.8, 89.3, 84.8, 68.8, 66.3, 31.9, 31.6, 30.7, 30.1, 29.5, 29.2, 28.4, 22.6, 22.5, 14.13, 14.10 

ppm. IR (neat): 2954, 2860, 1685, 1379, 1087 cm–1; HRMS (ESI): m/z calcd for C15H30NO3 +: 

271.2174; found: 272.2226. 
 

General Procedure 3 (GP 3): Divided flow cell 

The anolyte solution of 3.54a (0.1 M, 60 mL) in MeOH containing Et4NBF4 (0.05 M) and the 

catholyte solution, MeOH (60 mL) containing Et4NBF4 (0.05 M) were sonicated prior to the 

electrolysis to ensure complete dissolution. The aforementioned solutions were pumped 

through one microreactor divided by Nafion membrane (Nafionâ N-324 membrane, 0.15 mm 

thick, Teflonâ fabric reinforced Rf[OCF2(CF3)2]nOCF2SO3H) at 0.5 mL min−1 each using 

syringe pump or the Vapourtec E series, applying a constant current of 160 mA. The first 5 mL 

were discarded, then the reaction mixture was collected for 110 min (55 mL). MeOH was 

removed under reduced pressure, and the crude product was washed with water (50 mL) to 

remove the supporting electrolyte and extracted with CH2Cl2 (3 x 30 mL). The organic layers 

were combined, dried over anhydrous MgSO4, filtered, evaporated and dried under high 

vacuum. The residue was chromatographed through silica gel eluting with hexane / ethyl 

acetate to afford 3.55a. 
 

Procedure 4 (GP4): Batch reaction 

A solution of 3.54a (0.1 M, 60 mL) in MeOH containing Et4NBF4 (0.05 M) was sonicated prior 

to the electrolysis to ensure complete dissolution. The solution was electrolyzed (304 stainless 

steel cathode and graphite anode, both 1.0 cm2) stirred and electrolyzed for 160 min, applying 

a constant current of 10 mA. Then the reaction mixture of 3.54a and 3.55a was analyzed using 

GC to determine the conversion. 
 

N CHO

OPent

OPent
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6.4. Experimental Data for Chapter 3: 
  

Electrochemical Selenofunctionalization of Alkenes 
 

6.4.1. Oxyselenenylations of alkenes 
 

General procedure 5 (GP 5): 
 

 
 

The electrolysis was performed in an undivided cell using a Vapourtec Ion Electrochemical 

Flow Reactor (reactor volume = 0.6 mL, spacer 0.5 mm) using a Graphite (Gr) electrode as the 

anode and a platinum (Pt) electrode as the cathode (active surface area: 2 x 12 cm2). A solution 

of alkene (0.15 M in CH3CN) placed in vial A and mixture of diphenyl diselenide (0.05 M), 

alcohol (30 equiv) and TBAI (0.0075 M) in CH3CN was placed in vial B. Each solution was 

injected into an 8 mL sample loop. After that, the reactor temperature was set at 25 ºC with the 

flow rate 0.6 mLmin-1 and the current was set at 192 mA to turn on automatically. Then, both 

solutions were pumped into a PTFE coil (1 mm internal diameter) and mixed via a T-piece 

connected to a 30 cm PTFE coil before the inlet of the electrochemical rector. After reaching 

a steady state, the solution (12 mL) was collected automatically into a collection glass vial. The 

solvent was removed under vacuum. The crude product was purified by column 

chromatography (EtOAc/hexane). 
 

(2-Methoxy-2-phenylethyl)(phenyl)selane (3.55): 

 

Compound 3.55 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 165 mg (95% yield). 
1H NMR (500 MHz, CDCl3): δ = 7.50 – 7.45 (m, 2H), 7.38 – 7.29 (m, 5H), 7.26 – 7.22 (m, 

3H), 4.35 (dd, J = 8.4, 5.0 Hz, 1H), 3.33 (dd, J = 12.3, 8.4 Hz, 1H), 3.25 (s, 3H), 3.11 (dd, J = 

12.3, 5.0 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 141.0, 132.7, 130.8, 129.2, 128.7, 

128.2, 126.9, 126.8, 83.3, 57.2, 35.5 ppm. The spectroscopic data are in agreement with the 

literature.[5] 
 

anode: Gr, cathode: Pt
192 mA, volume: 0.6 mL
flow rate: 0.6 mL min–1, 25 ºC

alkene (1.5 equiv.)
MeOH (30 equiv.)
(PhSe)2 (0.05M)
Bu4NI (7.5 mM)

SePh
OMe

R1

R2

O
Se



Nasser Amri                                                                                  Chapter 6: Experimental Part 
  
 

 174 

(2-Methoxy-2-(p-tolyl)ethyl)(phenyl)selane (3.56): 

 

Compound 3.56 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 167 mg (91% yield). 

1H NMR (400 MHz, CDCl3): δ = 7.49 – 7.44 (m, 2H), 7.26 – 7.14 (m, 7H), 4.33 (dd, J = 8.4, 

5.1 Hz, 1H), 3.33 (dd, J = 12.2, 8.4 Hz, 1H), 3.24 (s, 3H), 3.10 (dd, J = 12.2, 5.1 Hz, 1H), 2.36 

(s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 137.7, 132.6, 130.9, 129.4, 129.1, 126.9, 126.8, 

83.1, 57.0, 35.5, 21.3 ppm. The spectroscopic data are in agreement with the literature.[6] 
 

(2-(4-(tert-Butyl)phenyl)-2-methoxyethyl)(phenyl)selane (3.57): 

 

Compound 3.57 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (20:1) to obtain 184 mg (88% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.51 – 7.43 (m, 2H), 7.40 – 7.38 (m, 2H), 7.26 – 7.18 (m, 

5H), 4.35 (dd, J = 8.5, 4.9 Hz, 1H), 3.33 (dd, J = 12.3, 8.5 Hz, 1H), 3.25 (s, 3H), 3.11 (dd, J = 

12.3, 4.9 Hz, 1H), 1.32 (s, 9H) ppm. 13C NMR (126 MHz, CDCl3): δ = 151.2, 138.0, 132.7, 

130.9, 129.1, 126.9, 126.5, 125.5, 83.3, 57.2, 35.5, 34.7, 31.6 ppm. The spectroscopic data are 

in agreement with the literature.[7] 
 

(2-Methoxy-2-(4-methoxyphenyl)ethyl)(phenyl)selane (3.58): 

 

Compound 3.58 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 122 mg (63% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.49 – 7.43 (m, 2H), 7.26 – 7.20 (m, 5H), 6.89 – 6.82 (m, 

2H), 4.31 (dd, J = 8.2, 5.3 Hz, 1H), 3.81 (s, 3H), 3.33 (dd, J = 12.2, 8.3 Hz, 1H), 3.22 (s, 3H), 

3.09 (dd, J = 12.2, 5.3 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 159.6, 133.0, 132.6, 

O
Se

O
Se

tBu

O
Se

O



Nasser Amri                                                                                  Chapter 6: Experimental Part 
  
 

 175 

130.9, 129.1, 128.0, 126.9, 114.0, 82.8, 56.9, 55.4, 35.5 ppm. The spectroscopic data are in 

agreement with the literature.[6] 
 

(2-(4-Fluorophenyl)-2-methoxyethyl)(phenyl)selane (3.59): 

 

Compound 3.59 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 156 mg (84% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.50 – 7.42 (m, 2H), 7.29 – 7.20 (m, 5H), 7.07 – 6.97 (m, 

2H), 4.33 (dd, J = 8.0, 5.5 Hz, 1H), 3.30 (dd, J = 12.3, 8.0 Hz, 1H), 3.23 (s, 3H), 3.07 (dd, J = 

12.3, 5.5 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 162.6 (d, J = 243.7 Hz), 136.7 (d, J 

= 3.7 Hz), 132.8, 129.2, 128.4 (d, J = 8.7 Hz), 127.0, 115.5 (d, J = 22.5 Hz), 82.7, 56.1, 35.4 

ppm. The spectroscopic data are in agreement with the literature.[7] 
 

(2-(4-Chlorophenyl)-2-methoxyethyl)(phenyl)selane (3.60): 

 

Compound 3.60 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 144 mg (74% yield).  

1H NMR (400 MHz, CDCl3): δ = 7.49 – 7.44 (m, 2H), 7.32 – 7.28 (m, 2H), 7.26 – 7.16 (m, 

5H), 4.31 (dd, J = 7.9, 5.5 Hz, 1H), 3.29 (dd, J = 12.3, 8.0 Hz, 1H), 3.23 (s, 3H), 3.06 (dd, J = 

12.3, 5.5 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 139.5, 133.9, 132.8, 130.5, 129.2, 

128.9, 128.2, 127.1, 82.7, 57.2, 35.2 ppm. The spectroscopic data are in agreement with the 

literature.[6] 
 

(2-(4-Bromophenyl)-2-methoxyethyl)(phenyl)selane (3.61): 
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Compound 3.61 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (20:1) to obtain 194 mg (87% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.49 – 7.43 (m, 4H), 7.26 – 7.20 (m, 3H), 7.18 – 7.14 (m, 

2H), 4.30 (dd, J = 7.9, 5.5 Hz, 1H), 3.28 (dd, J = 12.4, 7.9 Hz, 1H), 3.23 (s, 3H), 3.06 (dd, J = 

12.4, 5.5 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 140.0, 132.9, 131.8, 130.5, 129.2, 

128.9, 127.1, 122.1, 82.7, 57.2, 35.2 ppm. The spectroscopic data are in agreement with the 

literature.[7] 
 

(2-([1,1'-Biphenyl]-4-yl)-2-methoxyethyl)(phenyl)selane (3.62): 

 

Compound 3.62 was synthesised following GP5 as a pale yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 184 mg (83% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.60 – 7.57 (m, 4H), 7.50 –7.44 (m, 4H), 7.39 – 7.34 (m, 3H), 

7.26 – 7.22 (m, 3H), 4.41 (dd, J = 8.3, 5.2 Hz, 1H), 3.37 (dd, J = 12.3, 8.3 Hz, 1H), 3.30 (s, 

3H), 3.15 (dd, J = 12.3, 5.2 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 141.2, 140.9, 

140.0, 132.8, 130.8, 129.1, 128.9, 127.4, 127.4, 127.2, 127.2, 126.9, 83.1, 57.2, 35.5 ppm. IR 

(neat): 3055, 2819, 1485, 1477, 1085, 732, 692 cm–1. HRMS (ESI)+ calcd. for C20H17Se[M–

OMe]+: 333.0522, found: 333.0525. 
 

(2-Methoxy-2-(m-tolyl)ethyl)(phenyl)selane (3.63): 

 

Compound 3.63 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 170 mg (93% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.50 – 7.44 (m, 2H), 7.26 – 7.20 (m, 4H), 7.12 – 7.09 (m, 

3H), 4.32 (dd, J = 8.5, 5.0 Hz, 1H), 3.32 (dd, J = 12.2, 8.5 Hz, 1H), 3.25 (s, 3H), 3.10 (dd, J = 

12.2, 5.0 Hz, 1H), 2.35 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 141.0, 138.4, 132.7, 

130.9, 129.1, 129.0, 128.6, 127.4, 126.9, 123.9, 83.4, 57.2, 35.5, 21.6 ppm. IR (neat): 2981, 
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2820, 1477, 1437, 1084, 731 cm–1. HRMS (ESI)+ calcd. for C15H15Se[M–OMe]+: 271.0366, 

found: 271.0374. 
 

(2-(3-Fluorophenyl)-2-methoxyethyl)(phenyl)selane (3.64): 

 

Compound 3.64 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 114 mg (61% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.50 – 7.44 (m, 2H), 7.32 – 7.25 (m, 1H), 7.24 – 7.21 (m, 

3H), 7.09 – 6.96 (m, 3H), 4.33 (dd, J = 8.1, 5.2 Hz, 1H), 3.29 (dd, J = 12.4, 8.2 Hz, 1H), 3.26 

(s, 3H), 3.08 (dd, J = 12.4, 5.2 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 163.2 (d, J = 

245.0 Hz), 143.9 (d, J = 6.2 Hz), 132.9, 130.5, 130.2 (d, J = 7.5 Hz), 129.2, 127.1, 122.5 (d, J 

= 2.5 Hz), 115.1 (d, J = 21.2 Hz), 113.7 (d, J = 25.0 Hz), 113.52, 82.8 (d, J = 2.5 Hz), 57.3, 

35.2 ppm. 19F NMR (471 MHz, CDCl3): δ = –112.69 (s) ppm. IR (neat): 2932, 2822, 1477, 

1436, 1089, 1072, 733 cm–1. 
 

(2-(3-Chlorophenyl)-2-methoxyethyl)(phenyl)selane (3.65): 

 

Compound 3.65 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 138 mg (70% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.49 – 7.43 (m, 2H), 7.29 – 7.27 (m, 1H), 7.27 – 7.21 (m, 

5H), 7.19 – 7.14 (m, 1H), 4.30 (dd, J = 8.1, 5.3 Hz, 1H), 3.27 (dd, J = 12.4, 8.1 Hz, 1H), 3.24 

(s, 3H), 3.06 (dd, J = 12.4, 5.3 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 143.2, 134.7, 

133.0, 130.5, 130.0, 129.2, 128.4, 127.1, 127.0, 125.0, 82.8, 57.4, 35.2 ppm. IR (neat): 2986, 

2821, 1475, 1437, 1099, 1074, 733 cm–1. HRMS (ESI)+ calcd. for C14H12ClSe[M–OMe]+ 

290.9820, found: 290.9810. 
 

(2-(3-Bromophenyl)-2-methoxyethyl)(phenyl)selane (3.66): 
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Compound 3.66 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 187 mg (84% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.48 – 7.40 (m, 4H), 7.26 – 7.18 (m, 5H), 4.30 (dd, J = 8.1, 

5.3 Hz, 1H), 3.28 (dd, J = 12.4, 8.1 Hz, 1H), 3.25 (s, 3H), 3.06 (dd, J = 12.4, 5.3 Hz, 1H) ppm. 
13C NMR (126 MHz, CDCl3): δ = 143.5, 132.9, 131.3, 130.4, 130.3, 129.9, 129.2, 127.2, 125.5, 

122.9, 82.8, 57.4, 35.2 ppm. IR (neat): 2984, 2819, 1476, 1436, 1082, 1070, 732, 688 cm–1. 
 

 (2-Methoxy-2-(o-tolyl)ethyl)(phenyl)selane (3.67): 

 

Compound 3.67 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 154 mg (84% yield). 

1H NMR (400 MHz, CDCl3): δ = 7.53 – 7.50 (m, 2H), 7.40 – 7.38 (m, 1H), 7.25 – 7.11 (m, 

6H), 4.60 (dd, J = 9.0, 4.2 Hz, 1H), 3.31 – 3.17 (m, 4H), 3.07 (dd, J = 12.5, 4.2 Hz, 1H), 2.22 

(s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 139.1, 135.7, 133.2, 130.7, 130.6, 129.1, 127.8, 

127.1, 126.5, 126.0, 79.7, 57.1, 34.7, 19.1 ppm. IR (neat): 2980, 2820, 1477, 1437, 1022, 729 

cm–1. HRMS (ESI)+ calcd. for C15H15Se[M–OMe]+: 271.0366, found: 271.0374. 
 

(2-(2-Fluorophenyl)-2-methoxyethyl)(phenyl)selane (3.68): 

 

Compound 3.68 was synthesised following GP5 as a pale yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 120 mg (64% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.51 – 7.48 (m, 2H), 7.44 – 7.40 (m, 1H), 7.29 – 7.22 (m, 4H), 

7.18 – 7.14 (m, 1H), 7.04 – 7.00 (m, 1H), 4.75 (dd, J = 8.2, 4.9 Hz, 1H), 3.32 – 3.25 (m, 4H), 

3.20 (dd, J = 12.7, 4.6 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 160.5 (d, J = 245.0 Hz), 
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132.8, 130.6, 129.5 (d, J = 8.7 Hz), 129.1, 128.0 (d, J = 13.7 Hz), 127.7 (d, J = 3.7 Hz), 127.0, 

124.5 (d, J = 3.7 Hz), 115.5 (d, J = 22.5 Hz), 76.6 (d, J = 1.3 Hz), 57.5, 34.1 ppm. 19F NMR (471 

MHz, CDCl3) δ = –119.2 ppm. IR (neat): 3086, 2824, 1477, 1436, 1105, 1088, 734 cm–1. 
 

 (2-(2-Chlorophenyl)-2-methoxyethyl)(phenyl)selane (3.69): 

 

Compound 3.69 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 134 mg (69% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.55 – 7.49 (m, 3H), 7.34 – 7.28 (m, 2H), 7.26 – 7.19 (m, 

4H), 4.85 (dd, J = 8.7, 3.9 Hz, 1H), 3.29 (s, 3H), 3.23 (dd, J = 12.5, 3.9 Hz, 1H), 3.16 (dd, J = 

12.5, 8.7 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 138.6, 133.2, 133.1, 130.6, 129.7, 

129.1, 127.4, 127.4, 127.0, 79.3, 57.6, 34.1 ppm. IR (neat): 2985, 2823, 1475, 1436, 1072.1034, 

733 cm–1. HRMS (ESI)+ calcd. for C14H12ClSe[M–OMe]+: 290.9820, found: 290.9812. 
 

(2-(2-Bromophenyl)-2-methoxyethyl)(phenyl)selane (3.70): 

 

Compound 3.70 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 178 mg (80% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.56 – 7.53 (m, 2H), 7.52 – 7.47 (m, 2H), 7.36 – 7.32 (m, 

1H), 7.25 – 7.20(m, 3H), 7.16 – 7.13 (m, 1H), 4.79 (dd, J = 8.9, 3.7 Hz, 1H), 3.29 (s, 3H), 3.22 

(dd, J = 12.6, 3.7 Hz, 1H), 3.13 (dd, J = 12.6, 8.9 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): 

δ = 143.5, 133.0, 131.3, 130.4, 130.3, 129.9, 129.2, 127.2, 125.5, 122.9, 82.8, 57.4, 35.2 ppm. 

IR (neat): 3055, 2824, 1475, 1435, 1072.1022, 732, 690 cm–1. HRMS (ESI)+ calcd. for 

C14H12BrSe[M–OMe] + 334.9315, found: 334.9301. 
 

(2-Methoxy-2-phenylpropyl)(phenyl)selane (3.71): 
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Compound 3.71 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 138 mg (75% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.43 – 7.39 (m, 4H), 7.36 – 7.32 (m, 2H), 7.29 – 7.25 (m, 

1H), 7.20 – 7.16 (m, 3H), 3.43 (d, J = 11.3 Hz, 1H), 3.28 (d, J = 11.8 Hz, 1H), 3.13 (s, 3H), 

1.72 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 143.8, 132.8, 131.5, 129.0, 128.4, 127.5, 

126.8, 126.4, 79.1, 51.2, 42.6, 23.3 ppm. The spectroscopic data are in agreement with the 

literature.[8] 
 

(2-Methoxy-3-methyl-2-phenylbutyl)(phenyl)selane (3.72): 

               

Compound 3.72 was synthesised following GP5 as a colourless solid. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 32 mg (16% yield), 

m.p. = 87 – 88 ºC. 

1H NMR (500 MHz, CDCl3): δ = 7.60 – 7.55 (m, 2H), 7.36 – 7.24 (m, 8H), 3.79 (d, J = 12.0 

Hz, 1H), 3.62 (d, J = 12.0 Hz, 1H), 3.26 (s, 3H), 2.41 (dt, J = 13.6, 6.8 Hz, 1H), 0.79 (d, J = 

6.7 Hz, 3H), 0.75 (d, J = 6.9 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 139.3, 133.3, 

131.0, 129.2, 128.0, 127.6, 127.1, 127.1, 83.7, 50.9, 35.4, 34.8, 18.2, 16.9 ppm. IR (neat): 2966, 

2818, 1471, 1170, 1070, 761, 744, 705, 690 cm–1. 

Crystal Informations:  

Formula: C13.09 H16 O0.73 Se0.73 

Space Group: P b c n 

Cell length: a 32.7678(15) b 12.0858(5) c 8.0479(3) 

Cell angles: a 90 b 90 g 90 

Cell volume: 3187.17 

Z, Z’: Z: 11 Z': 0 

R-factor (%): 7.66 
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(2-Methoxy-2,2-diphenylethyl)(phenyl)selane (3.73): 

 

Compound 3.73 was synthesised following GP5 as a colourless solid. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 56 mg (25% yield), 

m.p. = 76 – 78 ºC. 

1H NMR (500 MHz, CDCl3): δ = 7.44 – 7.34 (m, 6H), 7.33 – 7.28 (m, 4H), 7.26 – 7.17 (m, 

5H), 3.96 (s, 2H), 3.16 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 144.3, 133.3, 130.9, 

129.0, 128.1, 127.3, 127.1, 127.0, 82.2, 50.9, 37.9 ppm. The spectroscopic data are in 

agreement with the literature.[9] 
 

(1-Methoxy-1-phenylpropan-2-yl)(phenyl)selane (3.74): 

 

Compound 3.74 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 153 mg (84% yield).  

1H NMR (400 MHz, CDCl3): δ = 7.56 – 7.53 (m, 2H), 7.38 – 7.22 (m, 8H), 4.41 (d, J = 4.5 Hz, 

1H), 3.48 (qd, J = 7.0, 4.5 Hz, 1H), 3.30 (s, 3H), 1.35 (d, J = 7.1 Hz, 3H) ppm. 13C NMR (101 

MHz, CDCl3): δ = 139.8, 134.7, 130.1, 129.1, 128.4, 127.9, 127.5, 127.2, 86.5, 57.7, 45.9, 16.5 

ppm. The spectroscopic data are in agreement with the literature.[10] 
 

 (2-Methoxy-2-(naphthalen-2-yl)ethyl)(phenyl)selane (3.77): 

 

Compound 3.77 was synthesised following GP5 as a orange oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 177 mg (86% yield). 

1H NMR (400 MHz, CDCl3): δ = 7.87 – 7.81 (m, 3H), 7.75 (s, 1H), 7.52 – 7.42 (m, 5H), 7.25 

– 7.14 (m, 3H), 4.52 (dd, J = 8.3, 5.2 Hz, 1H), 3.40 (dd, J = 12.3, 4.0 Hz, 1H), 3.29 (s, 3H), 

3.19 (dd, J = 12.3, 5.2 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 138.5, 134.4, 133.5, 
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133.4, 132.9, 130.8, 129.2, 128.8, 128.2, 127.9, 127.1, 126.5, 126.4, 126.3, 124.3, 83.6, 77.3, 

57.3, 35.4 ppm. IR (neat): 3050, 2931, 1477, 1437, 1101, 1022, 735 cm–1. HRMS (ESI)+ calcd. 

for C18H15Se[M–OMe]+: 307.0366, found: 307.0359. 
 

(1-Methoxy-2,3-dihydro-1H-inden-2-yl)(phenyl)selane (3.78): 

 

Compound 3.78 was synthesised following GP5 as a orange oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 168 mg (92% yield).  

1H NMR (400 MHz, CDCl3): δ = 7.62 – 7.57 (m, 2H), 7.39 (d, J = 7.1 Hz, 1H), 7.32 – 7.19 (m, 

6H), 4.76 (d, J = 2.8 Hz, 1H), 4.08 – 3.97 (m, 1H), 3.60 (dd, J = 17.0, 7.4 Hz, 1H), 3.36 (s, 

3H), 2.94 (dd, J = 17.0, 3.7 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 142.3, 140.9, 

134.4, 129.6, 129.3, 129.1, 127.8, 127.0, 125.7, 125.3, 90.3, 57.0, 44.8, 38.4 ppm. The 

spectroscopic data are in agreement with the literature.[7] 
 

(2-Cyclopentyl-2-methoxyethyl)(phenyl)selane (3.79a) and (1-Cyclopentyl-2-

methoxyethyl)(phenyl)selane (3.79b): 

 

Compounds 3.79a and 3.79b were synthesised following GP5 as a colourless oil. It was 

purified by column chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 

127 mg (75% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.60 – 7.56 (a; m, 3H), 7.54 – 7.51 (b; m, 2H), 7.28 – 7.20 

(a + b; m, 8H), 3.59– 3.56 (a + b; m, 3H), 3.38 (b; s, 3H), 3.32 (a; s, 3H), 3.32 – 3.22 (a + b; 

m, 3H), 3.16 (a; dd, J = 12.3, 4.8 Hz, 1H), 3.08 (a; dd, J = 12.3, 5.8 Hz, 1H), 2.31 – 2.09 (a + 

b; m, 2.6H), 1.94 – 1.15 (a + b; m, 20H) ppm. 13C NMR (126 MHz, CDCl3): δ = 134.6, 132.7, 

131.1, 130.10, 129.2, 129.1, 127.4, 126.9, 84.4, 75.71, 58.9, 58.0, 51.85, 44.3, 42.1, 31.7, 31.5, 

31.2, 29.35, 28.7, 25.7, 25.6, 25.64, 25.38 ppm. IR (neat): 2947, 2866, 1577, 1475, 1436, 1095, 

906, 729, 690 cm–1. HRMS (ESI)+ calcd. for C13H17Se[M–OMe]+: 249.0522, found: 249.0524.  
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(2-cyclohexyl-2-methoxyethyl)(phenyl)selane (3.80a) and (1-cyclohexyl-2-methoxyethyl)-

(phenyl)selane (3.80b): 

 

Compounds 3.80a and 3.80b was synthesised following the GP5 as pale yellow oil. It was 

purified by column chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 

43% isolated yield (76 mg). 

1H NMR (500 MHz, CDCl3): δ = 7.59 – 7.51 (a + b; m, 3.6H), 7.29 – 7.20 (a + b; m, 6H), 3.68 

(a; dd, J = 10.1, 8.5 Hz, 1H), 3.56 (a; dd, J = 10.1, 5.1 Hz, 1H), 3.38 (b; s, 3H), 3.30 (a; s, 3H), 

3.26 – 3.22 (a; m, 1H), 3.21 – 3.03 (a + b; m, 2.5H), 1.89 – 1.40 (a + b; m, 12H), 1.35 – 1.05 

(a + b; m, 8H) ppm. 13C NMR (126 MHz, CDCl3); δ = 134.2, 132.7, 131.1, 130.5, 129.1, 129.1, 

127.2, 126.8, 85.2, 74.0, 58.7, 58.3, 53.1, 41.4, 39.3, 31.7, 30.1, 30.0, 29.0, 28.3, 26.6, 26.5, 

26.54, 26.4, 26.3 ppm. IR (neat): 2974, 2920, 2850, 1577, 1475, 1436, 1097, 1083, 1022, 734, 

690 cm–1. HRMS (ESI)+ calcd. for C14H19Se[M–OMe]+ 263.0679, found: 263.0685. 
 

(2-Methoxyoctyl)(phenyl)selane (3.81a) and (1-Methoxyoctan-2-yl)(phenyl)selane (3.81b): 

 

Compounds 3.81a and 3.81b were synthesised following GP5 as a colourless oil. It was 

purified by column chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 

75 mg (42% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.50 – 7.44 (a + b; m, 2H), 7.20 – 7.14 (a + b; m, 4H), 3.48 

(b; dd, J = 9.9, 5.2 Hz, 1H) , 3.42 (b; dd, J = 9.9, 7.5 Hz, 1H), 3.33 – 3.27 (a; m, 1H), 3.26 (a; 

s, 3H), 3.25 (b; s, 3H), 3.23 – 3.18 (b; s,1H), 3.03 (a; dd, J = 12.2, 5.5 Hz, 1H), 2.94 (a; dd, J 

= 12.2, 6.1 Hz, 1H), 1.58 – 1.13 (a + b; m, 12.5H), 0.80 (a + b; m, 3.75H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 134.9, 133.0, 132.8, 130.9, 129.2, 129.1, 127.6, 126.9, 80.6, 76.0, 58.8, 57.1, 

45.0, 32.3, 32.1, 31.9, 31.8, 29.4, 29.2, 27.8, 25.4, 22.7, 14.2 ppm. IR (neat): 2926, 2854, 1577, 

1477, 1436, 1091, 1074, 734, 690 cm–1. 
 

(2-Methoxycyclohexyl)(phenyl)selane (3.82): 
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Compound 3.82 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 130 mg (80% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.56-7.56 (m, 2H), 7.28 – 7.23 (m, 3H), 3.38 (s, 3H), 3.27 

(m, 1H), 3.18 (m, 1H), 2.15 (m, 1H), 2.04 – 1.97 (m, 1H), 1.76 – 1.45 (m, 3H), 1.38 – 1.19 (m, 

3H) ppm.13C NMR (126 MHz, CDCl3): δ = 135.5, 129.1, 128.9, 127.5, 82.4, 56.5, 47.5, 32.3, 

30.4, 25.9, 23.6 ppm. The spectroscopic data are in agreement with the literature.[11] 
 

2-Methoxy-3-(phenylselanyl)tetrahydro-2H-pyran (3.83): 

 

Compound 3.83 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 23 mg (14% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.59 – 7.54 (m, 2H), 7.30 – 7.23 (m, 3H), 4.51 (d, J = 4.9 Hz, 

1H), 3.90 (ddd, J = 11.2, 7.4, 3.6 Hz, 1H), 3.58 – 3.49 (m, 1H), 3.42 (s, 3H), 3.27 (dt, J = 7.4, 

4.6 Hz, 1H), 2.20 (ddd, J = 16.9, 8.1, 3.9 Hz, 1H), 1.86 – 1.68 (m, 2H), 1.57 – 1.48 (m, 1H) 

ppm. 13C NMR (126 MHz, CDCl3): δ = 134.9, 129.1, 129.0, 127.7, 103.2, 62.9, 55.7, 44.2, 

27.5, 24.4 ppm. The spectroscopic data are in agreement with the literature.[12] 
 

1-Methyl-3-(phenylselanyl)-1H-indole (3.84): 

 

Compound 3.84 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (9:1) to obtain 125 mg (72% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.58 – 7.55 (m, 1H), 7.31 (dt, J = 8.2, 0.9 Hz, 1H), 7.26 – 

6.95 (m, 8H), 3.78 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 137.6, 135.8, 134.4, 130.8, 

129.0, 128.8, 125.6, 122.6, 120.6, 120.6, 109.7, 96.1, 33.2 ppm. The spectroscopic data are in 

agreement with the literature.[13]  
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Benzyl(2-methoxy-2-phenylethyl)selane (3.85): 

 

Compound 3.85 was synthesised following GP5 as a pale yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 76 mg (41% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.38 – 7.33 (m, 2H), 7.32 – 7.23 (m, 7H), 7.23 – 7.17 (m, 

1H), 4.20 (dd, J = 8.0, 5.4 Hz, 1H), 3.70 (d, J = 2.3 Hz, 2H), 3.22 (s, 3H), 2.90 (dd, J = 12.7, 

8.0 Hz, 1H), 2.67 (dd, J = 12.7, 5.4 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 141.3, 

139.5, 129.1, 128.6, 128.5, 128.1, 126.8, 126.8, 84.3, 57.0, 31.0, 28.0 ppm. The spectroscopic 

data are in agreement with the literature.[7] 
 

(2-Ethoxy-2-phenylethyl)(phenyl)selane (3.86): 

 

Compound 3.86 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 157 mg (86% yield).  

1H NMR (400 MHz, CDCl3): δ = 7.56 – 7.43 (m, 2H), 7.38 – 7.19 (m, 8H), 4.47 (dd, J = 8.5, 

5.1 Hz, 1H), 3.38 (m, 3H), 3.10 (dd, J = 12.2, 5.1 Hz, 1H), 1.19 (t, J = 7.0 Hz, 3H) ppm. 13C 

NMR (101 MHz, CDCl3): δ = 141.8, 132.7, 131.0, 129.1, 128.6, 128.1, 126.9, 126.7, 81.5, 

64.8, 35.7, 15.4 ppm. The spectroscopic data are in agreement with the literature.[5] 
 

Phenyl(2-phenyl-2-propoxyethyl)selane (3.87): 

 

Compound 3.87 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 152 mg (79% yield). 

1H NMR (400 MHz, CDCl3): δ = 7.51 – 7.30 (m, 2H), 7.28 – 7.06 (m, 8H), 4.36 (dd, J = 8.6, 

4.9 Hz, 1H), 3.19 (m, 3H), 2.99 (dd, J = 12.2, 4.9 Hz, 1H), 1.58 – 1.39 (m, 2H), 0.81 (t, J = 7.4 
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Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 141.9, 132.6, 131.2, 129.1, 128.6, 128.1, 

126.8, 126.7, 81.7, 71.2, 35.9, 23.1, 10.8 ppm. IR (neat): 2958, 2874, 1477, 1091, 734, 700 cm–1.  
 

(2-Butoxy-2-phenylethyl)(phenyl)selane (3.88): 

 

Compound 3.88 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 148 mg (74% yield).  

1H NMR (400 MHz, CDCl3): δ = 7.53 – 7.41 (m, 2H), 7.38 – 7.16 (m, 8H), 4.46 (dd, J = 8.7, 

4.9 Hz, 1H), 3.40 – 3.23 (m, 3H), 3.09 (dd, J = 12.2, 4.9 Hz, 1H), 1.54 (m, 2H), 1.43 – 1.31 

(m, 2H), 0.89 (t, J = 7.3 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 141.9, 132.6, 131.2, 

129.1, 128.6, 128.1, 126.8, 126.7, 81.7, 69.3, 35.9, 32.0, 19.5, 14.0 ppm. The spectroscopic 

data are in agreement with the literature.[5] 
 

(2-(Benzyloxy)-2-phenylethyl)(phenyl)selane (3.89): 

 

Compound 3.89 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 119 mg (54% yield).  

1H NMR (400 MHz, CDCl3): δ = 7.48 – 7.42 (m, 2H), 7.40 – 7.27 (m, 10H), 7.25 – 7.17 (m, 

3H), 4.58 (dd, J = 8.4, 5.0 Hz, 1H), 4.50 (d, J = 11.8 Hz, 1H), 4.32 (d, J = 11.8 Hz, 1H), 3.45-

3.83 (m, 1H), 3.12-3.18 (m, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 141.2, 138.2, 132.6, 

130.9, 129.1, 128.8, 128.5, 128.3, 128.0, 127.7, 126.9, 126.9, 80.9, 71.0, 35.7 ppm. The 

spectroscopic data are in agreement with the literature.[5] 
 

 (2-(But-3-yn-1-yloxy)-2-phenylethyl)(phenyl)selane (3.90): 
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Compound 3.90 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 112 mg (57% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.50 – 7.47 (m, 2H), 7.37 – 7.28 (m, 5H), 7.25 – 7.20 (m, 

3H), 4.51 (dd, J = 8.5, 5.0 Hz, 1H), 3.52-3.42(m, 2H), 3.35 (dd, J = 12.4, 8.5 Hz, 1H), 3.09 

(dd, J = 12.4, 5.0 Hz, 1H), 2.50-2.40 (m, 2H), 1.95 (t, J = 2.7 Hz, 1H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 141.2, 132.7, 130.9, 129.1, 128.7, 128.3, 126.9, 126.8, 82.1, 81.3, 69.5, 67.4, 

35.5, 20.0 ppm. IR (neat): 3057, 2868, 1477, 1437, 1095, 733, 700 cm–1. HRMS (ESI)+ calcd. 

for C18H18OSeNa [M+Na]+: 349.0447, found: 349.0448. 
 

(2-(Cyclopropylmethoxy)-2-phenylethyl)(phenyl)selane (3.91): 

 

Compound 3.91 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 150 mg (75% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.44 – 7.41 (m, 2H), 7.29 – 7.13 (m, 8H), 4.44 (dd, J = 8.4, 

5.2 Hz, 1H), 3.31 (dd, J = 12.2, 8.5 Hz, 1H), 3.15 – 3.07 (m, 2H), 3.04 (dd, J = 12.2, 5.1 Hz, 

1H), 1.03 – 0.93 (m, 1H), 0.47 – 0.38 (m, 2H), 0.12 – 0.01 (m, 2H) ppm. 13C NMR (126 MHz, 

CDCl3): δ = 141.7, 132.6, 131.0, 129.1, 128.6, 128.1, 126.8, 126.7, 81.22, 74.0, 35.8, 10.8, 3.4, 

3.1 ppm. IR (neat): 3003, 2858, 1477, 1437, 1089, 1022, 733, 700 cm–1. HRMS (ESI)+ calcd. 

for C18H20OSeNa [M+Na]+: 351.0604, found: 351.0615. 
 

 (2-Isopropoxy-2-phenylethyl)(phenyl)selane (3.92): 

 

Compound 3.92 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 134 mg (70% yield). 

1H NMR (400 MHz, CDCl3): δ = 7.54 – 7.40 (m, 2H), 7.35 – 7.11 (m, 8H), 4.59 (dd, J = 9.9, 

3.6 Hz, 1H), 3.60 – 3.44 (m, 1H), 3.31 (dd, J = 12.1, 8.8 Hz, 1H), 3.08 (dd, J = 12.1, 4.8 Hz, 

1H), 1.17 (d, J = 6.0 Hz, 3H), 1.08 (d, J = 6.2 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 
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142.6, 132.5, 131.2, 129.1, 128.6, 128.0, 126.7, 78.9, 69.9, 36.2, 23.4, 21.5 ppm. The 

spectroscopic data are in agreement with the literature.[8] 
 

(2-Isobutoxy-2-phenylethyl)(phenyl)selane (3.93): 

 

Compound 3.93 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 150 mg (75% yield).  

1H NMR (400 MHz, CDCl3): δ = 7.56 – 7.43 (m, 2H), 7.38 – 7.18 (m, 8H), 4.46 (dd, J = 8.8, 

4.8 Hz, 1H), 3.36 (dd, J = 12.1, 8.8 Hz, 1H), 3.16 – 3.01 (m, 3H), 1.86 (m, 1H), 0.98 – 0.81 

(m, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ = 142.6, 132.4, 131.2, 129.1, 128.5, 127.9, 126.7, 

78.9, 69.9, 36.2, 23.4, 21.5 ppm. The spectroscopic data are in agreement with the literature.[5] 
 

(2-(Cyclopentyloxy)-2-phenylethyl)(phenyl)selane (3.94): 

 

Compound 3.94 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 148 mg (71% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.45 – 7.37 (m, 2H), 7.29 – 7.10 (m, 8H), 4.47 (dd, J = 9.2, 

4.4 Hz, 1H), 3.92 – 3.52 (m, 1H), 3.22 (dd, J = 12.2, 9.2 Hz, 1H), 2.99 (dd, J = 12.2, 4.5 Hz, 

1H), 1.74 – 1.34 (m, 8H) ppm. 13C NMR (126 MHz, CDCl3): δ = 142.5, 132.4, 131.4, 129.1, 

128.6, 127.9, 126.8, 126.7, 79.6, 79.4, 36.2, 33.2, 31.7, 23.5 ppm. IR (neat): 3057, 2868, 1476, 

1437, 1072, 1022, 732, 700 cm–1. 
 

(2-(Cyclohexyloxy)-2-phenylethyl)(phenyl)selane (3.95): 
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Compound 3.95 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 135 mg (62% yield). 

1H NMR (500 MHz, CDCl3): δ = 7.40 (m, 2H), 7.29 – 7.09 (m, 8H), 4.57 (dd, J = 9.0, 4.6 Hz, 

1H), 3.24 (dd, J = 12.1, 9.0 Hz, 1H), 3.16 – 3.07 (m, 1H), 2.99 (dd, J = 12.1, 4.6 Hz, 1H), 1.68 

(m, 4H), 1.42 – 0.92 (m, 6H) ppm. 13C NMR (126 MHz, CDCl3): δ = 142.8, 132.3, 131.4, 

129.1, 128.5, 127.9, 126.7, 126.6, 78.5, 75.7, 36.4, 33.5, 31.4, 25.9, 24.2, 24.0 ppm. IR (neat): 

2927, 2854, 1477, 1436, 1070, 733, 700 cm–1. The spectroscopic data are in agreement with 

the literature.[14] 
 

(2-(tert-Butoxy)-2-phenylethyl)(phenyl)selane (3.96): 

 

Compound 3.96 was synthesised following GP5 as a yellow oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (30:1) to obtain 93 mg (47% yield). 

1H NMR (400 MHz, CDCl3): δ = 7.41 – 7.31 (m, 2H), 7.27 – 7.06 (m, 8H), 4.60 (dd, J = 8.6, 

4.8 Hz, 1H), 3.14 (dd, J = 12.1, 8.6 Hz, 1H), 2.95 (dd, J = 12.1, 4.8 Hz, 1H), 1.02 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3): δ = 145.3, 132.2, 131.5, 129.1, 128.4, 127.4, 126.6, 126.3, 75.0, 

74.2, 37.4, 28.9 ppm. IR (neat): 2972, 2931, 1477, 1436, 1072, 1190, 731, 700 cm–1. The 

spectroscopic data are in agreement with the literature.[14] 
 

1-Phenyl-2-(phenylselanyl)ethan-1-ol (3.97): 

 

Compound 3.97 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (9:1) to obtain 134 mg (81% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.60 – 7.51 (m, 2H), 7.38 – 7.32 (m, 4H), 7.32 – 7.26 (m, 

4H), 4.76 (dd, J = 9.4, 3.5 Hz, 1H), 3.31 (dd, J = 12.8, 3.7 Hz, 1H), 3.15 (dd, J = 12.8, 9.4 Hz, 

1H), 2.79 (s, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 142.6, 133.3, 129.4, 129.3, 128.7, 

128.1, 127.6, 125.9, 72.4, 38.6 ppm. The spectroscopic data are in agreement with the 

literature.[5] 
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1-Phenyl-2-(phenylselanyl)ethyl formate (3.98): 

 

Compound 3.98 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 76 mg (41% yield).  

1H NMR (500 MHz, CDCl3): δ = 8.00 (s, 1H), 7.44 – 7.40 (m, 2H), 7.30 – 7.13 (m, 8H), 5.94 

(dd, J = 8.9, 5.8 Hz, 1H), 3.32 (dd, J = 12.9, 8.0 Hz, 1H), 3.18 (dd, J = 13.2, 6.1 Hz, 1H). 13C 

NMR (126 MHz, CDCl3): δ = 160.0, 138.8, 135.5, 133.4, 129.3, 128.8, 128.7, 127.5, 126.8, 

75.1, 33.2 ppm. The spectroscopic data are in agreement with the literature.[5] 
 

1-Phenyl-2-(phenylselanyl)ethyl acetate (3.99): 

 

Compound 3.99 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 92 mg (46% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.46 – 7.40 (m, 2H), 7.28 – 7.16 (m, 8H), 5.87 (dd, J = 8.0, 

5.7 Hz, 1H), 3.31 (dd, J = 12.8, 8.0 Hz, 1H), 3.16 (dd, J = 12.8, 5.7 Hz, 1H), 1.95 (s, 3H) ppm. 
13C NMR (126 MHz, CDCl3): δ = 170.1, 139.5, 133.2, 129.9, 129.2, 128.6, 128.5, 127.3, 126.7, 

75.3, 33.5, 21.2 ppm. The spectroscopic data are in agreement with the literature.[5] 
 

1-(1-Phenyl-2-(phenylselanyl)ethyl)-1H-benzo[d][1,2,3]triazole (3.100): 

 
Compound 3.100 was synthesised following GP5 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (9:1) to obtain 147 mg (65% yield).  
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1H NMR (500 MHz, CDCl3): δ = 8.10 – 7.94 (m, 1H), 7.46 – 7.39 (m, 2H), 7.38 – 7.19 (m, 

11H), 5.85 (dd, J = 9.4, 5.8 Hz, 1H), 4.25 (dd, J = 13.1, 9.4 Hz, 1H), 3.82 (dd, J = 13.1, 5.8 

Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 146.1, 138.4, 133.7, 133.1, 129.3, 129.0, 

129.0, 128.8, 127.8, 127.3, 126.9, 124.0, 120.1, 109.6, 63.6, 32.6 ppm. The spectroscopic data 

are in agreement with the literature.[5] 
 

6.4.2. Intramolecular selenocyclisations of alkenes. 
 

General Procedure 6 (GP 6): 
 

The electrolysis was performed in an undivided cell using a Vapourtec Ion Electrochemical 

Flow Reactor (reactor volume = 0.6 mL, spacer 0.5 mm) using a Graphite (Gr) electrode as the 

anode and a platinum (Pt) electrode as the cathode (immersed surface area: A = 12 cm2). A 

solution of alkene (0.15 M in CH3CN) place in vial A and mixture of diphenyl diselenide (0.05 

M) and TBAI (0.0075 M) in CH3CN was placed in vial B. Each solution was injected to 8 ml 

sample loop. After that, the reactor temperature was set at 25 ˚C with the flow rate 0.6 mLmin–

1 and the current set at 192 mA turn on automatically. Then, both solutions were pumped into 

a PTFE coil (1 mm internal diameter) and mix via a T-piece connected to 30 cm PTFE coil 

before the inlet of the electrochemical rector. After reaching a steady state, the solution (12 

mL) was collected automatically into a collection glass vial. The solvent was removed under 

vacuum. The crude product was purified by column chromatography (EtOAc/hexane). 
 

2-((Phenylselanyl)methyl)tetrahydrofuran (4.101): 

 

Compound 4.101 was synthesised following GP6 as a pale yellow oil. It was purified by 

column chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 105 mg (73% 

yield).  

1H NMR (500 MHz, CDCl3): δ = 7.59 – 7.50 (m, 2H), 7.30 – 7.22 (m, 3H), 4.30 – 4.03 (m, 

1H), 4.01 – 3.88 (m, 1H), 3.84 – 3.66 (m, 1H), 3.15 (dd, J = 12.2, 5.8 Hz, 1H), 3.01 (dd, J = 

12.2, 6.9 Hz, 1H), 2.14 – 2.05 (m, 1H), 2.03 – 1.80 (m, 2H), 1.65 (m, 1H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 137.4, 132.7, 129.2, 127.0, 78.4, 78.4, 33.2, 31.7, 26.1 ppm. The 

spectroscopic data are in agreement with the literature.[15] 
 

O Se
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2-((Phenylselanyl)methyl)tetrahydro-2H-pyran (4.102): 

 

Compound 4.102 was synthesised following GP6 as a pale yellow oil. It was purified by 

column chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 103 mg (67% 

yield).  

1H NMR (500 MHz, CDCl3): δ = 7.55 – 7.46 (m, 2H), 7.29 – 7.18 (m, 3H), 4.04 – 3.95 (m, 

1H), 3.92 – 3.26 (m, 2H), 3.07 (dd, J = 12.2, 6.9 Hz, 1H), 2.93 (dd, J = 12.2, 5.7 Hz, 1H), 1.99 

– 1.68 (m, 2H), 1.61 – 1.43 (m, 3H), 1.37 – 1.26 (m, 1H) ppm. 13C NMR (126 MHz, CDCl3): 

δ = 132.5, 130.9, 129.1, 126.8, 77.2, 68.9, 33.8, 31.9, 25.9, 23.5 ppm. The spectroscopic data 

are in agreement with the literature.[15]  
 

2-((Phenylselanyl)methyl)tetrahydro-2H-pyran (4.103): 

 

Compound 4.103 was synthesised as a 1:1 mixture (cis : trans) following GP6 as a colourless 

oil. It was purified by column chromatography on silica gel using hexane/ethyl acetate (9:1) to 

obtain 89 mg (58% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.61 – 7.55 (m, 4H), 7.31 – 7.23 (m, 6H), 3.96 – 3.86 (m, 

3H), 3.78 (dt, J = 9.4, 6.6 Hz, 1H), 3.46 – 3.29 (m, 3H), 2.99 – 2.89 (m, 1H), 2.22 – 2.10 (m, 

1H), 2.09 – 1.99 (m, 1H), 1.95 – 1.83 (m, 2H), 1.75 – 1.53 (m, 4H), 1.44 (d, J = 7.0 Hz, 3H), 

1.35 (d, J = 6.1 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 135.6, 135.3, 134.9, 129.1, 

129.0, 128.2, 127.9, 127.6, 83.0, 78.4, 68.6, 68.2, 47.2, 44.4, 32.5, 30.4, 28.2, 26.3, 21.3, 18.9 

ppm. The spectroscopic data are in agreement with the literature.[12] 
 

5-((Phenylselanyl)methyl)dihydrofuran-2(3H)-one (104): 
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Compound 4.104 was synthesised following GP6 as a pale yellow oil. It was purified by 

column chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 101 mg 

(65% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.62 – 7.46 (m, 2H), 7.33 – 7.26 (m, 3H), 4.69 – 4.61 (m, 

1H), 3.29 (dd, J = 12.9, 4.8 Hz, 1H), 3.01 (dd, J = 12.9, 8.0 Hz, 1H), 2.62 – 2.36 (m, 3H), 2.00 

– 1.90 (m, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 176.7, 133.4, 129.5, 128.9, 127.8, 79.5, 

32.0, 28.9, 27.8 ppm. The spectroscopic data are in agreement with the literature.[11] 
 

5-Phenyl-4-(phenylselanyl)dihydrofuran-2(3H)-one (4.105) 

 

Compound 4.105 was synthesised following GP6 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 58 mg (30% yield).  

1H NMR (400 MHz, CDCl3): δ = 7.55 – 7.52 (m, 2H), 7.40 – 7.28 (m, 8H), 5.38 (d, J = 6.9 Hz, 

1H), 3.79– 3.71 (m, 1H), 3.04 (dd, J = 18.0, 8.3 Hz, 1H), 2.67 (dd, J = 18.0, 8.4 Hz, 1H) ppm 
13C NMR (101 MHz, CDCl3): δ = 174.7, 137.4, 136.3, 129.7, 129.2, 129.1, 128.9, 126.1, 125.9, 

86.3, 42.38, 36.1 ppm. The spectroscopic data are in agreement with the literature.[16] 
 

6-(Phenylselanyl)hexahydro-2H-cyclopenta[b]furan-2-one (4.106): 

 

Compound 4.106 was synthesised following GP6 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 115 mg (68% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.64 – 7.42 (m, 2H), 7.34 – 7.25 (m, 3H), 4.90 (d, J = 6.3 Hz, 

1H), 3.97 – 3.78 (m, 1H), 3.15 – 3.04 (m, 1H), 2.87 – 2.73 (m, 1H), 2.34 (dd, J = 18.4, 2.5 Hz, 

1H), 2.28 – 2.18 (m, 2H), 1.91 – 1.71 (m, 1H), 1.61 – 1.51 (m, 1H) ppm. 13C NMR (126 MHz, 

CDCl3): δ = 177.0, 133.8, 129.5, 128.8, 127.9, 90.7, 46.4, 37.2, 36.1, 32.6, 30.2 ppm. The 

spectroscopic data are in agreement with the literature.[17] 
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3-((Phenylselanyl)methyl)isobenzofuran-1(3H)-one (4.107): 

 
Compound 4.107 was synthesised following GP6 as a colourless oil. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 87 mg (48% yield).  

1H NMR (500 MHz, CDCl3): δ = 7.97 – 7.87 (m, 1H), 7.60 – 7.45 (m, 5H), 7.30 – 7.19 (m, 

3H), 5.72 – 5.55 (m, 1H), 3.46 (dd, J = 13.2, 5.0 Hz, 1H), 3.32 (dd, J = 13.2, 6.4 Hz, 1H) ppm 
13C NMR (126 MHz, CDCl3): δ = 169.9, 148.5, 133.8, 133.6, 129.5, 129.2, 129.0, 127.7, 126.6, 

125.7, 122.4, 79.1, 31.8 ppm. The spectroscopic data are in agreement with the literature.[15] 
 

2-((Phenylselanyl) methyl)-1-tosylindoline (4.108): 

 

Compound 4.108 was synthesised following GP6 as a yellow solid. It was purified by column 

chromatography on silica gel using hexane/ethyl acetate (4:1) to obtain 87 mg (33% yield), 

m.p. = 70 – 72 ºC. 

1H NMR (500 MHz, CDCl3): δ = 7.65 (d, J = 8.1 Hz, 1H), 7.61 – 7.54 (m, 2H), 7.39 – 7.29 (m, 

5H), 7.23 – 7.18 (m, 1H), 7.11 – 7.08 (m, 2H), 7.04 – 7.01 (m, 2H), 4.36 – 4.11 (m, 1H), 3.65 

(dd, J = 12.5, 3.5 Hz, 1H), 2.96 – 2.81 (m, 3H), 2.32 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): 

δ = 144.0, 141.4, 134.7, 132.6, 131.1, 129.7, 129.4, 128.9, 127.9, 127.2, 127.1, 125.3, 124.8, 

117.1, 61.7, 34.2, 33.2, 21.6 ppm. The spectroscopic data are in agreement with the 

literature.[18] 
 

6.5. Experimental Data for Chapter 4: 
 

Electrochemical Synthesis of Chalcogenophosphites 
 

General Procedure 7 (GP 7): 
 

 

OO Se

N Se
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The electrolysis was performed in an undivided cell using a Vapourtec Ion Electrochemical 

Flow Reactor (reactor volume = 0.6 mL, spacer 0.5 mm) using a Graphite (Gr) anode and a 

platinum (Pt) cathode (surface area: A = 12 cm2). A solution of phosphonate (0.2 M in CH3CN) 

is placed in vial A and a mixture of diorganyl dichalcogenides (0.05 M) and Et4NCl (0.01 M) 

in CH3CN placed in vial B. Each solution was injected to 8 mL sample loop. The reactor 

temperature was set at 25 ˚C with a flow rate of 1.2 mLmin–1 and the current was set to 96 mA 

which switched on automatically. Then, both solutions were pumped into a PTFE coil (1 mm 

internal diameter) and mixed via a T-piece connected to a 30 cm PTFE coil before the inlet of 

the electrochemical rector. After reaching a steady state, the solution (12 mL) was collected at 

the reactor outlet automatically into a collection glass vial. The solvent was removed under 

vacuum. The crude product was purified by column chromatography (EtOAc/cyclohexane). 
 

O,O-diethyl Se-phenyl phosphoroselenoate (4.24a): 

 
Compound 4.24a was synthesized following GP7 as a colorless oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 156 mg (89% yield). 
 1H NMR (500 MHz, CDCl3): δ = 7.69 – 7.60 (m, 2H), 7.38 – 7.29 (m, 3H), 4.25 – 4.11 (m, 

4H), 1.30 (td, J = 7.1, 0.8 Hz, 6H) ppm. 13C NMR (126 MHz, CDCl3): δ = 135.7 (d, J = 3.7 

Hz), 129.6 (d, J = 1.3 Hz), 128.9 (d, J = 2.5 Hz), 123.9 (d, J = 8.7 Hz), 64.0 (d, J = 6.2 Hz), 

16.05 (d, J = 7.5 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ = 17.92 ppm. The spectroscopic 

data are in agreement with the literature.[19] 
 

O,O-dimethyl Se-phenyl phosphoroselenoate (4.24b): 

 
Compound 4.24b was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 123 mg (77% yield). 
1H NMR (500 MHz, CDCl3): δ = 7.68 – 7.58 (m, 2H), 7.39 – 7.29 (m, 3H), 3.81 (s, 3H), 3.78 

(s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 135.7 (d, J = 3.7 Hz), 129.7 (d, J = 2.5 Hz), 

129.1 (d, J = 2.5 Hz), 123.4 (d, J = 8.7 Hz), 54.2 (d, J = 6.2 Hz) ppm. 31P NMR (202 MHz, 

CDCl3): δ = 21.88 ppm. The spectroscopic data are in agreement with the literature.[20] 
 

O,O-dibutyl Se-phenyl phosphoroselenoate (4.24c): 
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Compound 4.24c was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 188 mg (90% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.66 – 7.62 (m, 2H), 7.37 – 7.27 (m, 3H), 4.18 – 4.02 (m, 

4H), 1.66 – 1.59 (m, 4H), 1.42 – 1.34 (m, 4H), 0.89 (t, J = 7.4 Hz, 6H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 135.6 (d, J = 4.7 Hz), 129.5 (d, J = 2.0 Hz), 128.8 (d, J = 2.5 Hz), 124.0 (d, 

J = 8.4 Hz), 67.7 (d, J = 6.4 Hz), 32.2 (d, J = 7.3 Hz), 18.8, 13.69 ppm. 31P NMR (202 MHz, 

CDCl3): δ = 18.02 ppm. The spectral data are in agreement with the literature.[19] 
 

O,O-diisopropyl Se-phenyl phosphoroselenoate (4.24d): 

 
Compound 4.24d was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 168 mg (87% yield). 
1H NMR (500 MHz, CDCl3): δ = 7.71 – 7.62 (m, 2H), 7.35 – 7.27 (m, 3H), 4.84 – 4.73 (m, 

2H), 1.33 (d, J = 6.2 Hz, 6H), 1.25 (d, J = 6.2 Hz, 6H) ppm. 13C NMR (126 MHz, CDCl3); δ = 

135.3 (d, J = 4.9 Hz), 129.4 (d, J = 1.8 Hz), 128.6 (d, J = 2.3 Hz), 124.7 (d, J = 8.3 Hz), 73.2 

(d, J = 6.6 Hz), 24.0 (d, J = 3.8 Hz), 23.6 (d, J = 6.0 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ 

= 14.67 ppm. The spectroscopic data are in agreement with the literature.[20] 
 

O,O-bis(2-ethylhexyl) Se-phenyl phosphoroselenoate (4.24e): 

 
Compound 4.24e was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 218 mg (79% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.70 – 7.60 (m, 2H), 7.37 – 7.26 (m, 3H), 4.08 – 3.92 (m, 

4H), 1.59 – 1.47 (m, 2H), 1.36 – 1.19 (m, 16H), 0.91 – 0.81 (m, 12H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 135.6 (dt, J = 4.7, 1.8 Hz), 129.5 (d, J = 1.9 Hz), 128.7 (d, J = 2.3 Hz), 124.0 

(d, J = 8.4 Hz), 70.0 (dd, J = 7.6, 2.1 Hz), 40.1 (d, J = 1.2 Hz), 30.04 (d, J = 6.9 Hz), 28.9 (d, 

J = 2.2 Hz), 23.4 (d, J = 5.6 Hz), 23.0, 14.1, 11.0 ppm. 31P NMR (202 MHz, CDCl3): δ = 17.83 

ppm. 
 

O,O-dibenzyl Se-phenyl phosphoroselenoate (4.24f): 
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Compound 4.24f was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 211 mg (84% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.59 – 7.53 (m, 2H), 7.36 – 7.30 (m, 7H), 7.29 – 7.22 (m, 

6H), 5.12 (qd, J = 11.7, 8.7 Hz, 4H) ppm. 13C NMR (126 MHz, CDCl3): δ = 136.0 (d, J = 4.7 

Hz), 135.5 (d, J = 7.9 Hz), 129.7 (d, J = 2.2 Hz), 129.1 (d, J = 2.6 Hz), 128.7, 128.6, 128.3, 

123.5 (d, J = 8.6 Hz), 69.3 (d, J = 6.1 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ = 18.48 ppm. 

The spectroscopic data are in agreement with the literature.[20] 
 

5,5-dimethyl-2-(phenylselanyl)-1,3,2-dioxaphosphinane 2-oxide (4.24g): 

 
Compound 4.24g was synthesised following GP7 as a white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 154 mg (84% yield). 
1H NMR (500 MHz, CDCl3): δ = 7.76 – 7.72 (m, 2H), 7.39 – 7.30 (m, 3H), 4.15 (dd, J = 10.6, 

4.3 Hz, 2H), 3.87 (ddt, J = 24.7, 11.4, 1.6 Hz, 2H), 1.28 (s, 3H), 0.86 (s, 3H) ppm.  13C NMR 

(126 MHz, CDCl3): δ = 136.0 (d, J = 4.7 Hz), 129.8 (d, J = 2.0 Hz), 129.2 (d, J = 2.5 Hz), 

122.0 (d, J = 8.0 Hz), 78.2 (d, J = 7.3 Hz), 32.7 (d, J = 7.0 Hz), 22.3, 20.6 (d, J = 1.0 Hz) ppm. 

31P NMR (202 MHz, CDCl3): δ = 9.73 ppm. The spectroscopic data are in agreement with the 

literature.[19] 
 

O,O,Se-triphenyl phosphoroselenoate (4.24h):  

 
Compound 4.24h was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 154 mg (95% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.62 – 7.40 (m, 2H), 7.35 – 7.25 (m, 7H), 7.20 – 7.16 (m, 

6H) ppm. 13C NMR (126 MHz, CDCl3): δ = 150.3 (d, J = 8.6 Hz), 136.3 (d, J = 4.8 Hz), 129.8 

(d, J = 1.0 Hz), 129.6 (d, J = 2.5 Hz), 129.4 (d, J = 3.0 Hz), 125.7 (d, J = 1.5 Hz), 122.7 (d, J 

= 9.1 Hz), 120.7 (d, J = 5.1 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ = 9.43 ppm. The 

spectroscopic data are in agreement with the literature.[20] 
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Se-phenyl diphenylphosphinoselenoate (4.24i): 

 
Compound 4.24i was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 198 mg (92% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.87 – 7.77 (m, 4H), 7.53 – 7.46 (m, 4H), 7.46 – 7.41 (m, 

4H), 7.26 – 7.23 (m, 1H), 7.19 – 7.12 (m, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 136.4 

(d, J = 3.3 Hz), 134.0 (s), 133.3 (s), 132.4 (d, J = 3.1 Hz), 131.5 (d, J = 10.6 Hz), 129.4 (d, J = 

1.6 Hz), 128.8 (d, J = 2.0 Hz), 128.6 (d, J = 13.2 Hz), 123.9 (d, J = 5.7 Hz) ppm. 31P NMR (202 

MHz, CDCl3): δ = 20.18 ppm. The spectroscopic data are in agreement with the literature.[21]  
 

Se-phenyl di-p-tolylphosphinoselenoate (4.24j): 

 
Compound 4.24j was synthesised following GP7 as white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 204 mg (88% yield). 
1H NMR (500 MHz, CDCl3): δ = 7.73 – 7.66 (m, 4H), 7.52 – 7.46 (m, 2H), 7.25 – 7.19 (m, 

5H), 7.18 – 7.13 (m, 2H), 2.37 (s, 6H) ppm. 13C NMR (126 MHz, CDCl3): δ = 142.9 (d, J = 

3.1 Hz), 136.4 (d, J = 3.3 Hz), 131.5 (d, J = 11.0 Hz), 131.1, 130.3, 129.42 (d, J = 13.6 Hz), 

129.40 (d, J = 1.5 Hz), 128.7 (d, J = 1.9 Hz), 124.5 (d, J = 5.6 Hz), 21.8 ppm. 31P NMR (202 

MHz, CDCl3): δ = 40.24 ppm. The spectroscopic data are in agreement with the literature.[22] 
 

Se-phenyl bis(3,5-dimethylphenyl)phosphinoselenoate (4.24k): 

 
Compound 4.24k was synthesised following GP7 as colorless oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 212 mg (85% yield). 
1H NMR (500 MHz, CDCl3): δ = 7.53 – 7.48 (m, 2H), 7.45 – 7.37 (m, 4H), 7.26 – 7.22 (m, 

1H), 7.19 – 7.14 (m, 2H), 7.12 – 7.07 (m, 2H), 2.30 (s, 12H) ppm. 13C NMR (126 MHz, CDCl3): 

δ = 138.2 (d, J = 13.9 Hz), 136.4 (d, J = 3.2 Hz), 134.0 (d, J = 3.2 Hz), 133.0, 129.2 (d, J = 1.5 

Hz), 128.9 (d, J = 10.5 Hz), 128.7 (d, J = 1.9 Hz), 124.3 (d, J = 5.7 Hz), 21.3 ppm. 31P NMR 

(202 MHz, CDCl3): δ = 41.17 ppm. The spectroscopic data are in agreement with the 

literature.[22] 

P
O

PhPh
SePh

P
O

SePh

P
O

SePh



Nasser Amri                                                                                  Chapter 6: Experimental Part 
  
 

 199 

 

Se-phenyl di(naphthalen-2-yl)phosphinoselenoate(4.24l): 

 
Compound 4.24l was synthesised following GP7 as a white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 228 mg (83% yield). 
1H NMR (500 MHz, CDCl3): δ = 8.45 (d, J = 15.0 Hz, 2H), 7.93 – 7.82 (m, 8H), 7.61 – 7.51 

(m, 6H), 7.22 – 7.15 (m, 1H), 7.14 – 7.06 (m, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 

136.4 (d, J = 3.2 Hz), 134.9 (d, J = 2.6 Hz), 133.7 (d, J = 9.6 Hz), 132.5 (d, J = 14.4 Hz), 131.0, 

130.25, 129.4 (d, J = 1.5 Hz), 129.2, 128.8 (d, J = 1.9 Hz), 128.5 (d, J = 13.3 Hz), 127.9, 127.1, 

126.1 (d, J = 12.1 Hz), 123.9 (d, J = 5.7 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ = 39.81 ppm. 

The spectroscopic data are in agreement with the literature.[22] 
 

O-ethyl Se-phenyl phenylphosphonoselenoate (4.24m): 

 
Compound 4.24m was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 156 mg (80% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.54 – 7.47 (m, 2H), 7.40 – 7.35 (m, 1H), 7.28 – 7.16 (m, 

5H), 7.10 – 7.04 (m, 2H), 4.32 – 4.18 (m, 2H), 1.31 (t, J = 7.1 Hz, 3H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 150.5 (d, J = 3.6 Hz), 133.4, 132.5 (d, J = 3.3 Hz), 132.3, 131.1 (d, J = 11.0 

Hz), 129.3 (d, J = 2.1 Hz), 128.8 (d, J = 2.5 Hz), 128.2 (d, J = 14.9 Hz), 124.3 (d, J = 6.6 Hz), 

62.7, 16.34 ppm. 31P NMR (202 MHz, CDCl3): δ = 38.49 ppm. 
 

6-(phenylselanyl)dibenzo[c,e][1,2]oxaphosphinine 6-oxide (4.24n): 

 
Compound 4.24n was synthesised following GP7 as a white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 192 mg (86% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.90 – 7.83 (m, 1H), 7.77 – 7.73 (m, 1H), 7.66 – 7.60 (m, 

2H), 7.46 (tdd, J = 7.5, 3.6, 1.0 Hz, 1H), 7.33 – 7.29 (m, 1H), 7.25 – 7.20 (m, 2H), 7.17 – 7.12 

(m, 3H), 7.01 – 6.97 (m, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 150.5 (d, J = 9.9 Hz), 

137.1 (d, J = 3.6 Hz), 136.0 (d, J = 7.5 Hz), 133.8 (d, J = 2.8 Hz), 130.6 (d, J = 11.0 Hz), 129.19 
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(d, J = 2.5 Hz), 129.13 (d, J = 2.9 Hz), 128.5 (d, J = 14.9 Hz), 126.6, 125.73, 125.0 (d, J = 1.0 

Hz), 124.8, 123.3 (d, J = 11.2 Hz), 122.1 (d, J = 7.2 Hz), 122.0 (d, J = 11.7 Hz), 120.2 (d, J = 

7.0 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ = 31.24 ppm. The spectroscopic data are in 

agreement with the literature.[22] 
 

Se-benzyl O,O-diethyl phosphoroselenoate (4.24o): 

 
Compound 4.24o was synthesised following GP7 as a colorless oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 136 mg (74% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.41 – 7.32 (m, 2H), 7.32 – 7.27 (m, 2H), 7.26 – 7.20 (m, 

1H), 4.16 – 3.98 (m, 6H), 1.30 (td, J = 7.1, 0.7 Hz, 6H) ppm. 13C NMR (126 MHz, CDCl3): δ 

= 138.5 (d, J = 4.7 Hz), 129.0, 128.7, 127.5, 63.5 (d, J = 5.5 Hz), 29.5 (d, J = 4.6 Hz), 16.0 (d, 

J = 7.5 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ = 20.24 ppm. The spectroscopic data are in 

agreement with the literature.[23] 
 

Se-benzyl O,O-diphenyl phosphoroselenoate (4.24p): 

 
Compound 4.24p was synthesised following GP7 as a colorless oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 193 mg (80% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.28 – 7.24 (m, 4H), 7.16 – 7.12 (m, 11H), 4.08 (d, J = 12.6 

Hz, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 137.2 (d, J = 6.0 Hz), 129.9 (d, J = 1.3 Hz), 

129.2, 128.8, 127.7, 125.8 (d, J = 1.7 Hz), 121.0 (d, J = 4.9 Hz), 120.45, 30.9 (d, J = 4.8 Hz) 

ppm. 31P NMR (202 MHz, CDCl3): δ = 13.72 ppm. The spectroscopic data are in agreement 

with the literature.[23] 
 

Se-benzyl diphenylphosphinoselenoate (4.24q): 

 
Compound 4.24q was synthesised following GP7 as a white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 174 mg (78% yield). 
1H NMR (500 MHz, CDCl3): δ = 7.94 – 7.78 (m, 4H), 7.55 – 7.49 (m, 2H), 7.48 – 7.35 (m, 

4H), 7.20 – 7.10 (m, 5H), 4.07 (d, J = 8.3 Hz, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 
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137.7 (d, J = 4.4 Hz), 134.6, 133.8, 132.4 (d, J = 3.1 Hz), 131.4 (d, J = 10.9 Hz), 129.2, 128.8, 

128.7 (d, J = 5.2 Hz), 127.3, 28.4 (d, J = 2.5 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ = 40.03 

ppm. The spectroscopic data are in agreement with the literature.[24] 
 

6-(benzylselanyl)dibenzo[c,e][1,2]oxaphosphinine 6-oxide (4.24r): 

 
 

Compound 4.24r was synthesised following GP7 as a colorless oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 165 mg (71% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.95 – 7.84 (m, 3H), 7.70 – 7.65 (m, 1H), 7.49 (tdd, J = 7.6, 

3.6, 0.9 Hz, 1H), 7.38 – 7.33 (m, 1H), 7.29 – 7.19 (m, 6H), 7.11 – 7.05 (m, 1H), 4.24 – 4.09 

(m, 2H) ppm. 13C NMR (126 MHz, CDCl3) δ = 149.4 (d, J = 9.8 Hz), 137.7 (d, J = 4.4 Hz), 

135.6 (d, J = 7.6 Hz), 133.8 (d, J = 2.7 Hz), 130.8, 130.4 (d, J = 11.9 Hz), 129.18, 128.7 (t, J = 

7.5 Hz), 127.8, 127.5, 126.8, 125.2 (d, J = 1.1 Hz), 125.1 (d, J = 0.6 Hz), 123.8 (d, J = 10.9 

Hz), 122.3 (d, J = 12.3 Hz), 120.6 (d, J = 6.6 Hz), 29.2 (d, J = 3.7 Hz) ppm. 31P NMR (202 

MHz, CDCl3): δ = 33.66 ppm. The spectroscopic data are in agreement with the literature.[22] 
 

O,O-diethyl S-phenyl phosphorothioate (4.24s): 

 
Compound 4.24s was synthesised following GP7 as a colorless oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 84 mg (57% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.59 – 7.52 (m, 2H), 7.37 – 7.31 (m, 3H), 4.25 – 4.12 (m, 

4H), 1.30 (td, J = 7.1, 0.9 Hz, 6H) ppm. 13C NMR (126 MHz, CDCl3): δ = 134.6 (d, J = 5.2 

Hz), 129.5 (d, J = 2.2 Hz), 129.1 (d, J = 2.8 Hz), 126.7 (d, J = 7.2 Hz), 64.2 (d, J = 6.2 Hz), 

16.1 (d, J = 7.2 Hz) ppm. 31P NMR (202 MHz, CDCl3): δ = 22.88 ppm. The spectroscopic data 

are in agreement with the literature.[25] 
 

S-phenyl diphenylphosphinothioate (4.24t): 
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Compound 4.24t was synthesised following GP7 as a white solid. It was purified by column 

chromatography on silica gel using cyclohexane /ethyl acetate (4:1) to obtain 124 mg (66% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.88 – 7.81 (m, 4H), 7.53 – 7.48 (m, 2H), 7.47 – 7.41 (m, 

6H), 7.26 – 7.22 (m, 1H), 7.22 – 7.17 (m, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 135.5 

(d, J = 3.9 Hz), 133.1, 132.4 (d, J = 3.0 Hz), 131.7 (d, J = 10.2 Hz), 129.2 (d, J = 1.7 Hz), 129.0 

(d, J = 2.2 Hz), 128.6 (d, J = 13.1 Hz), 126.3 (d, J = 5.2 Hz) ppm. 31P NMR (202 MHz, CDCl3): 

δ = 41.31 ppm. The spectroscopic data are in agreement with literature.[19] 
 

6-(phenylthio)dibenzo[c,e][1,2]oxaphosphinine 6-oxide (4.24u): 

 
Compound 4.24u was synthesised following GP7 as a pale yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:1) to obtain 135 mg (69% yield).  
1H NMR (500 MHz, CDCl3): δ = 7.96 – 7.89 (m, 1H), 7.86 – 7.81 (m, 1H), 7.75 (dd, J = 7.8, 

1.6 Hz, 1H), 7.70 – 7.65 (m, 1H), 7.50 (tdd, J = 7.5, 3.6, 1.0 Hz, 1H), 7.38 – 7.34 (m, 1H), 7.28 

– 7.16 (m, 5H), 7.12 – 7.06 (m, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 150.6 (d, J = 9.6 

Hz), 136.4 (d, J = 7.3 Hz), 136.1 (d, J = 4.3 Hz), 133.8 (d, J = 2.6 Hz), 130.9 (d, J = 10.2 Hz), 

130.6, 129.4 (d, J = 3.1 Hz), 129.1 (d, J = 2.6 Hz), 128.5 (d, J = 14.9 Hz), 125.4, 124.7, 124.3 

(d, J = 4.9 Hz), 123.3 (d, J = 11.5 Hz), 121.9 (d, J = 11.6 Hz), 120.1 (d, J = 7.1 Hz) ppm. 31P 

NMR (202 MHz, CDCl3): δ = 34.20 ppm. The spectroscopic data are in agreement with the 

literature.[26] 

 

6.6. Experimental Data for Chapter 5:  
 

Flow Electrosynthesis of Sulfoxides, Sulfones and Sulfoximines 
 

6.6.1. Electrochemical oxidation of sulfides to sulfoxides 
 

General Procedure 8 (GP 8): 
 

 
 

The electrolysis was performed in an undivided cell using a Vapourtec Ion Electrochemical 

Flow Reactor (reactor volume = 0.6 mL, spacer 0.5 mm) using a graphite (Gr) electrode as the 
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anode and a stainless steel (Fe) electrode as the cathode (active surface area: A = 12 cm2). A 

solution of sulfide (0.1 M) in mixture of CH3CN and H2O (9:1) placed in 20 mL vial screw cap 

with hole with PTFE/silicone septum. The reaction mixture was injected to 18 mL sample loop. 

After that, the reactor temperature was set at room temperature with the flow rate 0.2 mLmin–

1 and the current was set at 64 mA turn on automatically. Then, solutions were pumped into the 

electrochemical reactor. After reaching a steady state, the solution (15 mL, 1.5 mmol) was 

collected automatically into a glass vial. The solvent was removed under vacuum. The crude 

product was purified by column chromatography (EtOAc/cyclohexane).  
 

(Methylsulfinyl)benzene (5.2a):  

 
Compound 5.2a was synthesized following GP8, using methyl(phenyl)sulfane (5.1a, 186 mg, 

1.5 mmol) to give the product as colourless oil. It was purified by column chromatography on 

silica gel using ethyl acetate (100 %) to obtain 87% yield (183 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.72 – 7.63 (m, 2H), 7.57 – 7.48 (m, 2H), 2.72 (s, 3H) ppm. 
13C{1H} NMR (126 MHz, CDCl3): δ = 145.7, 131.1, 129.4, 123.6, 44.0 ppm. The spectroscopic 

data are in agreement with the literature.[27] 
 

1-Methyl-4-(methylsulfinyl)benzene (5.2b). 

 
Compound 5.2b was synthesized following GP8, using methyl(p-tolyl)sulfane (5.1b, 207 mg, 

1.5 mmol) to give the product as colourless oil. It was purified by column chromatography on 

silica gel using ethyl acetate (100 %) to obtain 89% yield (207 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.54 (d, J = 7.4 Hz, 2H), 7.33 (d, J = 7.6 Hz, 2H), 2.70 (s, 

3H), 2.41 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 142.6, 141.7, 130.2, 123.7, 44.1, 21.5 

ppm. The spectroscopic data are in agreement with the literature.[27] 
 

1-Methoxy-4-(methylsulfinyl)benzene (5.2c): 
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Compound 5.2c was synthesized following GP8, using (4-methoxyphenyl)(methyl)sulfane 

(5.1c, 231 mg, 1.5 mmol) to give the product as colourless oil. It was purified by column 

chromatography on silica gel using ethyl acetate (100 %) to obtain 88% yield (224 mg). m.p.: 

42-44 °C [Lit.: 42-44 °C].[28]  

1H NMR (400 MHz, CDCl3): δ = 7.63 – 7.55 (m, 2H), 7.06 – 6.99 (m, 2H), 3.85 (s, 3H), 2.69 

(s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 162.1, 136.8, 125.6, 114.9, 55.6, 44.1 ppm. The 

spectroscopic data are in agreement with the literature.[27] 
  

1-Fluoro-4-(methylsulfinyl)benzene (5.2d): 

 
Compound 5.2d was synthesized following GP8, using (4-fluorophenyl)(methyl)sulfane (5.1d, 

213 mg, 1.5 mmol) to give the product as yellow oil. It was purified by column chromatography 

on silica gel using ethyl acetate (100 %) to obtain 80% yield (190 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.68 – 7.61 (m, 2H), 7.25 – 7.16 (m, 2H), 2.70 (s, 3H) ppm. 
13C NMR (126 MHz, CDCl3): δ = 164.4 (d, J = 251.4 Hz), 141.2 (d, J = 3.1 Hz), 125.9 (d, J = 

8.9 Hz), 116.8 (d, J = 22.6 Hz) ppm. 19F NMR (471 MHz, CDCl3): δ = –152.06 ppm. The 

spectroscopic data are in agreement with the literature.[29] 
 

1-Chloro-4-(methylsulfinyl)benzene (5.2e): 

 
Compound 5.2e was synthesized following GP8, using (4-chlorophenyl)(methyl)sulfane (5.1e, 

238 mg, 1.5 mmol) to give the product as colourless oil. It was purified by column 

chromatography on silica gel using ethyl acetate (100 %) to obtain 83% yield (217 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.58 (d, J = 8.5 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 2.71 (s, 

3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 144.3, 137.4, 129.8, 125.1, 44.2 ppm. The 

spectroscopic data are in agreement with the literature.[27] 
 

1-Bromo-4-(methylsulfinyl)benzene (5.2f): 
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Compound 5.2f was synthesized following GP8, using (4-bromophenyl)(methyl)sulfane (5.1f, 

305 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using ethyl acetate (100 %) to obtain 86% yield (282 mg). m.p.: 

86-88 °C [Lit.: 85-87 °C].[30]  
1H NMR (500 MHz, CDCl3): δ = 7.67 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 2.71 (s, 

3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 145.1, 132.8, 125.7, 125.4, 44.2 ppm. The 

spectroscopic data are in agreement with the literature.[27] 
 

4-(Methylsulfinyl)benzonitrile (5.2g): 

 
Compound 5.2g was synthesized following GP8, using (4-(methylthio)benzonitrile (5.1g, 224 

mg, 1.5 mmol) to give the product as White solid. It was purified by column chromatography 

on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 82% yield (204 mg). m.p.: 86-88 

°C [Lit.: 87-89 °C].[28]  
1H NMR (500 MHz, CDCl3): δ = 7.96 – 7.68 (m, 4H), 2.76 (s, 3H) ppm. 13C NMR (126 MHz, 

CDCl3): δ = 151.6, 133.1, 124.4, 117.8, 114.9, 44.0 ppm. The spectroscopic data are in 

agreement with the literature.[31] 
 

4-(Methylsulfinyl)benzaldehyde (5.2h): 

 
Compound 5.2h was synthesized following GP8, using 4-(methylthio)benzaldehyde (5.1h, 228 

mg, 1.5 mmol) to give the product as white solid. It was purified by column chromatography 

on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 68% yield (174 mg). m.p.: 83-86°C 

[Lit.: 84-87 °C].[32]  
1H NMR (500 MHz, CDCl3): δ = 10.09 (s, 1H), 8.05 (d, J = 7.7 Hz, 2H), 7.82 (d, J = 7.7 Hz, 

2H), 2.78 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 191.1, 152.4, 138.0, 130.3, 124.1, 

43.7 ppm. The spectroscopic data are in agreement with the literature.[31] 
 

1-(Methylsulfinyl)-4-nitrobenzene (5.2i):  
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Compound 5.2i was synthesized following GP8, using methyl(4-nitrophenyl)sulfane (5.1i, 254 

mg, 1.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using ethyl acetate (100 %) to obtain 63% yield (174 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.43 – 8.34 (m, 2H), 7.88 – 7.78 (m, 2H), 2.79 (s, 3H) ppm. 
13C NMR (126 MHz, CDCl3): δ = 153.4, 149.6, 124.8, 124.6, 44.0 ppm. The spectroscopic 

data are in agreement with the literature.[27] 
 

1-Methyl-3-(methylsulfinyl)benzene (5.2j): 

 
Compound 5.2j was synthesized following GP8, using methyl(m-tolyl)sulfane (5.1j, 207 mg, 

1.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using ethyl acetate (100 %) to obtain 86% yield (200 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.49 – 7.45 (m, 1H), 7.41 – 7.36 (m, 2H), 7.30 – 7.26 (m, 

1H), 2.70 (s, 3H), 2.41 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 145.6, 139.7, 131.9, 

129.2, 123.9, 120.7, 44.0, 21.5 ppm. The spectroscopic data are in agreement with the 

literature.[27] 
 

1-Chloro-3-(methylsulfinyl)benzene (5.2k):  

 
Compound 5.2k was synthesized following GP8, using (3-chlorophenyl)(methyl)sulfane (5.1k, 

238 mg, 1.5 mmol) to give the product as colourless oil. It was purified by column 

chromatography on silica gel using ethyl acetate (100 %) to obtain 85% yield (224 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.65 (s, 1H), 7.50 – 7.43 (m, 3H), 2.73 (s, 3H) ppm. 13C NMR 

(126 MHz, CDCl3): δ = 148.0, 135.8, 131.3, 130.7, 123.7, 121.7, 44.1 ppm. The spectroscopic 

data are in agreement with the literature.[29] 
 

1-Bromo-3-(methylsulfinyl)benzene (5.2l): 
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Compound 5.2l was synthesized following GP8, using (3-bromophenyl)(methyl)sulfane (5.1l, 

305 mg, 1.5 mmol) to give the product as yellow oil. It was purified by column chromatography 

on silica gel using ethyl acetate (100%) to obtain 90% yield (296 mg). 
1H NMR (500 MHz, CDCl3): δ = 7.84 – 7.76 (m, 1H), 7.64 – 7.50 (m, 2H), 7.42 – 7.36 (m, 

1H), 2.72 (s, 3H) ppm. 13C{1H} NMR (126 MHz, CDCl3): δ = 148.1, 134.2, 130.9, 126.6, 

123.7, 122.2, 44.1 ppm. The spectroscopic data are in agreement with the literature.[29] 
 

1-Chloro-2-(methylsulfinyl)benzene (5.2m):  

 
Compound 5.2m was synthesized following GP8, using (2-chlorophenyl)(methyl)sulfane 

(5.1m, 238 mg, 1.5 mmol) to give the product as yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 79% yield (208 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.94 (dd, J = 7.8, 1.6 Hz, 1H), 7.53 (td, J = 7.5, 1.2 Hz, 1H), 

7.44 (td, J = 7.4, 1.5 Hz, 1H), 7.39 (d, J = 1.2 Hz, 1H), 2.81 (s, 3H) ppm. 13C NMR (126 MHz, 

CDCl3): δ = 143.7, 132.1, 129.9, 128.3, 125.4, 41.7 ppm. The spectroscopic data are in 

agreement with the literature.[29] 

 

1-Bromo-2-(methylsulfinyl)benzene (5.2n):  

 
Compound 5.2n was synthesized following GP8, using (2-bromophenyl)(methyl)sulfane 

(5.1n, 305 mg, 1.5 mmol) to give the product as yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 72% yield (238 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.94 (dd, J = 7.8, 1.7 Hz, 1H), 7.62 – 7.54 (m, 2H), 7.39 – 

7.35 (m, 1H), 2.82 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 145.5, 133.0, 132.4, 128.8, 

125.8, 118.5, 42.0 ppm. The spectroscopic data are in agreement with the literature.[31] 
 

1-Iodo-2-(methylsulfinyl)benzene (5.2o):  
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Compound 5.2o was synthesized following GP8, using(2-iodophenyl)(methyl)sulfane (5.1o, 

375 mg, 1.5 mmol) to give the product as yellow oil. It was purified by column chromatography 

on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 34% yield (136 mg). 
1H NMR (500 MHz, CDCl3): δ  = 7.89 (t, J = 6.6 Hz, 1H), 7.82 – 7.79 (t, J = 6.6 Hz, 1H), .63 

– 7.56 (m, 1H), 7.24 – 7.17 (m, 1H), 2.77 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 148.4, 

139.4, 132.6, 129.7, 125.9, 91.5, 42.3 ppm. The spectroscopic data are in agreement with the 

literature.[33] 
 

1,3-Dichloro-5-(methylsulfinyl)benzene (5.2p):  

 
Compound 5.2p was synthesized following GP8, using (3,5-dichlorophenyl)(methyl)sulfane 

(5.1p, 290 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using ethyl acetate (100 %) to obtain 89% yield (278 mg). m.p.: 

71-73°C [Lit.: 72-74 °C].[34] 
1H NMR (500 MHz, CDCl3): δ = 7.50 (d, J = 1.6 Hz, 2H), 7.46 – 7.44 (m, 1H), 2.74 (s, 3H) 

ppm. 13C NMR (126 MHz, CDCl3): δ = 149.5, 136.4, 131.2, 122.0, 44.1 ppm. The 

spectroscopic data are in agreement with the literature.[29] 
 

2-(Methylsulfinyl)pyridine (5.2q):  

 
Compound 5.2q was synthesized following GP8, using 2-(methylthio)pyridine (5.1q, 188 mg, 

1.5 mmol) to give the product as colourless oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (4:6) to obtain 73% yield (155 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.65 – 8.54 (m, 1H), 8.00 (dt, J = 7.9, 1.0 Hz, 1H), 7.93 (td, 

J = 7.7, 1.7 Hz, 1H), 7.36 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H), 2.83 (s, 3H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 166.0, 149.6, 138.3, 124.7, 119.5, 41.4 ppm. The spectroscopic data are in 

agreement with the literature.[29] 
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(Ethylsulfinyl)benzene (5.2r): 

 
Compound 5.2r was synthesized following GP8, using ethyl(phenyl)sulfane (5.1r, 207 mg, 1.5 

mmol) to give the product as yellow oil. It was purified by column chromatography on silica 

gel using ethyl acetate (100 %) to obtain 91% yield (210 mg). 
1H NMR (500 MHz, CDCl3): δ = 7.63 – 7.55 (m, 2H), 7.53 – 7.46 (m, 3H), 2.89 (dq, J = 13.3, 

7.4 Hz, 1H), 2.76 (dq, J = 13.3, 7.4 Hz, 1H), 1.18 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (126 MHz, 

CDCl3): δ = 143.3, 131.0, 129.2, 124.3, 50.4, 6.0 ppm. The spectroscopic data are in agreement 

with the literature.[27] 
 

(Propylsulfinyl)benzene (5.2s):  

 
Compound 5.2s was synthesized following GP8, using phenyl(propyl)sulfane (5.1s, 228 mg, 

1.5 mmol) to give the product as colourless oil. It was purified by column chromatography on 

silica gel using ethyl acetate (100 %) to obtain 86% yield (218 mg). 
1H NMR (500 MHz, CDCl3): δ = 7.67 – 7.53 (m, 2H), 7.52 – 7.41 (m, 3H), 2.81 – 2.69 (m, 

2H), 1.83 – 1.72 (m, 1H), 1.69 – 1.59 (m, 1H), 1.02 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 144.1, 131.0, 129.3, 124.1, 59.3, 16.0, 13.3 ppm. The spectroscopic data are 

in agreement with the literature.[35] 
 

(Cyclopropylsulfinyl)benzene (5.2t):  

 
Compound 5.2s was synthesized following GP8, using cyclopropyl(phenyl)sulfane (5.1t, 225 

mg, 1.5 mmol) to give the product as colourless. It was purified by column chromatography on 

silica gel using ethyl acetate (100 %) to obtain 84% yield (209 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.73 – 7.56 (m, 2H), 7.55 – 7.42 (m, 3H), 2.29 – 2.17 (m, 

1H), 1.28 – 1.19 (m, 1H), 1.06 – 0.89 (m, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 144.9, 

131.0, 129.2, 124.1, 33.9, 3.5, 2.9 ppm. The spectroscopic data are in agreement with the 

literature.[29] 
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(Allylsulfinyl)benzene (5.2u):  

 
Compound 5.2u was synthesized following GP8, using allyl(phenyl)sulfane (5.1u, 225 mg, 1.5 

mmol) to give the product as colourless oil. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (4:6) to obtain 67% yield (166 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.64 – 7.55 (m, 2H), 7.55 – 7.46 (m, 3H), 5.78 – 5.52 (m, 

1H), 5.37 – 5.30 (m, 1H), 5.19 (dq, J = 17.0, 1.2 Hz, 1H), 3.54 (ddd, J = 32.0, 12.7, 7.5 Hz, 

2H) ppm. 13C NMR (126 MHz, CDCl3) δ 143.0, 131.2, 129.2, 125.4, 124.4, 124.0, 61.0 ppm. 

The spectroscopic data are in agreement with the literature.[36] 
 

(Benzylsulfinyl)benzene (5.2v):  

 
Compound 5.2v was synthesized following GP8, using allyl(phenyl)sulfane (5.1v, 300 mg, 1.5 

mmol to give the product as white solid. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (4:6) to obtain 78% yield (254 mg). m.p.: 120-122°C [Lit.: 

122-123 °C].[37]  
1H NMR (500 MHz, CDCl3): δ = 7.51 – 7.33 (m, 3H), 7.32 – 7.22 (m, 2H), 6.98 (d, J = 7.2 Hz, 

1H), 4.05 (dd, J = 50.0, 12.6 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 142.8, 131.3, 

130.5, 129.2, 128.9, 128.5, 128.3, 124.6, 63.7 ppm. The spectroscopic data are in agreement 

with the literature.[36] 
 

Sulfinyldibenzene (5.2w):  

 
Compound 5.2w was synthesized following GP8, using diphenylsulfane (5.1w, 279 mg, 1.5 

mmol) to give the product as white solid. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (6:4) to obtain 70% yield (212 mg). m.p.: 68-70°C [Lit.: 

69-70 °C].[34]  
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1H NMR (500 MHz, CDCl3): δ = 7.69 – 7.58 (m, 2H), 7.47 – 7.41 (m, 3H) ppm. 13C NMR 

(126 MHz, CDCl3): δ = 145.6, 131.1, 129.3, 124.8 ppm. The spectroscopic data are in 

agreement with the literature.[27] 
 

Thiochroman-4-one 1-oxide (5.2x):  

 
Compound 5.2x was synthesized following GP8, using thiochroman-4-one (5.1x, 246 mg, 1.5 

mmol) to give the product as yellow oil. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (4:6) to obtain 47% yield (128 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.11 (dd, J = 7.8, 1.2 Hz, 1H), 7.83 (dd, J = 7.7, 0.9 Hz, 1H), 

7.72 (td, J = 7.6, 1.3 Hz, 1H), 7.62 (td, J = 7.6, 1.2 Hz, 1H), 3.49 – 3.39 (m, 3H), 2.90 – 2.81 

(m, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 192.1, 145.6, 134.7, 132.2, 129.3, 128.9, 128.5, 

46.7, 30.4 ppm. The spectroscopic data are in agreement with the literature.[38] 
 

Tetrahydro-2H-thiopyran 1-oxide (5.2y):  

 
Compound 5.2y was synthesized following GP8, using tetrahydro-2H-thiopyran (5.1y, 153 mg, 

1.5 mmol) to give the product as colourless oil. It was purified by column chromatography on 

silica gel using ethyl acetate/methanol (98:2) to obtain 72% yield (128 mg).  
1H NMR (500 MHz, CDCl3): δ = 2.88 – 2.74 (m, 1H), 2.73 – 2.64 (m, 1H), 2.21 – 2.09 (m, 

1H), 1.64 – 1.46 (m, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 48.8, 24.7, 19.0 ppm. The 

spectroscopic data are in agreement with the literature.[39] 

1,4-Oxathiane 4-oxide (5.2z):  

 
Compound 5.2z was synthesized following GP8, using 1,4-oxathiane (5.1z, 156 mg, 1.5 mmol) 

to give the product as colourless oil. It was purified by column chromatography on silica gel 

using ethyl acetate/methanol (98:2) to obtain 67% yield (120 mg).  
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1H NMR (500 MHz, CDCl3): δ = 4.36 – 4.23 (m, 1H), 3.80 – 3.70 (m, 1H), 2.92 – 2.78 (m, 

1H), 2.73 – 2.60 (m, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 59.1, 46.2 ppm. The 

spectroscopic data are in agreement with the literature.[40] 
 

1-(Butylsulfinyl)butane (5.2aa):  

 
Compound 5.2aa was synthesized following GP8, using dibutylsulfane (5.1aa, 219 mg, 1.5 

mmol) to give the product as colourless oil. It was purified by column chromatography on silica 

gel using ethyl acetate (100 %) to obtain 66% yield (160 mg).  
1H NMR (500 MHz, CDCl3): δ = 2.67 – 2.54 (m, 4H), 1.76 – 1.62 (m, 4H), 1.51 – 1.33 (m, 

4H), 0.90 (t, J = 7.4 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ = 52.1, 24.6, 22.1, 13.7 

ppm. The spectroscopic data are in agreement with the literature.[27] 
 

6.6.2. Electrochemical oxidation of sulfides to sulfones 
 

General Procedure 9 (GP 9): 

 
 

The electrolysis was performed in an undivided cell using a Vapourtec Ion Electrochemical 

Flow Reactor (reactor volume = 0.6 mL, spacer 0.5 mm) using a graphite (Pt) electrode as the 

anode and a stainless steel (Fe) electrode as the cathode (active surface area: A = 12 cm2). A 

solution of sulfide (0.1 M) in mixture of CH3CN and H2O (9:1) placed in 20 mL vial screw cap 

with hole with PTFE/silicone septum. The reaction mixture was injected to the 18 mL sample 

loop. After that, the reactor temperature was set at room temperature with the flow rate 0.2 

mL/min and the current was set at 160 mA turn on automatically. Then, solutions were pumped 

into the electrochemical rector. After reaching a steady state, the solution (15 mL, 1.5 mmol) 

was collected automatically into a glass vial. The solvent was removed under vacuum. The 

crude product was purified by column chromatography (EtOAc/cyclohexane). 
 

(Methylsulfonyl)benzene (5.3a).  
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Compound 5.3a was synthesized following GP9, using methyl(phenyl)sulfane (5.1a, 186 mg, 

1.5 mmol) to give the product as White solid. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (6:4) to obtain 81% yield (189 mg). m.p.: 89–91°C. 

[Lit.: 88–91 °C].[34] 
1H NMR (400 MHz, CDCl3): δ = 7.93 (d, J = 8.2 Hz, 2H), 7.68 – 7.51 (m, 3H), 3.04 (s, 3H) 

ppm. 13C NMR (101 MHz, CDCl3): δ = 140.7, 133.7, 129.4, 127.4, 44.8 ppm. The 

spectroscopic data are in agreement with the literature.[29]  
 

1-Methyl-4-(methylsulfonyl)benzene (5.3b):  

 
Compound 5.3b was synthesized following GP9, using methyl(p-tolyl)sulfane (5.1b, 207 mg, 

1.5 mmol) to give the product as white solid. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (6:4) to obtain 83% yield (212 mg). m.p.: 86-87°C 

[Lit.: 87-88 °C].[41] 
1H NMR (400 MHz, CDCl3): δ = 7.78 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 7.3 Hz, 2H), 2.99 (s, 

3H), 2.40 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 144.7, 137.7, 123.0, 127.3, 44.6, 21.6 

ppm. The spectroscopic data are in agreement with the literature.[39] 
 

1-Methoxy-4-(methylsulfonyl)benzene (5.3c):  

 
Compound 5.3c was synthesized following GP9, using (4-methoxyphenyl)(methyl)sulfane 

(5.1c, 231 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 78% yield (218 

mg). m.p.: 118–120 °C [Lit.: 120-122 °C].[37] 
1H NMR (400 MHz, CDCl3): δ = 7.93 – 7.72 (m, 2H), 7.10 – 6.90 (m, 2H), 3.86 (s, 3H), 3.01 

(s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 163.8, 132.4, 129.6, 114.6, 55.8, 44.9 ppm. The 

spectroscopic data are in agreement with the literature.[29] 
 

1-Fluoro-4-(methylsulfonyl)benzene (5.3d): 
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Compound 5.3d was synthesized following GP9, using (4-fluorophenyl)(methyl)sulfane (5.1d, 

213 mg, 1.5 mmol) to give the product as colourless oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 66% yield (172 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.98 – 7.90 (m, 2H), 7.26 – 7.20 (m, 2H), 3.04 (s, 3H) ppm. 
13C NMR (101 MHz, CDCl3): δ = 165.8 (d, J = 256.1 Hz), 136.8 (d, J = 3.2 Hz), 130.4 (d, J = 

9.6 Hz), 116.7 (d, J = 22.7 Hz), 44.7 (s) ppm. 19F NMR (471 MHz, CDCl3): δ = –103.59 ppm. 

The spectroscopic data are in agreement with the literature.[29] 
 

1-Chloro-4-(methylsulfonyl)benzene (5.3e):  

 
Compound 5.3e was synthesized following GP9, using (4-chlorophenyl)(methyl)sulfane (5.1e, 

238 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 73 yield (210 mg). 

m.p.: 92-94°C. [Lit.: 94-95 °C].[37] 

1H NMR (400 MHz, CDCl3): δ = 7.91 – 7.84 (m, 2H), 7.57 – 7.51 (m, 2H), 3.08 – 3.01 (m, 

3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 140.6, 139.2, 129.8, 129.0, 44.6 ppm. The 

spectroscopic data are in agreement with the literature.[29] 
 

1-Bromo-4-(methylsulfonyl)benzene (5.3f): 

 
 Compound 5.3f was synthesized following GP9, using (4-bromophenyl)(methyl)sulfane (5.1f, 

305 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 79% yield (280 

mg). m.p.: 100-102°C [Lit.: 100-102 °C].[37] 
1H NMR (400 MHz, CDCl3): δ = 7.85 – 7.77 (m, 2H), 7.73 – 7.66 (m, 2H), 3.04 (s, 3H) ppm. 
13C{1H} NMR (101 MHz, CDCl3): δ = 139.7, 132.8, 129.1, 44.6 ppm. The spectroscopic data 

are in agreement with the literature.[29] 
 

4-(Methylsulfonyl)benzonitrile (5.3g):  

 

S
O

Cl

O

S
O

Br

O

S
O

NC

O



Nasser Amri                                                                                  Chapter 6: Experimental Part 
  
 

 215 

Compound 5.3g was synthesized following GP9 using (4-(methylthio)benzonitrile (5.1g, 224 

mg, 1.5 mmol) to give the product as white solid. It was purified by column chromatography 

on silica gel using cyclohexane/ethyl acetate (2:8) to obtain 68% yield (68 mg). m.p.: 142–143 

°C [Lit.: 142-143 °C].[42] 
1H NMR (500 MHz, CDCl3): δ = 8.11 – 8.03 (m, 2H), 7.91 – 7.84 (m, 2H), 3.08 (s, 3H) ppm. 
13C NMR (101 MHz, CDCl3): δ = 144.6, 133.3, 128.3, 117.7, 117.1, 44.3 ppm. The 

spectroscopic data are in agreement with the literature.[42] 
 

4-(Methylsulfonyl)benzaldehyde (5.3h):  

 
Compound 5.3h was synthesized following GP9, using 4-(methylthio)benzaldehyde (5.1h, 228 

mg, 1.5 mmol) to give the product as white solid. It was purified by column chromatography 

on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 35% yield (96 mg). m.p.: 157-158 

°C [Lit.: 157-158 °C].[43] 
1H NMR (400 MHz, CDCl3): δ = 10.14 (s, 1H), 8.11 (dd, J = 19.4, 8.3 Hz, 4H), 3.10 (s, 3H) 

ppm. 13C NMR (101 MHz, CDCl3): δ = 190.8, 145.5, 139.8, 130.5, 128.4, 44.4 ppm. The 

spectroscopic data are in agreement with the literature.[44] 
 

1-(Methylsulfonyl)-4-nitrobenzene (5.3i):  

 
Compound 5.3i was synthesized following GP9, using methyl(4-nitrophenyl)sulfane (5.1i, 254 

mg, 1.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (6:4) to obtain 28% yield (85 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.46 – 8.39 (m, 2H), 8.20 – 8.10 (m, 2H), 3.12 (s, 3H) ppm. 
13C NMR (101 MHz, CDCl3): δ = 151.0, 146.1, 129.1, 124.8, 44.5 ppm. The spectroscopic 

data are in agreement with the literature.[39] 
 

1-Methyl-3-(methylsulfonyl)benzene (5.3j):  
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Compound 5.3j was synthesized following GP9, using methyl(m-tolyl)sulfane (5.1j, 207 mg, 

1.5 mmol) to give the product as colourless oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (6:4) to obtain 78% yield (198 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.79 – 7.63 (m, 2H), 7.49 – 7.40 (m, 2H), 3.03 (s, 3H), 2.43 

(s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 140.5, 139.8, 134.5, 129.3, 127.7, 124.5, 44.6, 

21.4 ppm. The spectroscopic data are in agreement with the literature.[45] 
 

1-Chloro-3-(methylsulfonyl)benzene (5.3k):  

 
Compound 5.3k was synthesized following GP9, using (3-chlorophenyl)(methyl)sulfane (5.1k, 

283 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using e cyclohexane/ethyl acetate (6:4) to obtain 74% yield (212 

mg). m.p.: 55–56°C [Lit.: 56-58 °C].[37] 
1H NMR (500 MHz, CDCl3): δ = 7.93 (t, J = 1.9 Hz, 1H), 7.85 – 7.81 (m, 1H), 7.64 – 7.60 (m, 

1H), 7.52 (t, J = 7.9 Hz, 1H), 3.06 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 142.3, 135.7, 

134.0, 130.9, 127.7, 125.6, 44.5 ppm. The spectroscopic data are in agreement with the 

literature.[29] 
 

1-Bromo-3-(methylsulfonyl)benzene (5.3l):  

 
Compound 5.3l was synthesized following GP9, using (3-bromophenyl)(methyl)sulfane (5.1l, 

305 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 71% yield (252 

mg). m.p.: 102-103 °C.  
1H NMR (500 MHz, CDCl3): δ = 8.10 – 8.05 (m, 1H), 7.89 – 7.85 (m, 1H), 7.79 – 7.76 (m, 

1H), 7.49 – 7.42 (m, 1H), 3.06 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 142.5, 136.9, 

131.1, 130.5, 125.9, 123.4, 44.6. The spectroscopic data are in agreement with the literature.[46] 
 

1-Chloro-2-(methylsulfonyl)benzene (5.3m): 
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Compound 5.3m was synthesized following GP9, using (2-chlorophenyl)(methyl)sulfane 

(5.1m, 238 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 53% yield (152 

mg). m.p.: 82-84°C [Lit.: 80-82 °C].[37]  
1H NMR (500 MHz, CDCl3): δ = 8.13 (dd, J = 8.3, 1.5 Hz, 1H), 7.59 – 7.52 (m, 2H), 7.49 – 

7.43 (m, 1H), 3.26 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 138.1, 134.9, 132.6, 132.0, 

130.9, 127.6, 42.8 ppm. The spectroscopic data are in agreement with the literature.[29] 
 

1-Bromo-2-(methylsulfonyl)benzene (5.3n):  

 
Compound 5.3n was synthesized following GP9, using (2-bromophenyl)(methyl)sulfane 

(5.1n, 305 mg, 1.5 mmol) to give the product as yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 51% yield (180 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.19 (dd, J = 7.7, 1.9 Hz, 1H), 7.77 (dd, J = 7.8, 1.3 Hz, 1H), 

7.50 (dtd, J = 17.1, 7.5, 1.5 Hz, 2H), 3.28 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 139.8, 

135.6, 134.9, 131.3, 128.2, 120.8, 42.5 ppm. The spectroscopic data are in agreement with the 

literature.[29] 
 

1-Iodo-2-(methylsulfonyl)benzene (5.3o):  

 
Compound 5.3o was synthesized following GP9, using (2-iodophenyl)(methyl)sulfane (5.1o, 

375 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 15% yield (64 

mg). m.p.: 108-109 °C.  
1H NMR (500 MHz, CDCl3): δ = 8.23 (dd, J = 7.9, 1.7 Hz, 1H), 8.11 (dd, J = 7.9, 1.2 Hz, 1H), 

7.58 – 7.54 (m, 1H), 7.27 (dt, J = 7.7, 1.7 Hz, 1H), 3.26 (s, 3H) ppm. 13C NMR (101 MHz, 

CDCl3): δ = 142.9, 142.9, 134.6, 131.0, 129.0, 92.7, 42.0 ppm. 
 

1,3-Dichloro-5-(methylsulfonyl)benzene (5.3p):  
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Compound 5.3p was synthesized following GP9, using (3,5-dichlorophenyl)(methyl)sulfane 

(5.1p, 290 mg, 1.5 mmol) to give the product as white solid. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (6:4) to obtain 60% yield (204 

mg). m.p.: 202-205 °C [Lit.: 201-203 °C].[34]  
1H NMR (500 MHz, CDCl3): δ = 7.82 (d, J = 1.9 Hz, 2H), 7.62 (t, J = 1.9 Hz, 1H), 3.08 (s, 

3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 14.4, 136.5, 133.9, 126.0, 44.5 ppm. The 

spectroscopic data are in agreement with the literature.[34] 
 

2-(Methylsulfonyl)pyridine (5.3q):  

 
Compound 5.3q was synthesized following GP9, using 2-(methylthio)pyridine (5.1q, 188 mg, 

1.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (4:6) to obtain 67% yield (158 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.75 – 8.69 (m, 1H), 8.07 (dt, J = 7.9, 1.0 Hz, 1H), 7.96 (td, 

J = 7.8, 1.7 Hz, 1H), 7.55 (ddd, J = 7.7, 4.7, 1.1 Hz, 1H), 3.21 (s, 3H) ppm. 13C NMR (101 

MHz, CDCl3): δ = 158.1, 150.1, 138.4, 127.6, 121.1, 40.1 ppm. The spectroscopic data are in 

agreement with the literature.[29] 
 

(Ethylsulfonyl)benzene (5.3r):  

 
Compound 5.3r was synthesized following GP9, using ethyl(phenyl)sulfane (5.1r, 207 mg, 1.5 

mmol) to give the product as yellow oil. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (6:4) to obtain 74% yield (188 mg). 

 1H NMR (500 MHz, CDCl3): δ = 7.94 – 7.80 (m, 2H), 7.68 – 7.51 (m, 3H), 3.10 (q, J = 7.4 

Hz, 2H), 1.25 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 138.6, 133.8, 129.3, 

128.3, 50.7, 7.5 ppm. The spectroscopic data are in agreement with the literature.[39] 

 

(Propylsulfonyl)benzene (5.3s): 
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Compound 5.3s was synthesized following GP9, using phenyl(propyl)sulfane (5.1s, 228 mg, 

1.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (6:4) to obtain 71% yield (196 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.90 – 7.84 (m, 2H), 7.64 – 7.59 (m, 1H), 7.56 – 7.51 (m, 

2H), 3.06 – 3.00 (m, 2H), 1.75 – 1.66 (m, 2H), 0.95 (t, J = 7.5 Hz, 3H) ppm. 13C NMR (126 

MHz, CDCl3): δ = 139.2, 133.7, 129.3, 128.0, 57.9, 16.5, 12.9 ppm. The spectroscopic data are 

in agreement with the literature.[47] 
 

(Cyclopropylsulfonyl)benzene (5.3t):  

 
Compound 5.3t was synthesized following GP9, using cyclopropyl(phenyl)sulfane (5.1t, 225 

mg, 1.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (6:4) to obtain 72% yield (198 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.93 – 7.80 (m, 2H), 7.65 – 7.58 (m, 1H), 7.57 – 7.47 (m, 

2H), 2.51 – 2.36 (m, 1H), 1.35 – 1.27 (m, 2H), 1.04 – 0.94 (m, 2H) ppm. 13C NMR (126 MHz, 

CDCl3): δ = 140.7, 133.4, 129.3, 127.5, 32.9, 6.0 ppm. The spectroscopic data are in agreement 

with the literature.[29] 
 

(Allylsulfonyl)benzene (5.3u):  

 
Compound 5.3u was synthesized following GP9, using allyl(phenyl)sulfane (5.1u, 225 mg, 1.5 

mmol) to give the product as colourless oil. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (6:4) to obtain 18% yield (48 mg). 
1H NMR (500 MHz, CDCl3): δ = 7.91 – 7.82 (m, 2H), 7.65 (t, J = 7.4 Hz, 1H), 7.56 (t, J = 7.7 

Hz, 2H), 5.80 (ddt, J = 17.4, 10.1, 7.4 Hz, 1H), 5.24 (dd, J = 92.6, 13.6 Hz, 2H), 3.81 (d, J = 

7.4 Hz, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 138.4, 133.9, 129.2, 128.7, 124.9, 124.8, 

61.0 ppm. The spectroscopic data are in agreement with the literature.[48] 
 

Sulfonyldibenzene (5.3w):  
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Compound 5.3v was synthesized following GP9, using diphenylsulfane (5.1v, 279 mg, 1.5 

mmol) to give the product as white solid. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (6:4) to obtain 70% yield (230 mg). m.p.: 121-122°C [Lit.: 

117-118 °C].[49] 
1H NMR (400 MHz, CDCl3): δ = 8.02 – 7.89 (m, 2H), 7.61 – 7.46 (m, 3H) ppm. 13C NMR 

(101 MHz, CDCl3): δ = 141.7, 133.3, 129.4, 127.8 ppm. The spectroscopic data are in 

agreement with the literature.[29] 
 

Thiochroman-4-one 1,1-dioxide (5.3x):  

 
Compound 5.3x was synthesized following GP9, using thiochroman-4-one (5.1x, 246 mg, 1.5 

mmol) to give the product as white solid. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (6:4) to obtain 48% yield (142 mg). m.p.: 142-144°C [Lit.: 

142-144 °C].[50] 
1H NMR (500 MHz, CDCl3): δ = 8.09 (d, J = 7.8 Hz, 1H), 7.98 (d, J = 7.8 Hz, 1H), 7.80 (t, J 

= 7.6 Hz, 1H), 7.72 (t, J = 7.7 Hz, 1H), 3.77 – 3.61 (m, 2H), 3.46 – 3.30 (m, 2H) ppm. 13C 

NMR (126 MHz, CDCl3): δ = 190.26, 141.5, 135.0, 133.5, 130.3, 128.9, 123.7, 49.3, 36.8 ppm. 

The spectroscopic data are in agreement with the literature.[51] 
 

Tetrahydro-2H-thiopyran 1,1-dioxide (5.3y):  

 
Compound 5.3y was synthesized following GP9, using tetrahydro-2H-thiopyran (5.1y, 153 mg, 

1.5 mmol) to give the product as colourless oil. It was purified by column chromatography on 

silica gel using ethyl acetate (100 %) to obtain 51% yield (102 mg).  
1H NMR (500 MHz, CDCl3): δ = 3.01 – 2.88 (m, 4H), 2.10 – 2.00 (m, 4H), 1.63 – 1.55 (m, 

2H) ppm. 13C NMR (101 MHz, CDCl3): δ = 52.16, 24.28, 23.8 ppm. The spectroscopic data 

are in agreement with the literature.[39] 
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1,4-Oxathiane 4,4-dioxide (5.3z):  

 
Compound 5.3z was synthesized following GP9, using 1,4-oxathiane (5.1z, 156 mg, 1.5 mmol) 

to give the product as white solid. It was purified by column chromatography on silica gel using 

ethyl acetate (100 %) to obtain 48% yield (98 mg). m.p.: 130-132 °C [Lit.: 130-131°C].[52] 
1H NMR (500 MHz, CDCl3): δ = 4.14 – 4.08 (m, 2H), 3.13 – 3.05 (m, 2H) ppm. 13C NMR 

(101 MHz, CDCl3): δ = 66.3, 53.0 ppm. The spectroscopic data are in agreement with the 

literature.[53] 
 

1-(Butylsulfonyl)butane (5.3aa):  

 
Compound 5.3aa was synthesized following GP9, using dibutylsulfane (5.1aa, 219 mg, 1.5 

mmol) to give the product as colourless oil. It was purified by column chromatography on silica 

gel using ethyl acetate (100 %) to obtain 34% yield (92 mg).  
1H NMR (500 MHz, CDCl3): δ = 3.11 – 2.80 (m, 2H), 1.84 – 1.76 (m, 2H), 1.50 – 1.42 (m, 

2H), 0.95 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 52.6, 24.0, 21.9, 13.7 

ppm. The spectroscopic data are in agreement with the literature.[39] 
 

6.6.3. Electrochemical imination of sulfoxides: 
 

General Procedure 10 (GP 10): 
 

 
 

The electrolysis was performed in an undivided cell using a Vapourtec Ion Electrochemical 

Flow Reactor (reactor volume = 0.3 mL, spacer 0.3 mm) using a platinum (Pt) electrode as 

anode and cathode (active surface area: A = 12 cm2). A solution of sulfoxide (0.05 M) and 

cyanamide (1.5 equiv.) in HFIP (12 mL) was placed in a 20 mL vial screw cap with hole with 

PTFE/silicone septum. The reaction mixture was injected to the 12 mL sample loop. After that, 

the reactor temperature was set at room temperature with the flow rate 0.15 mLmin-1 and the 

current was set at 72 mA turn on automatically. Then, solutions were pumped into the 
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electrochemical rector. After reaching a steady state, the solution (10 mL, 0.5 mmol) was 

collected automatically into a glass vial. The solvent was removed under vacuum. The crude 

product was purified by column chromatography (EtOAc/cyclohexane). 
 

N-(Methyl(oxo)(phenyl)-l6-sulfaneylidene)cyanamide (5.4a).  

 
Compound 5.4a was synthesized following GP10, using (methylsulfinyl)benzene (5.2a, 70 mg, 

0.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (4:6) to obtain 46% yield (42 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.98 – 7.89 (m, 2H), 7.76 – 7.70 (m, 1H), 7.66 – 7.60 (m, 

2H), 3.28 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 136.1, 135.6, 130.4, 128, 112, 44.9 

ppm. The spectroscopic data are in agreement with the literature.[54] 
 

N-(Methyl(oxo)(p-tolyl)-l6-sulfaneylidene)cyanamide (5.4b):  

 
Compound 5.4b was synthesized following GP10, using 1-methyl-4-(methylsulfinyl)benzene 

(5.2b, 77 mg, 0.5 mmol) to give the product as yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 42% yield (41 

mg). 
1H NMR (500 MHz, CDCl3): δ = 7.86 (d, J = 8.3 Hz, 2H), 7.47 (d, J = 8.2 Hz, 2H), 3.31 (s, 

3H), 2.49 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 147.2, 133.0, 131.0, 128.1, 112.2, 

45.1, 21.9 ppm. The spectroscopic data are in agreement with the literature.[54] 
 

N-((4-Methoxyphenyl)(methyl)(oxo)-λ6-sulfaneylidene)cyanamide (5.4c): 

 
Compound 5.4c was synthesized following GP10, using 1-methoxy-4-(methylsulfinyl)benzene 

(5.2c, 85 mg, 0.5 mmol) to give the product as yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 32% yield (34 

mg).  
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1H NMR (500 MHz, CDCl3): δ = 8.01 – 7.80 (m, 2H), 7.18 – 7.03 (m, 2H), 3.92 (s, 3H), 3.32 

(s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 165.4, 130.4, 126.6, 115.7, 113.8, 56.2, 45.4 

ppm. The spectroscopic data are in agreement with the literature.[54] 
 

N-((4-Fluorophenyl)(methyl)(oxo)-λ6-sulfaneylidene)cyanamide (5.4d):  

 
Compound 5.4d was synthesized following GP10, start with 1-fluoro-4-

(methylsulfinyl)benzene (5.2d, 79 mg, 0.5 mmol) to give the product as yellow oil. It was 

purified by column chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to 

obtain 36% yield (36 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.06 – 8.00 (m, 2H), 7.39 – 7.33 (m, 2H), 3.35 (s, 3H) ppm. 
13C NMR (126 MHz, CDCl3): δ = 167.0 (d, J = 260.2 Hz), 132.0 (d, J = 3.2 Hz), 131.2 (d, J = 

10.1 Hz), 118.0 (d, J = 23.1 Hz). 112.0, 45.1 ppm. 19F NMR (471 MHz, CDCl3): δ = –99.69 

ppm. The spectroscopic data are in agreement with the literature.[55] 
 

N-((4-Chlorophenyl)(methyl)(oxo)-λ6-sulfaneylidene)cyanamide (5.4e):  

 
Compound 5.4e was synthesized following GP10, using 1-chloro-4-(methylsulfinyl)benzene 

(5.2e, 87 mg, 0.5 mmol) to give the product as yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 48% yield (52 

mg).  
1H NMR (500 MHz, CDCl3): δ = 8.00 – 7.88 (m, 2H), 7.72 – 7.61 (m, 2H), 3.35 (s, 3H) ppm. 
13C{1H} NMR (126 MHz, CDCl3): δ = 142.8, 134.5, 130.8, 129.5, 111.6, 45.0 ppm. The 

spectroscopic data are in agreement with the literature.[54] 
 

N-((4-Bromophenyl)(methyl)(oxo)-λ6-sulfaneylidene)cyanamide (5.4f):  

 
Compound 5.4f was synthesized following GP10, using 1-bromo-4-(methylsulfinyl)benzene 

(5.2f, 110 mg, 0.5 mmol) to give the product as yellow oil. It was purified by column 
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chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 43% yield (56 

mg). 
1H NMR (500 MHz, CDCl3): δ = 7.93 – 7.78 (m, 4H), 3.35 (s, 3H) ppm. 13C NMR (126 MHz, 

CDCl3): δ = 135.1, 133.8, 131.4, 129.5, 111.6, 44.8 ppm. The spectroscopic data are in 

agreement with the literature.[54] 
 

N-((4-Cyanophenyl)(methyl)(oxo)-λ6-sulfaneylidene)cyanamide (5.5g): 

 
Compound 5.5g was synthesized following GP10, using 4-(methylsulfinyl)benzonitrile (5.2g, 

83 mg, 0.5 mmol) to give the product as yellow oil. It was purified by column chromatography 

on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 44% yield (45 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.18 – 8.11 (m, 2H), 8.02 – 7.95 (m, 2H), 3.40 (s, 3H) ppm. 
13C NMR (126 MHz, CDCl3): δ = 140.4, 134.0, 128.9, 119.4, 116.6, 111.0, 44.5 ppm. The 

spectroscopic data are in agreement with the literature.[56] 
 

N-((3-Chlorophenyl)(methyl)(oxo)-λ6-sulfaneylidene)cyanamide (5.4h):  

 
Compound 5.4h was synthesized following GP10, using 1-chloro-3-(methylsulfinyl)benzene 

(5.2k, 87 mg, 0.5 mmol) to give the product as yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 42% yield (45 

mg).  
1H NMR (500 MHz, CDCl3): δ = 7.97 (t, J = 1.9 Hz, 1H), 7.89 (ddd, J = 7.9, 1.9, 1.0 Hz, 1H), 

7.75 (ddd, J = 8.1, 2.0, 1.0 Hz, 1H), 7.64 (t, J = 8.0 Hz, 1H), 3.36 (s, 3H) ppm. 13C NMR (101 

MHz, CDCl3): δ = 137.9, 136.8, 135.8, 131.7, 128.1, 126.1, 111.4, 44.8 ppm. The spectroscopic 

data are in agreement with the literature.[57] 
 

N-((3-Bromophenyl)(methyl)(oxo)-λ6-sulfaneylidene)cyanamide (5.4i): 
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Compound 5.4i was synthesized following GP10, using 1-bromo-3-(methylsulfinyl)benzene 

(5.2l, 110 mg, 0.5 mmol)  to give the product as yellow oil. It was purified by column 

chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to obtain 37% yield (48 

mg).  
1H NMR (500 MHz, CDCl3): δ = 8.12 (s, 1H), 7.97 – 7.88 (m, 2H), 7.57 (t, J = 8.0 Hz, 1H), 

3.36 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 138.7, 138.0, 131.8, 130.8, 126.6, 124.4, 

111.4, 44.9 ppm. The spectroscopic data are in agreement with the literature.[54] 
 

N-((3,5-Dichlorophenyl)(methyl)(oxo)-λ6-sulfaneylidene)cyanamide (5.4l):  

 
Compound 5.4l was synthesized following GP10, using 1,3-dichloro-5-

(methylsulfinyl)benzene (5.2p, 105 mg, 0.5 mmol) to give the product as yellow oil. It was 

purified by column chromatography on silica gel using cyclohexane/ethyl acetate (4:6) to 

obtain 29% yield (36 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.87 (d, J = 1.8 Hz, 2H), 7.75 (t, J = 1.8 Hz, 1H), 3.38 (s, 

3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 139.1, 137.5, 135.7, 126.4, 110.9, 44.7 ppm. IR 

(neat): 2934, 2185, 1444, 1211, 1167, 1091, 844, 688 cm–1. HRMS (ESI) m/z: [M+H] cal for 

C8H7N2OSCl2 248.9656; found 248.9655. 
 

N-(Methyl(oxo)(pyridin-2-yl)-λ6-sulfaneylidene)cyanamide (5.4m):  

 
Compound 5.4m was synthesized following GP10, using 2-(methylsulfinyl)pyridine (5.2q, 101 

mg, 0.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (4:6) to obtain 35% yield (32 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.75 (d, J = 4.7 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 7.99 (td, J 

= 7.8, 1.6 Hz, 1H), 7.62 – 7.53 (m, 1H), 3.24 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 

158.2, 150.6, 138.8, 128.0, 121.6, 113.7, 40.5 ppm. The spectroscopic data are in agreement 

with the literature.[54]
 

 

N-(Ethyl(oxo)(phenyl)- λ6-sulfaneylidene)cyanamide (5.4n):  
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Compound 5.4n was synthesized following GP10, using (ethylsulfinyl)benzene (5.2r, 77 mg, 

0.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (4:6) to obtain 43% yield (42 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.98 – 7.90 (m, 2H), 7.82 – 7.77 (m, 1H), 7.71 – 7.66 (m, 

2H), 3.52 – 3.33 (m, 2H), 1.34 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 

135.6, 134.0, 130.3, 128.7, 112.3, 51.7, 7.3 ppm. The spectroscopic data are in agreement with 

the literature.[55] 
 

N-(Oxo(phenyl)(propyl)-λ6-sulfaneylidene)cyanamide (5.4o):  

 
Compound 5.4o was synthesized following GP10, using (propylsulfinyl)benzene (5.2s 84 mg, 

0.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (4:6) to obtain 40% yield (42 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.01 – 7.88 (m, 2H), 7.80 – 7.75 (m, 1H), 7.71 – 7.64 (m, 

2H), 3.40 (ddd, J = 14.2, 10.6, 5.4 Hz, 1H), 3.30 (ddd, J = 14.2, 10.5, 5.5 Hz, 1H), 1.87 – 1.72 

(m, 2H), 1.02 (t, J = 7.5 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 135.5, 134.8, 130.3, 

128.6, 112.3, 58.4, 16.3, 12.6 ppm. IR (neat): 2923, 2191, 1447, 1241, 1186, 1091, 825, 683 

cm–1. HRMS (ESI) m/z: [M+H] cal for C10H13N2OS 209.0749; found 209.0746. 
 

N-(Cyclopropyl(oxo)(phenyl)-λ6-sulfaneylidene)cyanamide (5.4p):  

 
Compound 5.4p was synthesized following GP10, using (cyclopropylsulfinyl)benzene (5.2t 83 

mg, 0.5 mmol) to give the product as yellow oil. It was purified by column chromatography on 

silica gel using cyclohexane/ethyl acetate (4:6) to obtain 38% yield (39 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.02 – 7.87 (m, 2H), 7.78 – 7.74 (m, 1H), 7.69 – 7.61 (m, 

2H), 2.73 – 2.65 (m, 1H), 1.72 – 1.65 (m, 1H), 1.40 – 1.28 (m, 2H), 1.15 – 1.08 (m, 1H) ppm. 
13C NMR (126 MHz, CDCl3): δ = 136.5, 135.2, 130.2, 128.0, 112.2, 33.7, 7.2, 6.1 ppm. The 

spectroscopic data are in agreement with the literature.[54] 
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N-(Oxodiphenyl-λ6-sulfaneylidene)cyanamide (5.4q):  

 
Compound 5.4q was synthesized following GP10, using sulfinyldibenzene (5.2w 101 mg, 0.5 

mmol) to give the product as yellow oil. It was purified by column chromatography on silica 

gel using cyclohexane/ethyl acetate (4:6) to obtain 23% yield (28 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.72 – 7.64 (m, 2H), 7.63 – 7.55 (m, 3H) ppm. 13C NMR 

(126 MHz, CDCl3): δ = 135.8, 133.1, 130.4, 127.6, 113.8 ppm. The spectroscopic data are in 

agreement with the literature.[54] 
 

N-(1-Oxidotetrahydro-2H-1λ6-thiopyran-1-ylidene)cyanamide (5.4r):  

 
Compound 5.4r was synthesized following GP10, using tetrahydro-2H-thiopyran 1-oxide 

(5.2y, 59 mg, 0.5 mmol) to give the product as yellow oil. It was purified by column 

chromatography on silica gel using ethyl acetate (100%) to obtain 52% yield (41 mg).  
1H NMR (500 MHz, CDCl3): δ = 3.60 – 3.37 (m, 2H), 3.34 – 3.08 (m, 2H), 2.23 – 2.04 (m, 

4H), 1.80 – 1.57 (m, 2H) ppm. 13C NMR (126 MHz, CDCl3): δ = 112.2, 51.8, 23.8, 22.9 ppm. 

IR (neat): 2148, 1416, 1174, 872, 756 cm-1 cm–1. HRMS (ESI) m/z: [M+H] cal for C6H11N2OS 

159.0592; found 159.0593. The spectroscopic data are in agreement with the literature. 
 

6.6.4. Reduction of N-cyanosulfoximines: 
 

General Procedure 11 (GP 11): 

  
 

To a mixture solution of N-cyanosulfoximine (0.5 mmol) in CH2Cl2 (10 mL) at 0 ºC, TFAA 

(1.5 mmol) was added. The reaction mixture was allowed to stirrer at room temperature until 

the starting material was consumed (monitored by TLC). The mixture was quenched with 

water (10 mL). The aqueous layer was extracted with CH2Cl2 (3 x 10 mL). The combined 

organic layers were dried over anhydrous MgSO4, filtered and evaporated. The residue was 

purified by column chromatography (EtOAc/cyclohexane). 
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Imino(methyl)(phenyl)-λ6-sulfanone (5.6a):  

 

Compound 5.6a was synthesized following GP11, using N-(methyl(oxo)(phenyl)-λ6-

sulfaneylidene)cyanamide (5.4a, 90 mg, 0.5 mmol) to give the product as colourless oil. It was 

purified by column chromatography on silica gel using ethyl acetate (100 %) to obtain 68% 

yield (53 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.02 – 7.90 (m, 2H), 7.61 – 7.55 (m, 1H), 7.55 – 7.45 (m, 

2H), 3.06 (s, 3H), 2.70 (s, 1H) ppm. 13C NMR (126 MHz, CDCl3): δ = 143.5, 133.1, 129.3, 

127.7, 46.2 ppm. The spectroscopic data are in agreement with the literature.[58] 
 

Imino(methyl)(p-tolyl)-λ6-sulfanone (5.6b): 

 

Compound 5.6b was synthesized following GP11, using N-(methyl(oxo)(p-tolyl)-λ6-

sulfaneylidene)cyanamide (5.4b, 97 mg, 0.5 mmol) to give the product as pale-yellow oil. It 

was purified by column chromatography on silica gel using ethyl acetate (100%) to obtain 74% 

yield (63 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.87 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 3.08 (br.s, 

3H), 2.94 (s, 1H), 2.43 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ = 144.1, 140.6, 130.0, 

127.9, 46.4, 21.6 ppm. The spectroscopic data are in agreement with the literature.[58] 

 

Ethyl(imino)(phenyl)-λ6-sulfanone (5.6c): 

 

Compound 5.6c was synthesized following GP4, using N-(ethyl(oxo)(phenyl)-λ6-

sulfaneylidene)cyanamide (5.4n, 97 mg, 0.5 mmol) to give the product as pale-yellow oil. It 

was purified by column chromatography on silica gel using ethyl acetate (100%) to obtain 72% 

yield (61 mg).  
1H NMR (500 MHz, CDCl3): δ = 7.96 – 7.86 (m, 2H), 7.59 – 7.54 (m, 1H), 7.52 – 7.46 (m, 

2H), 3.12 (q, J = 7.5 Hz, 2H), 2.69 (s, 1H), 1.20 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (126 MHz, 
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CDCl3): δ = 141.3, 133.0, 129.1, 128.5, 51.8, 7.9 ppm. The spectroscopic data are in agreement 

with the literature.[58] 
 

Imino(methyl)(pyridin-2-yl)-λ6-sulfanone (5.6d):  

 

Compound 5.6d was synthesized following GP4, using N-(methyl(oxo)(pyridin-2-yl)-λ6-

sulfaneylidene)cyanamide (5.4m, 97 mg, 0.5 mmol) to give the product as pale-yellow oil. It 

was purified by column chromatography on silica gel using CH2Cl2/MeOH (20:1) to obtain 

51% yield (40 mg).  
1H NMR (500 MHz, CDCl3): δ = 8.72 (d, J = 4.7 Hz, 1H), 8.12 (dt, J = 7.9, 1.0 Hz, 1H), 7.94 

(td, J = 7.8, 1.7 Hz, 1H), 7.50 (ddd, J = 7.6, 4.7, 1.1 Hz, 1H), 3.25 (s, 3H), 2.73 (s, 1H) ppm. 
13C NMR (126 MHz, CDCl3): δ = 160.6, 150.7, 138.4, 126.9, 121.2, 42.4 ppm. The 

spectroscopic data are in agreement with the literature.[59] 
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Appendix: GC Method and Data for Chapter 2 
 

The GC method was performed using a Perkin Elmer Clarus system (Clarus 680 GC, Clarus 

SQ8C Mass Spec), fitted with a Perkin Elmer Elite 1 30 m x 0.25 mm, 0.25 µm column. The 

results were processed using chromatogram software. The carrier flow was 1.0 mL min–1 and 

split flow was 20 mL min–1. The injection temperature was 100 °C; initial temperature 80 °C 

kept for 2 min, then 8 °C min–1 to 280 °C, kept for 3 min. Compounds 2.57a and 2.58a were 

observed at 5.6 and 6.6 min; the cis- and trans-2.59a were observed at 7.9 and 8.2 min. 
 

Table 2.1, entry 2  
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Table 2.1, entry 8 
 

 
 
 

Table 2.1, entry 13 
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