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Abstract 

The synthesis of sulfoxide and sulfone moieties, the main focus of this project, is captivating for the chemical 
industry. Mainly for the pharmaceutical industry, but also in polymer chemistry, biomedical chemistry, and 
asymmetric catalysis.  

Sulfoxide and sulfone moieties can increase the bioavailability of medicine, due to increased electron interaction, 
hydrogen-bridge formation and acidity interaction. 

The main route to synthesize these moieties, is via the use of stoichiometric amounts of strong oxidants. For the 
synthesis of sulfoxides, mostly H2O2 or MnO4

- is used, while for the synthesis of sulfones, stronger oxidants are 
often necessary (e.g. m-CPBA). In many cases, also transition metal catalysts are used to increase the conversion 
towards sulfones. Selectivity can be a significant problem in the oxidation of sulfides, as in most cases, both the 
sulfoxide and the sulfone can be formed. While by choosing the right oxidant, the oxidative energy can be 
chosen, in practice, this is not always possible, as some oxidants are not as widely available, are more expensive, 
or non-compatible with the reaction system that is used. 

To overcome these problems, we propose a novel method, using electrochemistry in continuous micro-flow. In 
electrochemical systems, the oxidation potential can be decided by applying a certain potential. Given this 
technique, high selectivities can be obtained.  

The main drawbacks of electrochemical synthesis methods are mass-transfer and heat dissipation. These 
problems are overcome with the use of continuous micro-flow. Due to small dimensions, and continuous flow 
which induces mixing, higher reaction rates and selectivities are obtained. The increased efficiency of micro-
flow technology, and the environmental benignity of electrochemical synthesis, make the proposed methodology 
a promising sustainable method for the synthesis of sulfoxides and sulfones. 

 

Figure 1: Typical procedure for the oxidation of thioethers 
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1. Introduction 
1.1. Sulfoxides and sulfones 
1.1.1. Characteristics and applications 

Sulfoxides and sulfones are chemical compounds that most often originate from their corresponding thioether. 
The sulfoxide can be obtained via mono-oxidation and the sulfone can be obtained via bis-oxidation (Figure 2). 
Sulfoxides and sulfones are omnipresent in the chemical industry, mainly in the pharmaceutical industry, but 
also in polymer chemistry, biochemistry and catalysis.123  

 

Figure 2: Oxidation of sulfides and chirality of sulfoxides 

Dimethyl sulfoxide (DMSO) is a commonly used solvent. Another commonly used sulfoxide is Esomeprazole, 
known to reduce stomach acid and to treat Gastroesophageal reflux disease.4 Dapsone is a well-known sulfone. It 
is used as an antibiotic and as a treatment for leprosy.5 In 2015, Polmacoxib, a nonsteroidal anti-inflammatory 
drug to treat osteoarthritis, was approved for use in South Korea. Polysulfones belong to the class of polymeric 
sulfones, which are widely used in the polymer industry.1 One of the most used monomers in polysulfone 
polymers is Bisphenol S. Bisphenol S became widely used after health concerns arose considering Bisphenol A 
(Figure 3).6  

 

Figure 3: Examples of sulfoxides and sulfones 

Due to their tetrahedral geometry, and the possibility of different substituents at the sulfur atom, sulfoxides can 
be chiral compounds. One of the applications that follows through their chirality is the possibility of using 
sulfoxides as ligands in asymmetric catalysis. This idea was first proposed by James and McMillan in 1977.7 
Since then, the use of sulfoxides as ligands in asymmetric catalysis has had major breakthroughs.3 

Besides, sulfoxides have recently gained a strong interest, mainly because of their possible applicability as a 
chiral auxiliary. During the 1990s and 2000s, the chiral sulfinyl group has been found to be one of the most 
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efficient and versatile chiral controllers in C-C and C-X bond formations.2 This is due to the good optical 
stability, the efficiency of the group as a carrier of chiral information and the accessibility in both enantiomeric 
forms. Chiral sulfoxides can be used in a wide variety of asymmetric reactions (e.g. C-C bond formation, Diels-
Alder, Michael additions and carbonyl reductions).2  

If a sulfoxide moiety is further oxidized, a sulfone can be obtained. Sulfones have a tetrahedral geometry and are 
generally less polar than sulfoxides. However, the use of sulfones is a widely used strategy in the organic 
synthesis of complex molecules.8 

This combined, it can be concluded that both sulfoxide and sulfone moieties are of significant importance in 
chemical research and chemical industry. 

1.1.2. Synthetic approaches of sulfoxides and sulfones 

The first widely applied synthetic approach of obtaining sulfoxides was already described in 1865 by Märcker.9 
Diphenyl sulfoxide was obtained by the addition of nitric acid to diphenyl sulfide. Later, the most suitable, and 
most generally applied approach became the use of dihydrogen peroxide with a wide variety of catalysts. The 
main drawback of the technique is the facile over-oxidation to the corresponding sulfone.10 Other methods, are 
the use of organic peroxides, the use of peracids, or the use of trivalent iodo-compounds.10  

There are three ways of synthesizing sulfones (Figure 4). A one-component, a two-component and a three-
component method. The one-component method is a rearrangement method. The two-component method is a 
method where a C-S bond is formed between a carbon atom and a R-SO2 moiety, or oxidation reactions on 
thioethers or sulfoxides (Figure 2). In three-component methods, sulfur dioxide or sulfur trioxide is used, which 
are connected to two carbons via radical or polar routes. Of all methods, the oxidation of thioethers, which is 
described above, is the most widely used technique to obtain sulfones.10 

 

Figure 4: Examples of methodologies for obtaining sulfones 
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It has to be noted that there is no ideal method of synthesizing sulfoxides and sulfones, and that a wide variety of 
synthetic approaches exists. In a schematic overview (Figure 5), it can be seen that a wide variety of oxidants 
and catalysts are used to synthesize sulfoxides and sulfones. As stated above, the most commonly used oxidant is 
dihydrogen peroxide. But the resulting oxide seems to be dependant both on the metal catalyst, the amount of 
dihydrogen peroxide and the temperature. Also other oxidants that are used, require specific conditions to yield 
the desired product. Part of these specific conditions is the metal catalyst, which is toxic in a lot of cases (e.g. 
vanadium, ruthenium, chromium (VI), etc.). Besides, most of these synthetic approaches are very atom 
inefficient, as excess oxidants are used (as peroxide or salts), in combination with metal catalysts.  
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Figure 5: Synthetic approaches for sulfoxides and sulfones with isolated yields 
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So the general trend is that the synthesis of sulfoxides is rather easy, with the possibility to use a large number of 
oxidants but that overoxidation to the sulfone is a common problem.11 And that for the synthesis of sulfones, to 
obtain good yield, often strong oxidants need to be used in excess or that transition metal catalysts need to be 
used.11 One example of the use of m-CPBA (meta-chloroperbenzoic acid) as a strong oxidant is found in the 
synthesis of Polmacoxib (Figure 2, Figure 6).12 This is interesting from an industrial point of view as Polmacoxib 
is a promising medicine, and a large-scale synthesis of this medicine using m-CPBA would be very costly and 
more environmentally harmful.  

 

Figure 6: Synthesis of a precursor of Polmacoxib.12 

Herein, an electrochemical oxidation of thioethers is the technique that is applied. With this method, simple steel 
electrodes are used while water is the source of the oxygen in the reaction. This will be further explained below. 

1.2. Electrochemistry 
1.2.1. Electrochemical synthesis and advantages 

In electrochemical synthesis, electrons are used to transfer energy and initiate reactions. By using a cathode, an 
anode, and an electron source of which the potential or the current between the electrodes can be determined, a 
reaction systems can be designed. Since most organic solvents do not conduct electricity well enough, especially 
at low potentials, electrolytes or other electro-active species often have to be used (e.g. acids or bases, 
hexafluoroisopropanol). In general, the resistance of the system is inversely proportional to the concentration of 
the dissolved electrolyte or electro-active compound. The electrons are donated from a molecule to the anode 
(oxidation), and another molecule will absorb an electron at the cathode (reduction) . This will result in an 
electric current through the electrochemical cell.13 

Electrochemical reactions can occur via direct or indirect electrochemical pathways. In direct electrochemical 
reactions, the electroactive specie undergoes redox reactions at close proximity to the electrode (within the 
Helmholtz layer, typically only few nanometres wide)a.13 In such a case, often a radical ion is formed as a 
reactive intermediate that can further react. In indirect electrochemical reactions, the electroactive compound 
undergoes homogeneous redox reactions not directly via the electrode, but via an electrochemically excited 
redox catalyst.14  

The driving force in electrochemical synthesis is, as described above, the applied potential. To obtain a current, 
the potential needs to be sufficiently high to let the reaction occur. For oxidative reactions, this accounts to a 
sufficiently high energy to transfer an electron from the HOMO (Highest Occupied Molecular Orbital) of the 
molecule to the LUMO (Lowest Unoccupied Molecular Orbital) of the electrode, and vice versa for reductive 
reactions.15 

In electrochemistry, two methods of operating the system can be applied: fixed current (fixed amount of 
electrons per unit of time), or fixed potential (fixed amount of energy per electron). In a fixed current setup, the 
current is set, hence a constant reaction rate is applied. By applying a certain current, the conversion can be 

                                                      
a The Helmholtz layer, described by Hermann von Helmholtz in 1853, describes the formation of two layers of 
opposite polarity at the interface between the electrode and the electrolyte. The first layer is approximately a 
single layer of counterions while the second layer is a diffuse layer of mainly co-ions.56  
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tuned, as the amount of reactions solely depends on the amount of electrons (given that the energy of electrons is 
high enough). In a fixed potential setup, the energy per electron is fixed, and hence the driving force of the 
reaction can be set at a certain energy. By doing this, the selectivity can be tuned. In systems where more than 
one reaction is possible, fixed potential setups will most likely be more helpful, as it is possible to push the 
reaction selectively to the desired product. It has to be noted that it is not possible to fix both the current and the 
potential as they are dependent on each other and on the resistance. Fixing the current or the potential is always a 
trade-off between conversion and selectivity. The ideal potential to apply for a given reaction can be found by 
applying voltammetry (Section 1.2.3.). 

An electrolyte (in our case TBA salts) helps creating a constant, evenly distributed electric field. 

The main advantage of electrochemical synthesis, is its ‘green character’ and its low costs. While in standard 
synthetic systems often high temperatures, expensive catalysts or excess reagents have to be used, in 
electrochemistry, the electrons act as ‘reagents’. Because the energy of the electrons can be fixed at the 
necessary energy, no catalysts or elevated temperatures are needed. And as in many cases, these electrodes can 
be made by using cheap materials (e.g. stainless steel or carbon), the costs of an electrochemical setup can 
theoretically be relatively low.16  

1.2.2. Disadvantages of electrochemistry 

One of the main disadvantages of electrochemistry, is the fact that direct contact, or at least very close proximity 
of substrates to the electrodes is necessary to initiate a reaction. Due to the proximity to the electrodes that is 
necessary for reactions, mass-transfer issues can become significant.17  

Another drawback of electrochemistry is energy / heat dissipation issues. Since most of the reactions occur near 
the electrode surface, exothermic reactions can lead to zones of high temperatures, so called hotspots. These 
hotspots can often lead to side-reactions, greatly reducing one of the main advantages of electrochemistry, the 
selectivity. The formation of hotspots can also be ascribed to inhomogeneity in the electric field. If the system 
does not evenly distribute its electrons, zones of high reactivity can be obtained. In these zones, when carrying 
out exothermic reactions, hotspots can be formed. Again, these spots can greatly reduce the selectivity.17 

Besides, it is possible that some material deposits on the surface of the electrode. In metal systems, this is known 
as electrodeposition which is less of a problem. But in systems where organic substrates are used, this problem 
becomes very apparent because insulating films of organic filament can be deposited on the surface. This will 
inhibit further reactions, which makes continuous processes difficult to realise.13 

The last drawback of electrochemistry is the fact that when doing a certain reaction, be it oxidation or be it 
reduction, the counterpart will also occur. The reaction that needs to be carried out is logically clear, but the 
redox counterpart is often not obvious. 

Table 1: The most important advantages and disadvantages of electrochemical synthesis 

To overcome these issues, the combination of electrochemical synthesis with micro-flow technology is herein 
proposed.  

Electrochemical synthesis 

Advantages Disadvantages 

Selectivity Mass-transfer 

Low costs Energy-transfer 

Environmentally benign Deposition on the electrode 
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1.2.3. Voltammetry 

Voltammetry is an electroanalytical method, where information of the electrochemical system is obtained by 
applying a certain potential and measuring the resulting current. One of the most frequently used types of 
voltammetry analysis is single sweep voltammetry. In a single sweep voltammetry experiment, a variety of 
potentials is applied and the currents for the corresponding potentials are measured. The current is then plotted in 
a graph versus the potential, such a plot is called a polarogram. In general, a voltammetry experiment is started at 
low potential, where the solvent, or solvent reagent system, does not conduct electricity yet. When the potential 
is sufficiently high, a compound can start interacting with electrons, which means that the system starts 
conducting electricity. After increasing the potential further, the current will rise exponentially, indicating the 
anodic limit of the system, the potential where the system becomes unstable and over-oxidation or damaging of 
the electrode occurs. In general, an electroactive specie will interact with electrons at lower potentials that the 
solvent does. At that point, not the increasing potential, but the diffusion becomes the factor that decides the 
current. Hence the current will flatten off, resulting in a plateau.14 When a compound can be oxidized two times, 
like a thioether, there will be a second plateau, corresponding to the two oxidation reactions. In general, a linear 
sweep voltammetry experiment of a thioether will look as follows (Figure 7). 

 

Figure 7: Polarogram of the potentiostatic screening of the electrochemical oxidation of 1-(4-
(methylthio)phenyl)ethan-1-one  
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1.3. Micro-flow 

In micro-flow technology, reaction dimensions are scaled down in order to increase efficiency and/or selectivity. 
The increased efficiency in micro-flow is mainly caused by an increase in surface-to-volume ratio which results 
in an increase in mass- and heat-transfer.18 

1.3.1. Mass-transfer 
As mentioned above, mass-transfer is a major issue in electrochemical synthesis. Because the electrodes are 
stationary, and close proximity to the electrodes is necessary for efficient reactions, efficient diffusion to the 
electrodes is a necessity for electrochemical synthesis. Because of the smaller dimensions and the flow that 
induces better mixing in micro-flow, diffusion is less of an issue. In the setup that is described in this thesis, also 
gas formation occurs, which induces slug flow in the micro-channels. It is known that slug flow is very efficient 
for mixing.18 Overall, the application of micro-flow technology will possibly eliminate the mass-transfer issues 
that typically occur in electrochemical synthesis.17 

Besides, due to the smaller dimensions, the effective area of the electrodes is significantly increased, relative to 
the reaction volume. In conventional batch setups, the electro-active zones of the electrode are known to be 
insufficiently large in some cases. This results in a large bulk area where the electroactive species are not 
attracted towards the electrodes (Figure 8).13  

 

Figure 8: Typical electrochemical batch setup 

In micro-flow, this zone can be reduced significantly or, when the dimensions are sufficiently reduced, 
potentially eliminated. It was found that when the electrode-electrode distance was decreased, the yield was 
increased and losses were reduced.19 While, even in micro-flow, electrolytes will still often be a necessity, the 
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overlap in active zones and the smaller dimensions will result in more efficient mass-, and electron-transfer 
(Figure 9). 

 

Figure 9: Overlapping electro-active zones.  

As mentioned above, in stationary batch systems, deposition of organic films on the electrode can be a major 
problem. In micro-flow, the continuous flow along the surface can possibly ‘clean’ the surface. This can open up 
possibilities for continuous processes (Figure 10).  

 

 

Figure 10: Minimization of electrode saturation by continuous flow 

1.3.2. Energy transfer 
As stated above, a significant part of the reactions occur close to the electrode surface in electrochemical 
synthesis. Because of this precisely located reaction zone, exothermic reactions can cause a significant rise in 
temperature, locally. While in batch systems, this problem is very significant, the improved energy/heat transfer 
in micro-flow makes this problem less apparent. This is due to the smaller dimensions, and continuous flow, 
which eliminate inhomogeneity’s. The smaller distance between the electrodes and the greatly increased surface-
to-volume-ratio create a more continuous electric field.20 This way, the reactivity along the reactor will be 
approximately constant, resulting in less hotspots, and overall more control over the reaction.17 
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1.3.3. Sustainability and safety 
Another significant advantage of micro-flow technology is its ‘green character’. Due to the increased efficiency 
of micro-flow technology, lower amounts of energy are necessary to obtain the desired conversion or yield. 
Ideally, this is combined with a chemical setup where no excess reagents or additional catalysts are necessary, 
which is the case in electrochemistry. The high atom-efficiency of electrochemistry, combined with the 
efficiency of micro-flow technology make it a promising combination.21 

Besides, micro-flow technology allows for increased safety when using hazardous chemicals or products. Its 
small dimensions make operation safer in general, and especially when using explosive chemicals (e.g. H2 and 
O2 gas), micro-flow technology greatly increases safety of operation.22  

The possibility to control the synthesis also allows for facile multi-step synthesis. If conversions are known at 
every position in the reactor, a new inlet can easily be placed to induce a secondary reaction, so-called 
‘telescoped’ processes.23 Because of increased selectivity, micro-flow reactors can be used to further tune multi-
step synthesis, and thus potentially remove the need of work-up or isolation. This also increases the 
sustainability of the entire chemical process when synthesizing more complex moieties. 

2. Literature study 
A literature study was carried out to investigate the work that has been done on the electrochemical oxidation of 
sulfides. In 1970, a patent was filed in France by Jean-Pierre Desmarquest. This patent covered the basic 
procedure of oxidizing sulfides, both with oxygen and with water (Figure 11). The patent has been long expired, 
and it did not cover a wide variety of substrates, and mainly focussed on the synthesis of DMSO.24 

 

Figure 11: Screenshot of the front page of the patent. 

Most of the research done in the electrochemical oxidation of sulfides has been done on the oxidation of DMSO 
to DMSO2. Vasudevan et al., reported high yields for this reaction (more than 97%).25 
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Besides, research has been done on the electrochemical oxidation of very specific compounds or ligands for 
catalysis. De León et al. described the electrochemical oxidation of a bidentate ligand containing two pyrazole 
moieties. The aim of that synthesis was the proposal of a ‘green synthesis of a widely used ligand’ (Figure 12).26 
This ligand, in its thioether form, can form complexes with transition metals and some main-group elements. 
The coordinating ability of the ligand can be tuned by varying the electron donating group in the spacer.27  

 

Figure 12: The electrochemical oxidation of a bidentate ligand as described by de León et al. 

Overall, it was found that it is known to be possible to oxidize sulfides electrochemically. But the work that has 
been done has been done on basic compounds like DMSO, while for more complex substrates, specific reaction 
conditions for the substrates were investigated. In general, it was concluded that there is no robust and general 
methodology for the electrochemical oxidation of sulfides. 
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3. Previous work 

In previous projects performed in the NRG group, the fundament of a general procedure for electrochemical 
synthesis of sulfoxides and sulfones was devised. The procedure was developed by examining the necessary 
components of the system. It was found that an electrolyte, in this case a TBA (tetrabutylammonium) salt, was 
necessary to obtain a stable current. Besides, it was found that an aqueous acidic solution was necessary to lower 
the pH in order to increase the redox potential of the electrodes, as explained by Marcel Pourbaix.28 A control 
reaction was performed in the absence of water, with an oxygen saturated solution. In this control experiment, 
still oxidation of the thioether was observed, indicating that oxygen could possibly be the oxygen source in this 
reaction, which is plausible because of the electrochemical splitting of water to hydrogen and oxygen. The 
reaction was also optimized in solvent system and concentrations (Table 2).29  

 

 

 

 
 

 

 

 

 

 

 

Table 2: Screening conditions and results for sulfoxidation. General info: The reaction was performed using 0.1 
M thioanisole in a 3:1 (v/v) mixture of acetonitrile and a 0.1M HCl solution in water, with 10 mol% 

tetrabutylammonium perchlorate as supporting electrolyte. Fe electrodes are used and the reaction was run over 
6 min. Data recorded on GC-MS (uncorrected yield). 

 
A basic reaction scope was developed (Figure 13). Besides, a small reaction scope for disulfide coupling, via the 
same procedure but with thiols instead of thioethers, was developed (Figure 14).  
Besides, preliminary tests to compare an electrochemical batch and a flow setup had been carried out. The 
productivity of the batch setup was found to be 0.001 mmol/mL reactor/h. In the micro-flow setup, this is 0.98 
mmol/mL reactor/h. Hence it was found that the productivity per unit volume in a micro-flow electrochemical 
setup can be increased by roughly a factor 1000.29 It has to be noted that this is not an ideal comparison, as 
amongst other things, the surface of the electrodes will have differed (exact area was not stated). 
 

Entry Potential  
(V) 

Current 
(mA) 

Yielda 2  
(%) 

Yielda 3 
(%) 

1 0.5 0 n.r. 
2 1.0 0 n.r. 
3 1.5 0 n.r. 
4 2.0 5 n.r. 
5 2.5 21 62 0 
6 3.0 30 65 27 
7 3.5 47 59 39 
8 4.0 108 7 92 
9 4.5 112 17 83 
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Figure 13: Substrate scope for formation of sulfoxides and sulfones. General info: The reaction was performed 
with 0.15 M substrate dissolved in an oxygen saturated 3:1 (v/v) mixture of acetonitrile and a 0.1M HCl solution 

in water, with 10 mol% tetrabutylammonium perchlorate as supporting electrolyte. The electrodes used are 
identical (Fe). Data recorded is isolated yield. 

 

Figure 14: Substrate scope for disulfide coupling at 2.5 V and 10 min. General info: The reaction was performed 
with 0.15 M substrate dissolved in an oxygen saturated 3:1 (v/v) mixture of acetonitrile and a 0.1M HCl solution 

in water, with 10 mol% tetrabutylammonium perchlorate as supporting electrolyte The electrodes used are 
identical (Fe). Data recorded for 16 and 17 is isolated yield, data recorded for 18 on 1H-NMR (uncorrected 

yield). 
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After the work of Benny Knoops, Adam Wijpkema investigated the mass transfer in the system. One of the main 
conclusions of his research was that a flowrate was found for which the system was not mass-transfer limited 
anymore. Starting at flowrates of 0.06 mL/min (5 minutes residence time), increasing the flowrate further does 
not improve the conversion further for the same residence time. This means that at flowrates higher than 0.06 
mL/min, the only limiting factor is the residence time (Figure 15). The flowrate of 0.06 mL/min will be used as a 
standard. If no full conversion is obtained, the solution is ran through the cell multiple times to obtain a longer 
residence time and a higher conversion.30 

 

  

Figure 15: Electrochemical oxidation of 2-(methylthio)pyridine. General info: The reaction was performed with 
0.15 M substrate dissolved in an oxygen saturated 3:1 (v/v) mixture of acetonitrile and a 0.1M HCl solution in 

water, with 10 mol% tetrabutylammonium perchlorate as supporting electrolyte The electrodes used are 
identical (Fe). Data recorded by GC-MS (uncorrected yield). 
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4. Project aim 
 
The aim of this project is the development of a general and robust methodology to oxidize sulfides 
electrochemically. The oxidation of sulfides is interesting in both research and industry, especially for 
pharmaceuticals. The main advantages of electrochemistry, i.e. the tuneable selectivity, the low costs, and the 
environmental benignity, make for a promising synthetic approach to oxidize sulfides. The disadvantages of 
electrochemistry, i.e. mass- and energy-transfer problems, and solid deposition, are sought to be overcome by 
using micro-flow technology. 
 
A basic methodology and reaction scope were developed by Benny Knoops. A system was designed, using an 
acetonitrile / acidic water solution containing supporting electrolyte, that enabled the synthesis of sulfoxides, 
sulfones and disulfides. This resulted in a basic reaction scope, containing mostly sulfides containing aromatic 
rings. A more elaborate reaction scope, containing more heterocycles, alkylic compounds and bioactive 
compounds was still desired.  
 
Adam Wijpkema continued the project by optimizing the flowrate. Resulting in a more general approach to the 
synthesis of sulfoxides, sulfones and disulfides, which was used in this project. 
 
The main focus of this project is the expansion of the reaction scope, to cover a wider variety of functionalities. 
Cyclic, heterocyclic, aliphatic and bioactive compounds were characteristic moieties that were missing in the 
reaction scope. In this work, the synthesis of precursors and oxidation of these compounds is carried out to gain 
further insights of the possibilities and the limitations of the electrochemical oxidation procedure that has been 
developed in the research group. 
 
Besides, a general procedure on how to approach a certain compound if electrochemical oxidation is desired, 
needed to be devised. For simple compounds, this may not be strictly necessary, but when handling more fragile 
compounds, a general procedure will be necessary. The aim of this project was to devise a general procedure that 
can in theory be applied for any sulfide oxidation reaction. 
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5. Results and discussion 
5.1. Screening methodology 

The screening of substrates in this work is similar to the screening experiments that have been performed in the 
work of Benny Knoops. Since the reaction has already been optimized in terms of residence time, the focus of 
this work was only the reaction scope and a fixed flowrate of 0.06 mL/min was used for all experiments. All 
substrates were screened in detail to find the optimal potential for oxidation. This was done by determining the 
current for each set potential, combined with GC-MS analysis of the corresponding sample. With GC-MS 
analysis, the conversion of the precursor and the yield of both the sulfoxide and/or the sulfone could roughly be 
determined. 

An example of this procedure can be found in the oxidation of 1-(4-(methylthio)phenyl)ethan-1-one (Figure 16).  

 

Figure 16: 1-(4-(methylthio)phenyl)ethan-1-one  

This compound was screened, following the description of a linear sweep voltammetry experiment (Section 
1.2.3.) for the optimal potential. When the current was plotted versus the potential for such an experiment, the 
following graph was obtained (Figure 17). 

 

Figure 17: Polarogram of the potentiostatic screening of the electrochemical oxidation of 1-(4-
(methylthio)phenyl)ethan-1-one  

 

In the figure, clearly two plateaus are observed. These plateaus indicate the oxidation towards the sulfoxide and 
the sulfone respectively. 
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So in general, it will be ideal to perform the reaction at the first part of such a plateau to prevent the formation of 
the sulfone. But executing a reaction at low potential can go hand in hand with a lower conversion, and in some 
cases, the secondary plateau is difficult to observe, due to the anodic limit that overlaps. So for this work, the 
samples that were taken were analyzed by GC-MS to find the conversion and the selectivity. The reaction was 
carried out at the potential where the selectivity is the highest, given an acceptable conversion. It can be seen that 
high selectivities can be obtained via this procedure (Figure 18).  

 

Figure 18: Selectivity of sulfoxide and sulfone formation for the electrochemical oxidation of 1-(4-
(methylthio)phenyl)ethan-1-one 

The total residence time was decided after a run through the cell. If the conversion was found to be too low (GC-
MS analysis) the solution was ran through the cell again. 

One drawback of the system is the fact that the electrochemical cell is rather small, which leads to suboptimal 
conversions after a single run. It was noted that drops of liquid remained in the cell when the cell was flushed 
with air in order to collect all the liquid. This means that for every run there are losses due to the opening and 
closing of the cell. 

5.2. Reaction scope 

The reaction scope was expanded to demonstrate the general applicability of the procedure. It was found that the 
procedure that was devised has a good general applicability for a wide range of functionalities. This holds both 
for sulfides in close proximity to aromatic rings, as was shown in the previous work, but also for alkylic 
compounds. More heterocyclic compounds were introduced to the scope. Even bioactive compounds, like the 
amino acid methionine, were shown to be possible to oxidize using this procedure. To compare the methodology 
to the work that was found in literature, DMSO was submitted to the procedure to obtain DMSO2 in good yield. 
Also a precursor of a widely used medicine, Toltrazuril, was submitted to electrochemical oxidation to form the 
sulfoxide, a metabolite of the antiparasitic drug (Figure 19).31 Moreover, completely aromatic compounds, which 
were not possible to be oxidized using the procedure according to the previous work,29 could now be oxidized to 
the corresponding sulfone to form dibenzothiophene sulfone. 
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The general applicability of the procedure has been expanded further by the possibility to use 
dimethylformamide (DMF) as a solvent. When trying to oxidize more apolar moieties (i.e. dibenzothiophene), 
which are insoluble in the acetonitrile (ACN) / water mixture, it was found that replacing the ACN with a same 
amount of DMF did not inhibit the reaction. This enables oxidation of more apolar substrates and other 
substrates that are soluble in DMF and not in ACN. 

 

 

Figure 19: Substrate scope for formation of sulfoxides and sulfones. General info: The reaction was performed 
with 0.15 M substrate dissolved in an oxygen saturated 3:1 (v/v) mixture of acetonitrile (dimethylformamide for 
17) and a 0.1M HCl solution in water, with 10 mol% tetrabutylammonium perchlorate as supporting electrolyte. 
The electrodes used are identical (Fe). Data recorded is isolated yield. *The yield of 18-A is calculated by 1H-

NMR. 

Besides, an addition to the disulfide coupling scope was performed, by successfully coupling 4-mercaptobenzoic 
acid (Figure 20). Due to the very low solubility of the product, the precursor had to be dissolved in DMF stock 
solution at half of the standard concentration.  
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Figure 20: Substrate scope for the formation of disulfides. General info: The reaction was performed with 0.075 
M substrate dissolved in an oxygen saturated 6:1 (v/v) mixture of dimethylformamide and a 0.1M HCl solution 

in water, with 10 mol% tetrabutylammonium perchlorate as supporting electrolyte. The electrodes used are 
identical (Fe). Data recorded is isolated yield. 

5.3. Other results  

Close to the end of the project, the scope was expanded thoroughly and was ought to be completed by the 
introduction of more bioactive precursors which were synthesized to be submitted to the electrochemical 
oxidation procedure. Unfortunately, the Syrris Asia Flux machine (Section 6.2) broke, making it impossible to 
finalize the project. Here the final precursors that were synthesized are listed (Figure 21). 

 

Figure 21: Bioactive precursors which were synthesized to undergo electrochemical oxidation. 

The substrate scope was ought to be completed with these bioactive compounds, a glucose variant, a biotin 
(vitamin B8), and a cholesterol scaffold.  

In a screening experiment, it was found that it is possible to oxidize the complex cholesterol scaffold to both its 
sulfoxide and its sulfone as shown in the LC-MS analysis, as the masses of the starting material, sulfoxide and 
sulfone were found (m/z = 497, 513 and 529 respectively, corresponding to the masses -1H (Appendix)). 
Unfortunately, it was not possible to isolate these compounds afterwards. 

Besides, since it was found that it is was possible to synthesize the disulfide of 4-mercaptobenzoic acid, the 
corresponding thioether (4-(methylthio)benzoic acid) was ought to be oxidized via the procedure. If these 
compounds would have shown the possibility to be oxidized, this would have greatly increased the general 
applicability of the given procedure. 
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5.4. Unsuccessful substrates 

One reoccurring issue was the formation of sulfonothionate moieties. According to the GC-MS results (these 
compounds have never been isolated), if the compound was unsaturated on the β position, a sort of ‘radical retro-
Michael addition’ could take place, resulting in the corresponding alkene and sulfonothionate. Interesting to note 
is that when doing this reaction with the cysteine derivative methyl N-acetyl-S-methyl-D-cysteinate, vinyl-
glycine was formed, a bioactive compound as well. 

A similar problem occurs if an alcohol group is incorporated on the β position. If this is the case, even when the 
alcohol is trimethylsilyl (TMS) protected, water can eliminate to form the alkene. A possible explanation is that 
this product is thermodynamically favoured, and as both oxidation and reduction can theoretically occur in the 
electrochemical cell, reduction via water elimination seems feasible. 

It was found that phenols show no reactivity whatsoever. This can be explained by the know anti-oxidative 
capacities of phenols as radical quenchers.32 Alcohols in general do not inhibit reactions, only phenols do 
actively quench the reaction to prevent oxidation. 

Besides, there were three compounds for which it was possible to make either the sulfoxide or the sulfone, but 
not both. This accounted for compound 16-B, 20-B and 17-A. For compound 20-B, this could logically be 
explained by the strongly electron withdrawing character of the CF3 group, making it less prone to oxidation.  
Compound 16 was oxidized at the N-position rather than on the S-position at higher potentials. Overall, this 
reaction was not as clean as other reactions, as S-C cleavage was observed, and more side-products were formed. 
The fact that N-oxidation does not occur for compound 15 can be explained by the resonance structures where 
the proton can be easily interchanged between the nitrogen atoms. Oxidation on the nitrogen would remove this 
resonance possibility, hence this is not favoured.  

Single oxidation of dibenzothiophene to 17-A was not observed, while double oxidation to the sulfone was in 
fact observed. This can be explained by the fact that the starting material, dibenzothiophene, is completely 
aromatic. Single oxidation would result in the sulfoxide, which cannot be classified as aromatic. And the set of 
‘aromatic sulfoxides’ is known to be reactive.33 Because of the oxidative conditions in the cell, it is likely that 
dibenzothiophene sulfoxide will further react towards the sulfone, also at lower potentials. The dibenzothiophene 
sulfone is not completely aromatic, as there are no lone pairs on the sulfur anymore, but it is completely planar, 
which is favoured for aromaticity and hence more stable. 

Compounds 33 and 34 showed no conversion towards the sulfoxide and sulfone, but resulted in side-reactions 
instead. These products were not further analysed. 
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Figure 22 Unsuccessful substrate scope for formation of sulfoxides and sulfones. General info: The reaction was 
performed with 0.15 M substrate dissolved in an oxygen saturated 3:1 (v/v) mixture of acetonitrile and a 0.1M 

HCl solution in water, with 10 mol% tetrabutylammonium perchlorate as supporting electrolyte. The electrodes 
used are identical (Fe). 
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6. Experimental 
6.1. General information 
All components as well as reagents and solvents were used as received without further purification. Reagents 
were bought from Sigma Aldrich, TCI Chemicals and Alfa Aesar. Technical solvents were bought from VWR 
International and Biosolve and used as received. Column chromatography purification was performed using 
silica (60, F254, Merck™). TLC analysis was performed using Silica on aluminum foils TLC plates (F254, 
Supelco Sigma-Aldrich™), visualized with UV light (254 nm), or stained with Ninhydrin, iodine or KMnO4. 1H-
NMR, 13C-NMR spectra were recorded on ambient temperature using a Bruker-Avance 400. 1H-NMR spectra 
are reported in parts per million (ppm) downfield relative to Chloroform-d (7.26 ppm) and all 13C-NMR spectra 
are reported in ppm relative to Chloroform-d (77.2 ppm) unless stated otherwise. Known products were 
characterized by comparing to the corresponding 1H-NMR and 13C-NMR found in literature. The 
electrochemical screening experiment samples were analysed by GC-MS using a GC (Shimadzu GC-2010 Plus) 
coupled to a Mass Spectrometer (Shimadzu GCMS-QP 2010 Ultra) with an auto sampler unit (AOC-20i, 
Shimadzu). 
 
6.2. Experimental electrochemical synthesis setup 
For all electrochemical reactions, a Syrris Asia Flux module was used. The module, via which the potential or 
the current can be set, is connected to the electrochemical cell. The cell consists of a working electrode and a 
counter electrode, with a PTFE (Polytetrafluoroethylene) gasket containing micro-channels in between. The 
volume of the reactor is fixed at 300 µL. This results in an undivided electrochemical cell. In the cell, direct 
contact between the electrode surface and the reaction mixture is established. The reaction mixture is pumped 
through the system via syringe pump, and is collected in a glass vial. During the project, for both the working- 
and the counter electrode, stainless steel was used as electrode material. Both electrodes can be set to be the 
anode or the cathode at any time.  

 

Figure 23 Left: open electrode, with the gasket and the seal. Right: schematic picture of the complete 
electrochemical cell. 

 
6.3. Experimental protocols 
6.3.1. General protocol for the screening of electrochemical oxidation reactions of sulfides 
The concerning thioether was dissolved in the corresponding amount of stock solution (3:1 v/v acetonitrile/0.1 M 
HCl (aq) and 10 mol% tetrabutylammonium perchlorate) to yield a 0.15M solution of thioether in stock solution. 
The amount of solution varied between 5 – 7.5 mL. The solution was flown through the electrochemical setup 
with a fixed flowrate of 0.06 mL/min to give a residence time of 5 minutes. During the experiment, the potential 
was varied between 2.3 V – 4 V. After every 6.6 minutes (400 µL) a sample was taken at the corresponding 
potential. For each fraction, the current was determined. The fraction was diluted with ethyl acetate or acetone, 
and analysed without further purification using TLC and GC-MS. 
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6.3.2. General protocol for the electrochemical oxidation of sulfides 
The concerning thioether was dissolved in the corresponding amount of stock solution (3:1 v/v acetonitrile/0.1 M 
HCl (aq) and 10 mol% tetrabutylammonium perchlorate) to yield a 0.15M solution of thioether in stock solution. 
The amount of solution varied between 5 mL – 7.5 mL. The solution was flown through the electrochemical 
setup with a fixed flowrate of 0.06 mL/min to give a residence time of 5 minutes. During the experiment, the 
potential was set at the optimal potential determined in the screening experiment. All of the solution was 
collected in a vial, covered by a parafilm tape. If the conversion was found to be sufficiently high after 
collecting, the solution was diluted with saturated bicarb solution (15 mL) and transferred to a separation funnel. 
The water phase was extracted with ethyl acetate (three times 25 mL). The resulting organic fractions were 
washed with brine, dried over MgSO4 and concentrated in vacuo. The product was then purified using flash 
chromatography (PE/EtOAc, CyHex/EtOAc or DCM/MeOH) and analysed by H-NMR, C-NMR, GC-MS, FT-
IR, HR-MS and TLC. The electrode surface was cleaned after every experiment by sonicating the plates, gasket 
and seal in 1 M HCl (aq) for 5 minutes, followed by sonicating in acetone for 5 minutes. The plates were dried, 
scrubbed with an abrasive sponge, and polished with paper towels drenched in 1 M HCl (aq) and acetone. 

  

1-bromo-4-(methylsulfinyl)benzene. Following the general procedure (6.3.2). (4-bromophenyl)(methyl)sulfane 
(230 mg, 1.13 mmol) was dissolved in 7.5 mL ACN-stock solution. The mixture was exposed to 2.5V over 20 
minutes. Flash chromatography was used for purification (EtOAc/PE 50:50). Yielding 206.2 mg of product (0.94 
mmol, 83 %). 

Mp.: 66-69 °C (Lit.: 85-87 °C)34 
1H NMR (399 MHz, Chloroform-d) δ 7.67 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 8.2 Hz, 2H), 2.72 (s, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 144.88, 132.59, 125.49, 125.15, 44.01. 
 

 

1-bromo-4-(methylsulfonyl)benzene. Following the general procedure (6.3.2). (4-
bromophenyl)(methyl)sulfane (153 mg, 0.75 mmol) was dissolved in 5 mL ACN-stock solution. The mixture 
was exposed to 3.8V over 10 minutes. Flash chromatography was used for purification (EtOAc/PE 40:60). 
Yielding 90.8 mg of product (0.39 mmol, 52 %). 

Mp.: 103-105 °C (Lit.: 103-105 °C)35 
1H NMR (399 MHz, Chloroform-d) δ 7.82 (d, J = 8.6 Hz, 2H), 7.72 (d, J = 8.5 Hz, 1H), 3.05 (s, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 139.57, 132.72, 129.01 (d, J = 4.7 Hz), 44.54. 
 

 

N-(4-(methylsulfinyl)phenyl)acetamide. Following the general procedure (6.3.2). N-(4-
(methylthio)phenyl)acetamide (134 mg, 0.75 mmol) was dissolved in 5 mL ACN-stock solution. The mixture 
was exposed to 2.5V over 10 minutes. Flash chromatography was used for purification (MeOH/DCM 3:97). 
Yielding 46 mg of product (0.23 mmol, 32 %). 
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Mp.: turns black / decomposes at >279 °C (Lit.: 126 °C)36  
1H NMR (399 MHz, Chloroform-d) δ 8.10 (s, 1H), 7.70 (d, J = 8.6 Hz, 2H), 7.58 (d, J = 8.7 Hz, 2H), 2.72 (s, 
3H), 2.19 (s, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 169.01, 141.18, 139.93, 124.81, 120.46, 44.03, 24.74. 
 

 

N-(4-(methylsulfonyl)phenyl)acetamide. Following the general procedure (6.3.2). N-(4-
(methylthio)phenyl)acetamide (162 mg, 0.90 mmol) was dissolved in 6 mL ACN-stock solution. The mixture 
was exposed to 3.8 V over 10 minutes. Flash chromatography was used for purification (MeOH/DCM 3:97). 
Yielding 103 mg of product (0.46 mmol, 51 %). 

Mp.: 183-186 °C (Lit.: 185-187 °C)37 
1H NMR (399 MHz, Chloroform-d) δ 7.88 (d, J = 8.8 Hz, 2H), 7.72 (d, J = 8.8 Hz, 2H), 7.55 (s, 1H), 3.04 (s, 
3H), 2.23 (s, 3H). 
 13C NMR (100 MHz, Chloroform-d) δ 168.86, 142.98, 135.09, 128.68, 119.54, 77.34, 44.71, 13.58. 
 

 

2-(methylsulfinyl)benzo[d]oxazole. Following the general procedure (6.3.2). 2-(methylthio)benzo[d]oxazole 
(124 mg, 0.75 mmol) was dissolved in 5 mL ACN-stock solution. The mixture was exposed to 4 V over 5 
minutes, followed by 3.7V over 5 minutes. Flash chromatography was used for purification (EtOAc/PE 50:50). 
Yielding 63 mg of product (0.35 mmol, 46 %). 

Mp.: 73-75 °C (Lit.: 80-81 °C)38 
1H NMR (400 MHz, Chloroform-d) δ 7.83 (d, J = 7.4 Hz, 1H), 7.65 (d, J = 7.5 Hz, 1H), 7.53 – 7.36 (m, 2H), 
3.21 (s, 3H). 
13C NMR (101 MHz, Chloroform-d) δ 164.83, 151.86, 140.39, 127.23, 125.69, 121.36, 111.58, 39.95. 
 

 

2-(methylsulfinyl)-1H-benzo[d]imidazole. Following the general procedure (6.3.2). 2-(methylthio)-1H-
benzo[d]imidazole (147 mg, 0.90 mmol) was dissolved in 6 mL ACN-stock solution. The mixture was exposed 
to 3.0 V over 15 minutes. Flash chromatography was used for purification (EtOAc). Yielding 65 mg of product 
(0.36 mmol, 40 %). 

Mp.: 131-134 °C (Lit.: 139-140 °C)39 
1H NMR (400 MHz, Chloroform-d) δ 10.92 (s, 1H), 7.68 (dd, J = 6.1, 3.2 Hz, 2H), 7.33 (dd, J = 6.1, 3.2 Hz, 
2H), 3.18 (s, 3H). 
13C NMR (101 MHz, Chloroform-d) δ 152.54, 138.15, 122.87, 115.20, 40.43. 
 

 

2-(methylsulfonyl)-1H-benzo[d]imidazole. Following the general procedure (6.3.2). 2-(methylthio)-1H-
benzo[d]imidazole (125 mg, 0.75 mmol) was dissolved in 6 mL ACN-stock solution. The mixture was exposed 
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to 4.0 V over 15 minutes. Flash chromatography was used for purification (EtOAc/PE 50:50). Yielding 80 mg of 
product (0.41 mmol, 54 %). 

Mp.: 185-191 °C (Lit.: 199-201 °C)40 
1H NMR (399 MHz, Chloroform-d) δ 7.87 – 7.65 (m, 2H), 7.45 (dt, J = 5.4, 1.9 Hz, 2H), 3.42 (s, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 148.21, 125.63, 124.67, 100.13, 77.16, 42.97. 
 

 

1-(4-(methylsulfinyl)phenyl)ethan-1-one. Following the general procedure (6.3.2). 1-(4-
(methylthio)phenyl)ethan-1-one (150 mg, 0.90 mmol) was dissolved in 6 mL ACN-stock solution. The mixture 
was exposed to 2.5 V over 20 minutes. Flash chromatography was used for purification (MeOH/DCM 4:96). 
Yielding 120 mg of product (0.65 mmol, 72 %). 

Mp.: 78-82 °C (Lit.: 108-109 °C)34 
1H NMR (400 MHz, Chloroform-d) δ 8.11 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.5 Hz, 2H), 2.76 (s, 3H), 2.65 (s, 
3H). 
13C NMR (101 MHz, Chloroform-d) δ 197.01, 150.83, 139.13, 129.17, 123.78, 43.81, 26.81. 
 

 

1-(4-(methylsulfonyl)phenyl)ethan-1-one. Following the general procedure (6.3.2). 1-(4-
(methylthio)phenyl)ethan-1-one (150 mg, 0.90 mmol) was dissolved in 7 mL ACN-stock solution. The mixture 
was exposed to 3.8 V over 10 minutes. Flash chromatography was used for purification (MeOH/DCM 2.5:97.5). 
Yielding 122 mg of product (0.61 mmol, 68 %). 

Mp.: 125-128 °C (Lit.: 128-130 °C)41 
1H NMR (400 MHz, Chloroform-d) δ 8.12 (d, J = 8.6 Hz, 2H), 8.05 (d, J = 8.6 Hz, 2H), 3.08 (s, 3H), 2.66 (s, 
3H). 
13C NMR (101 MHz, Chloroform-d) δ 196.76, 144.32, 141.04, 129.27, 127.94, 44.45, 27.07. 
 

 

dibenzo[b,d]thiophene 5,5-dioxide. Following the general procedure (6.3.2). dibenzo[b,d]thiophene (165 mg, 
0.90 mmol) was dissolved in 6 mL DMF-stock solution. The mixture was exposed to 4.5 V over 5 minutes 
followed by 4.0V over 5 minutes. Flash chromatography was used for purification (EtOAc/PE 50:50). Yielding 
101 mg of product (0.47 mmol, 52 %). 

Mp.: 191-193 °C (Lit.: no literature data available) 
1H NMR (399 MHz, Chloroform-d) δ 7.98 (d, J = 7.6 Hz, 2H), 7.79 (d, J = 7.7 Hz, 2H), 7.58 (t, J = 7.5 Hz, 2H), 
7.49 (t, J = 7.6 Hz, 2H). 
13C NMR (100 MHz, Chloroform-d) δ 145.23, 137.17, 132.64, 129.63, 127.60, 122.01. 
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tetrahydro-2H-thiopyran 1-oxide. Following the general procedure (6.3.2). tetrahydro-2H-thiopyran (94 mg, 
0.91 mmol) was dissolved in 6 mL ACN-stock solution. The mixture was exposed to 2.8 V over 10 minutes. 
Flash chromatography was used for purification (DCM/MeOH 95:5). Because the corresponding sulfone and the 
electrolyte could not be spotted on TLC, the yield was determined by 1H-NMR, yielding 80 mg of product (0.41 
mmol, 46 %). 

1H NMR (400 MHz, Chloroform-d) δ 2.87 (ddd, J = 12.3, 9.1, 2.8 Hz, 2H), 2.74 (ddd, J = 12.6, 8.6, 3.1 Hz, 2H), 
2.29 – 2.14 (m, 2H), 1.71 – 1.60 (m, 4H). 
 

 

tetrahydro-2H-thiopyran 1,1-dioxide. Following the general procedure (6.3.2). tetrahydro-2H-thiopyran (92 
mg, 0.90 mmol) was dissolved in 6 mL ACN-stock solution. The mixture was exposed to 4.0 V over 10 minutes. 
Flash chromatography was used for purification (EtOAc). Yielding 101 mg of product (0.75 mmol, 84 %). 

1H NMR (399 MHz, Chloroform-d) δ 3.03 – 2.92 (m, 4H), 2.07 (ddt, J = 12.0, 8.5, 4.9 Hz, 4H), 1.67 – 1.54 (m, 
2H). 
13C NMR (101 MHz, Chloroform-d) δ 52.16, 24.26, 23.83. 
 

 

(methylsulfonyl)methane. Following the general procedure (6.3.2). (methylsulfinyl)methane (70.3 mg, 0.90 
mmol) was dissolved in 6 mL ACN-stock solution. The mixture was exposed to 3.8 V over 10 minutes. Flash 
chromatography was used for purification (EtOAc). Yielding 68 mg of product (0.72 mmol, 80 %). 

Mp.: 96-102 °C (Lit.: 107-109 °C)42 
1H NMR (399 MHz, Chloroform-d) δ 2.98 (s, 1H). 
13C NMR (100 MHz, Chloroform-d) δ 42.82. 
 

 

methyl (2R)-2-acetamido-4-(methylsulfinyl)butanoate. Following the general procedure (6.3.2). methyl 
acetyl-D-methioninate (184 mg, 0.90 mmol) was dissolved in 6 mL ACN-stock solution. The mixture was 
exposed to 2.8 V over 15 minutes. Flash chromatography was used for purification (MeOH/DCM 8:92). 
Yielding 93 mg of product (0.42 mmol, 46 %). 

Mp.: 117-120 °C (Lit.: 102 °C)43 
1H NMR (399 MHz, Chloroform-d) δ 6.97 (dd, J = 31.7, 7.4 Hz, 1H), 4.65 (tt, J = 8.0, 4.5 Hz, 1H), 3.73 (s, 3H), 
2.86 – 2.60 (m, 2H), 2.56 (d, J = 1.8 Hz, 3H), 2.38 – 2.25 (m, 2H), 2.00 (d, J = 2.5 Hz, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 171.83 (d, J = 4.4 Hz), 170.72 – 170.17 (m), 52.59 (d, J = 3.2 Hz), 51.09 
(d, J = 19.6 Hz), 50.18 (d, J = 22.5 Hz), 38.41 (d, J = 2.4 Hz), 25.46 (d, J = 44.0 Hz), 22.88 (d, J = 1.2 Hz). 
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methyl (2R)-2-acetamido-4-(methylsulfonyl)butanoate. Following the general procedure (6.3.2). methyl 
acetyl-D-methioninate (184 mg, 0.90 mmol) was dissolved in 6 mL ACN-stock solution. The mixture was 
exposed to 3.8 V over 10 minutes. Flash chromatography was used for purification (MeOH/DCM 8:92). 
Yielding 75 mg of product (0.32 mmol, 36 %). 

Mp.: 123-125 °C (Lit.: no literature data available) 
1H NMR (399 MHz, Chloroform-d) δ 6.62 (d, J = 7.7 Hz, 1H), 4.67 (td, J = 8.1, 5.0 Hz, 1H), 3.75 (s, 3H), 3.10 
(dddd, J = 42.9, 14.0, 10.7, 5.3 Hz, 2H), 2.92 (s, 3H), 2.47 – 2.07 (m, 2H), 2.02 (s, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 171.57, 170.58, 52.96, 51.21, 50.72, 40.87, 25.38, 23.10. 
 

 

2-methyl-4-nitroso-1-(4-((trifluoromethyl)sulfinyl)phenoxy)benzene. Following the general procedure 
(6.3.2). (4-(2-methyl-4-nitrosophenoxy)phenyl)(trifluoromethyl)sulfane (234 mg, 0.75 mmol) was dissolved in 5 
mL ACN-stock solution. The mixture was exposed to 3.0 V over 40 minutes. Flash chromatography was used 
for purification (EtOAc/PE 5:95). Yielding 118 mg of product (0.36 mmol, 48 %). 

Mp.: 70-71 °C (Lit.: no literature data available) 
1H NMR (399 MHz, Chloroform-d) δ 8.24 – 8.17 (m, 1H), 8.09 (dd, J = 8.9, 2.8 Hz, 1H), 7.82 (d, J = 8.5 Hz, 
2H), 7.22 – 7.16 (m, 2H), 7.00 (d, J = 8.9 Hz, 1H), 2.36 (s, 3H). 
13C NMR (101 MHz, Chloroform-d) δ 160.60, 158.66, 144.25, 131.24, 130.31, 130.29, 128.49, 127.24, 126.29, 
123.36, 122.96, 119.16, 119.04, 16.35. 
 

 

4,4'-disulfanediyldibenzoic acid. Following the general procedure (6.3.2). 4-mercaptobenzoic acid (139 mg, 
0.90 mmol) was dissolved in 12 mL DMF-stock solution. The mixture was exposed to 3.0 V over 15 minutes. 
Crystallization was used for purification (H2O). Yielding 50 mg of product (0.16 mmol, 36 %). 

Mp.: turns black / decomposes at 337-342 °C (Lit.: decomposes at 319-322 °C)44 
1H NMR (400 MHz, Dimethylsulfoxide-d6) δ 13.06 (s, 2H), 8.06 – 7.84 (m, 4H), 7.77 – 7.53 (m, 4H). 
13C NMR (101 MHz, Dimethylsulfoxide-d6) δ 167.08, 141.22, 130.79, 130.16, 126.57. 
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6.3.3. Synthetic procedure for the synthesis of precursor compounds 
 

 

 

3-(phenylthio)propanenitrile. Thiophenol (7.5 mL, 8.1 g, 74 mmol) was placed in a 250 mL flask, dissolved in 
dichloromethane (100 mL). Acrylonitrile (5 mL, 4.05 g, 76 mmol) was added, and the mixture was cooled to -20 
°C. One drop of trimethylamine was added and the mixture was allowed to cool down again. The rest of the 
triethylamine (1.5 mL, 1.09 g, 10.8 mmol) was added and the mixture was stirred for 2 hours. The organic phase 
was washed with saturated bicarb solution, water and saturated brine solution, after which it was dried over 
MgSO4 and concentrated in vacuo, yielding the product (8.61 g, 53 mmol, 72%). 

1H NMR (400 MHz, Chloroform-d) δ 7.46 – 7.38 (m, 2H), 7.37 – 7.27 (m, 3H), 3.13 (t, J = 7.3 Hz, 2H), 2.59 (t, 
J = 7.3 Hz, 2H). 
 

 

3-(phenylthio)propanal. Thiophenol (143 µL, 1.4 mmol) was placed in a 50 mL flask, dissolved in 
dichloromethane (2 mL). Acrolein (100 µL, 1.5 mmol) was added, and the mixture was cooled to -20 °C. One 
drop of trimethylamine was added and the mixture was allowed to cool down again. The rest of the triethylamine 
(3 µL, 3 mg, 0.21 mmol) was added and the mixture was stirred for 2 hours. The organic phase was washed with 
saturated bicarb solution, water and saturated brine solution, after which it was dried over MgSO4 and 
concentrated in vacuo, yielding the product (91 mg, 0.55 mmol, 39%). 

1H NMR (400 MHz, Chloroform-d) δ 9.77 (t, J = 1.2 Hz, 1H), 7.39 – 7.27 (m, 4H), 7.25 – 7.19 (m, 1H), 3.19 (t, 
J = 7.1 Hz, 2H), 2.77 (td, J = 7.1, 1.2 Hz, 2H). 
 

 

2-(phenylthio)ethyl acetate. 2-(phenylthio)ethan-1-ol (308 mg, 2 mmol) was placed in a 50 mL flask and 
dissolved in dichloromethane (10 mL). Acetic anhydride (306 mg, 0.28 mL, 3 mmol) was added, followed by 
trimethylamine (314 mg, 0.43 mL, 3.1 mL). The mixture was stirred, following the conversion by TLC 
(EtOAc/PE 20:80), washed with 1M NaOH, dried over MgSO4 and dried in vacuo, resulting in the product (386 
mg, 1.87 mmol, 93%). 

1H NMR (399 MHz, Chloroform-d) δ 7.42 – 7.37 (m, 2H), 7.33 – 7.27 (m, 2H), 7.24 – 7.19 (m, 1H), 4.24 (t, J = 
6.9 Hz, 2H), 3.14 (t, J = 7.0 Hz, 2H), 2.02 (s, 3H). 
 

 

4-(methylthio)aniline. 4-aminobenzenethiol (1.3 g, 10.5 mmol), iodomethane (0.725 mL, 11 mmol) and N-
ethyl-diisopropylamine (1.8 mL, 10 mmol) was dissolved in acetonitrile (60 mL) and was transferred in four 
reaction tubes. The tubes were illuminated by a 24W Compact Fluorescent Lightbulb for 16 hours, after which 
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the mixture was washed with water and 2M sodium thiosulfate (aq). The combined organic phase was dried over 
MgSO4 and dried in vacuo. The resulting product was purified using column chromatography (EtOAc/PE 
20:80), and dried in vacuo, resulting in the product (1.07 g, 7.6 mmol, 72%). 

1H NMR (400 MHz, Chloroform-d) δ 7.22 – 7.15 (m, 2H), 6.68 – 6.59 (m, 2H), 3.67 (s, 2H), 2.41 (s, 3H). 
13C NMR (101 MHz, Chloroform-d) δ 145.05, 131.09, 125.88, 115.76, 18.82. 
 

 

2-(methylthio)-1H-benzo[d]imidazole. 1H-benzo[d]imidazole-2-thiol (1.20 g, 8 mmol), was placed in a 100 
mL flask and dissolved in acetone (25 mL). Iodomethane (1.14 g, 0.50 mL, 8 mmol) and N-ethyl-
diisopropylamine (1.03 g, 1.36 mL, 8 mmol) was added, after which the mixture was sonicated for 15 minutes. 
Water was added (25 mL) which results in the crystallization of the product, which was filtrated and collected 
(1.01 g, 6.1 mmol, 76%). 

1H NMR (399 MHz, Chloroform-d) δ 7.45 (dd, J = 6.0, 3.3 Hz, 2H), 7.14 (dd, J = 6.1, 3.2 Hz, 2H), 2.73 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ 151.63, 135.80, 123.90, 113.62, 15.36. 
 
 

 

trimethyl(2-(phenylthio)ethoxy)silane. 2-(phenylthio)ethan-1-ol (771 mg, 0.670 mL, 5 mmol) was placed in a 
50 mL flask and dissolved in dichloromethane (15 mL). Imidazole (340 mg, 5 mmol) was added. The mixture 
was cooled to 0 °C. The flask was covered with a septum and the mixture was flushed with argon. 
Chlorotrimethylsilane (0.647 mL, 5.1 mmol) was added dropwise. The mixture was stirred for 72 hours. Extra 
DCM was added (20 mL) to the mixture. The mixture was washed with water, dried over MgSO4 and dried in 
vacuo, resulting in the product as a colorless oil (1.24 g, > 99%). 

1H NMR (399 MHz, Chloroform-d) δ 7.43 – 7.27 (m, 4H), 7.24 – 7.14 (m, 1H), 3.76 (t, J = 7.2 Hz, 2H), 3.07 (t, 
J = 7.2 Hz, 2H), 0.10 (s, 9H). 
 

 

N-(4-(methylthio)phenyl)acetamide. 4-(methylthio)aniline (557 mg, 4 mmol) was placed in a 50 mL flask and 
dissolved in dichloromethane (20 mL). The mixture was cooled to 0 °C. Triethylamine (0.72 mL, 5.2 mmol) and 
acetyl chloride (0.345 mL, 4.8 mmol) was added and the mixture was stirred for 1 hour. The mixture was treated 
with saturated ammonium chloride solution (15 mL) and extracted with dichloromethane. The combined organic 
phase was washed with brine, dried over MgSO4, and concentrated in vacuo. The remaining solid was triturated 
with 1 mL of diethylether and 8 mL of hexane, resulting in the product (606 mg, 3.34 mmol, 84%). 

1H NMR (399 MHz, Chloroform-d) δ 7.53 – 7.35 (m, 2H), 7.32 – 7.19 (m, 3H), 2.46 (s, 3H), 2.16 (s, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 168.24, 135.50, 133.60, 127.98, 120.52, 24.56, 16.68. 
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2-(methylthio)benzo[d]oxazole. benzo[d]oxazole-2-thiol (365 mg, 2.5 mmol), was placed in a 15 mL flask and 
dissolved in acetone (8 mL). Iodomethane (342 mg, 0.150 mL, 2.5 mmol) and N-ethyl-diisopropylamine (309 
mg, 0.410 mL, 2.5 mmol) was added, after which the mixture was sonicated for 15 minutes. Water was added 
(15 mL) which results in the crystallization of the product, which was filtrated and collected (376 mg, 2.28 
mmol, 91%). 

1H NMR (399 MHz, Chloroform-d) δ 7.62 – 7.58 (m, 1H), 7.45 – 7.41 (m, 1H), 7.31 – 7.20 (m, 2H), 2.76 (s, 
3H). 
13C NMR (100 MHz, Chloroform-d) δ 165.72, 151.98, 141.94, 124.26, 123.80, 118.31, 109.84, 14.51. 
 

 

 

methyl N-acetyl-S-methyl-D-cysteinate. methyl acetyl-D-cysteinate (800 mg, 4.5 mmol), was placed in a 50 
mL flask and dissolved in acetone (18 mL). Iodomethane (616 mg, 0.270 mL, 4.5 mmol) and N-ethyl-
diisopropylamine (556 mg, 0.738 mL, 4.5 mmol) was added, after which the mixture was sonicated for 30 
minutes. The product was crystallized over water/methanol, resulting in white crystals (912 mg (including water 
impurities), 4.12 mmol, 92%). 

1H NMR (399 MHz, Chloroform-d) δ 6.27 (s, 1H), 4.83 (dt, J = 6.9, 4.0 Hz, 1H), 3.78 (d, J = 2.1 Hz, 3H), 3.12 – 
2.83 (m, 2H), 2.11 (s, 3H), 2.06 (s, 3H). 
 

 

acetyl-D-methionine. Methionine (5g, 33.6 mmol) was placed in a 250 mL flask, and dissolved in glacial acetic 
acid (75 mL). Acetic anhydride (4.74 g, 5.12 mL, 46 mmol) was added, and the mixture was refluxed for 1.5 
hours. The solvent was removed in vacuo. Diethylether was added in order to recrystallize the product to form a 
white solid (5.54 g, 29 mmol, 86%). 

1H NMR (400 MHz, Deuterium Oxide) δ 4.43 (dd, J = 9.3, 4.6 Hz, 1H), 2.62 – 2.44 (m, 2H), 2.10 (dtd, J = 14.1, 
8.1, 4.8 Hz, 1H), 2.03 (s, 3H), 1.97 (s, 3H), 2.00 – 1.89 (m, 1H). 
 

 

methyl acetyl-D-methioninate. acetyl-D-methionine (1.916 g, 10 mmol) was placed in a 100 mL flask. 
Methanol (35 mL) was added, followed by the addition of thionyl chloride (3.108 mL, 42.6 mmol). DMF was 
added (100µL) after which the solution was stirred overnight. The solvent was evaporated in vacuo. Purification 
using column chromatography (EtOAc) yielded the product as a white solid (1.27 g, 6.2 mmol, 62%). 

1H NMR (399 MHz, Chloroform-d) δ 6.22 (d, J = 7.8 Hz, 1H), 4.71 (td, J = 7.5, 5.2 Hz, 1H), 3.75 (s, 3H), 2.50 
(ddd, J = 8.0, 6.7, 2.9 Hz, 2H), 2.15 (dddd, J = 14.0, 8.2, 7.0, 5.1 Hz, 1H), 2.08 (s, 3H), 2.02 (s, 3H), 2.04 – 1.89 
(m, 1H). 
13C NMR (100 MHz, Chloroform-d) δ 172.56, 169.85, 52.54, 51.56, 31.74, 29.96, 23.20, 15.49. 
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4-((trifluoromethyl)thio)phenol. 4-mercaptophenol (1.88 g, 15 mmol) and Ru(bpy)3 · 6H2O (113 mg, 0.15 
mmol) were dissolved in acetonitrile (60 mL) (solution A). Triethylamine (2.02 g, 2.8 mL, 20 mmol) was 
dissolved in acetonitrile (15 mL) (solution B). CF3I was bubbled through solution A, followed by dropwise 
addition of solution B. The mixture was transferred to reaction tubes, and the tubes were illuminated by a 24W 
Compact Fluorescent Lightbulb for 72 hours. Diethylether (60 mL) was added. The organic phase was washed 
with 1M HCl (aq) (three times), and saturated bicarb solution (one time). The aqueous phase was extracted with 
diethylether. The combined organic phases were dried over MgSO4. The crude mixture was purified using 
column chromatography (EtOAc/PE 15:85) to yield the product (3.15 g, 15 mmol, >99%). 

1H NMR (399 MHz, Chloroform-d) δ 7.59 – 7.42 (m, 2H), 6.93 – 6.77 (m, 2H), 5.37 (s, 1H). 
13C NMR (100 MHz, Chloroform-d) δ 158.08, 138.55, 131.11, 128.04, 116.52. 
19F NMR (376 MHz, Chloroform-d) δ -43.93. 
 
 

 

(4-(2-methyl-4-nitrosophenoxy)phenyl)(trifluoromethyl)sulfane. K2CO3 (1.8 g, 12.5 mmol) was placed in a 
25 mL flask. The flask was covered by a septum, after which vacuum-argon cycles were performed three times. 
Dimethylsulfoxide (10 mL) and 4-((trifluoromethyl)thio)phenol (1.0 g, 5 mmol) were added. The mixture was 
heated to 70 ºC and stirred for 20 minutes after which 2-chloro-5-nitrotoluene (1.17 g, 7.5 mmol) was added. 
The mixture was stirred for 18 hours after which the mixture was cooled to room temperature. Et2O (50 mL) was 
added and the mixture was washed with water (3 times) and brine (one time). The aqueous layers were extracted 
with Et2O, dried over MgSO4, and the crude mixture was purified using column chromatography (EtOAc/PE 
1:99) to obtain the product as a yellow solid (958 mg, 3.06 mmol, 60%). 

1H NMR (399 MHz, Chloroform-d) δ 8.19 (dd, J = 2.8, 0.9 Hz, 1H), 8.06 (dd, J = 8.9, 2.8 Hz, 1H), 7.73 – 7.63 
(m, 2H), 7.07 – 6.98 (m, 2H), 6.93 (d, J = 8.9 Hz, 1H), 2.38 (s, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 159.45, 158.30, 143.72, 138.65, 130.96, 130.72, 127.07, 123.26, 119.57, 
119.41, 118.08, 16.35. 
19F NMR (376 MHz, Chloroform-d) δ -43.22. 
 

 

4-(methylthio)phenol. 4-mercaptophenol (0.44 g, 3.5 mmol) was placed in a 50 mL flask and dissolved in 
acetone (13 mL). Iodomethane (480 mg, 0.220 mL, 3.5 mmol) and N-ethyl-diisopropylamine (432 mg, 0.600 
mL, 3.5 mmol) was added, after which the mixture was sonicated for 45 minutes. The mixture was dried in 
vacuo and the crude mixture was flushed over a plug of silica (EtOAc/PE 15:85) to yield the product (489 mg, 
3.48 mmol, >99%). 

1H NMR (399 MHz, Chloroform-d) δ 7.25 – 7.18 (m, 2H), 6.82 – 6.74 (m, 2H), 4.83 (s, 1H), 2.44 (s, 3H). 
13C NMR (100 MHz, Chloroform-d) δ 154.06, 130.39, 128.94, 116.05, 18.08. 
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methyl 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate. Acetyl chloride (1.2 
mL, 14 mmol) was added dropwise to methanol (8 mL) at 0 ºC. The mixture was stirred for 15 minutes and was 
added to a suspention of biotin (1.01 g, 4.2 mmol) in methanol (8 mL) at room temperature. The mixture was 
stirred for 30 minutes after which water was added (50 mL). The aqueous layer was extracted with a 5% MeOH 
in DCM solution (100 mL). The organic layer was dried over MgSO4, and the product was isolated by drying the 
organic phase in vacuo. 

1H NMR (399 MHz, Chloroform-d) δ 4.86 (s, 1H), 4.64 (s, 1H), 4.54 – 4.50 (m, 1H), 4.35 – 4.29 (m, 1H), 3.68 
(s, 3H), 3.17 (ddd, J = 8.4, 6.5, 4.6 Hz, 1H), 2.94 (dd, J = 12.8, 5.0 Hz, 1H), 2.74 (dd, J = 12.9, 1.0 Hz, 1H), 2.34 
(t, J = 7.3 Hz, 2H), 1.76 – 1.62 (m, 3H), 1.53 – 1.37 (m, 1H). 
 

 

4-(methylthio)benzoic acid. 4-mercaptobenzoic acid (462 mg, 3 mmol), was placed in a 50 mL flask and 
dissolved in acetone (12 mL). Iodomethane (411 mg, 0.190 mL, 3.0 mmol) and N-ethyl-diisopropylamine (370 
mg, 0.520 mL, 3.0 mmol) was added, after which the mixture was sonicated for 45 minutes. The mixture was 
dried in vacuo and the crude mixture was flushed over a plug of silica (EtOAc) to yield the product (340 mg, 
2.02 mmol, 67%). 

1H NMR (399 MHz, Chloroform-d) δ 8.06 – 7.94 (m, 2H), 7.32 – 7.24 (m, 2H), 2.53 (s, 3H). 
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7. Conclusion and future outlook 
7.1. Conclusion 

To conclude, the reaction scope of the electrochemical oxidation of sulfides in micro-flow has been expanded, 
and a general methodology to approach the synthesis of more complex sulfides has been developed. Where a 
good conversion and selectivity was previously shown for simple molecules, now more heteroatoms, functional 
groups, alkylic compounds and even bioactive moieties have been added to the reaction scope with good 
selectivity and conversion. 

The general applicability of this method has been increased by the introduction of the possibility to use 
dimethylformamide as a solvent.  

Overall, the electrochemical oxidation of sulfides in continuous micro-flow has been proven to be an efficient 
methodology, applying the described procedure. The fact that water is used as oxygen source, and that the 
reaction is initiated by electrons via the electrodes, makes the procedure very environmentally benign. The fact 
that the productivity per unit volume is very high, combined with the fact that the developed methodology is 
environmentally benign, makes the methodology very interesting for industrial and synthetic purposes. 

7.2. Outlook 

The reaction scope has been expanded to cover a wider variety of functional groups, but the scope still lacks 
highly complex moieties (e.g. cholesterol scaffolds or other bioactive compounds). If the electrochemical 
oxidation of sulfides is further examined, the synthesis of these compounds would greatly improve the 
applicability of this method. 

The disulfide reaction scope covers basic functionalities. A more elaborate examination of the limitations could 
be developed, even though this is likely to be similar to the thioether oxidation limitations. 

The main drawback of the system that is described in this thesis is the small volume of the reactor. It was noted 
that a single run through the cell was in almost none of the cases sufficient to obtain a high conversion. Running 
the reaction mixture through the cell multiple times, combined by the cleaning of the cell in between, is most 
likely a procedure where material is lost. A larger electrode area can possibly increase the ease of use of the 
procedure and perhaps even the yield of multiple reactions. 

7.3. Sulfonamide synthesis proposal 

In the reaction described in this thesis, over-oxidation to a R-SO2-S-R compound was observed at high potentials 
(Figure 24). 

 

Figure 24: The formation of a sulfonothionate moiety 
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In 1978, Ukida et al. described a facile procedure for the electrochemical synthesis of sulfenamides with close to 
quantitative yield.45 The over-oxidation to a sulfone-heteroatom moiety can be very promising considering the 
sulfenamide. The facile oxidation towards sulfones can possibly be used to push sulfenamides towards 
sulfonamides, possibly with the same procedure described in this thesis. In the work done by Ukida, the 
synthesis of sulfenamides goes via the synthesis of the disulfide, after which the sulfenamide is produced. If 
there is acces to more than one electrochemical cell, a two-step synthesis in one setup can possibly be achieved, 
by first forming selectively the sulfenamide at low potential, followed by formation of the sulfonamide at higher 
potential (Figure 25). 

 

Figure 25: Proposed sulfonamide synthesis 
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8. Cross dehydrogenative coupling of sp3 alkanes with tetrabutylammonium decatungstateb 
8.1. Cross dehydrogenative coupling 

C-C bond formation is one of the key type of reactions in organic chemistry, and the development of methods for 
making C-C bonds is hence of great interest in chemistry.46 Examples of well-known C-C bond formation 
reactions, are the Heck coupling, the Suzuki coupling and the Negishi coupling. These three reactions were 
awarded with the Nobel Prize in 2010.47,48,49 However, these coupling reactions, as are most coupling reactions, 
involve carbon-halides and / or organometals to enable the coupling. C-C bond formation via double C-H 
activation can in theory simplify synthetic pathways, and greatly reduce waste.50 Such a reaction is called a cross 
dehydrogenative coupling reaction (CDC, Figure 26).50 

 

Figure 26: Cross Dehydrogenative Coupling 

These reactions are generally carried out for very specific C-H bonds (e.g. α-C-H bonds of nitrogen in amines, α-
C-H bonds of oxygen in ethers) or with allylic or activated alkane C-H bonds (Figure 27).50 

 

Figure 27: CDC reactions. Top: CDC reaction with α-C-H bonds of nitrogen, middle: CDC reaction with α-C-H 
bonds of oxygen, bottom: CDC reaction with activated C-H bonds in alkanes. 

8.2. Decatungstate photocatalysis 

Polyoxometalates, early-transition-metal-anion clusters have gained attention as they have interesting properties 
as oxidants. One significantly studied polyoxometalate, is decatungstate (W10O32), commonly with a 
tetrabutylammonium counterion (TBADT, Figure 28), which also proved to be an interesting photocatalyst.51 

                                                      
b This secondary subject was started in the middle of April, as then the Syrris Asia Flux module broke and 
enough time was left to start a new project. This subject is not related to the electrochemical oxidation of 
sulfides. 
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Figure 30: Reaction overview of TBADT chemistry. 

8.3. Merging CDC and decatungstate chemistry 

An expansion of the CDC reaction scope is proposed, with the introduction of decatungstate chemistry. It is 
proposed, that the known capabilities of TBADT in hydrogen atom transfer can be used to enable CDC coupling 
of simple, non-activated alkanes. It is proposed that the alkylic radicals that are formed by the wO excited state 
can be used to couple sp3 carbons. One of the reactions that is aimed for is the coupling of cyclohexane and 
toluene (Figure 31). 

 

Figure 31: CDC of cyclohexane and toluene 

In order to enable this reaction, a wide range of reaction conditions is examined, varying the oxidants, metal 
catalysts, catalyst loading and the reagents. 

8.4. General methodology for CDC reactions with TBADT 

TBADT (66 mg, 0.02 mmol), a metal / iron source (0.1 mmol) and an oxidant (2.5 mmol) were weighed and 
transferred to specially designed flat glass flasks. The flasks were treated with vacuum – argon cycles three 
times. Cyclohexane (84 mg, 1 mmol) and toluene (92 mg, 1 mmol) were weighed, and acetonitrile (5 mL) and 
water (2 mL) were added, after which the mixture was injected to the flask. The flask was placed under a solar 
simulator, and was illuminated over 6 hours, with regular shaking of the flask. After 6 hours, 0.150 mL was 
taken from the mixture, and diluted in acetone in a GC-MS vial. The mixture was analysed by GC-MS without 
further purification.  
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8.5. Results and discussion 
8.5.1. Preliminary experiments 

 

Figure 32: Typical experiment of CDC using TBADT. Reagent 1 and 2 and products A and B are specified in the 
tables below. 

During the first experiments that were carried out, the role of the oxidant was examined. It was found that at 
least traces of both products were formed during the reaction. After this, other iron catalysts were examined, but 
these gave worse results than FeCl2 (Table 3). 

 

Entry Metal source Oxidant Other A B 
1 FeCl₂ tBuOOH - trace 2% 
2 FeCl₂ di-tBuOO - trace trace 
3 FeCl₂ mCPBA - - - 
4 Fe(acac)₃ tBuOOH - - - 
5 Fe(OTf)₃ tBuOOH - - - 
6 Fe(acac)₃ H₂O₂ - - - 
7 FeCl₂ tBuOOH 2 mL 1M HCl - - 
8 FeCl₂ tBuOOH Acetone solvent trace trace 

 

Table 3: Experimental conditions: 1 mmol cyclohexane, 1 mmol toluene, 2 mol% TBADT, 10 mol% iron catalyst, 
2.5 equivalents of oxidant, dissolved in 5 mL acetonitrile / 2 mL water. Reaction time: 6 hours. 

After the first experiments where traces of product were observed, the catalyst loading was increased, after 
which different reactants (more substituted carbons and sp2 carbons) were examined. It was found that the 
increasing of catalyst loading did not have a major effect on the reaction. Besides, the second set of reactants 
(e.g. chlorobenzene, bromobenzene and iodobenzene) showed no reactivity whatsoever (Table 4).  

 

Entry 2 TBADT (mol%) A B 
9 Toluene 5 mol% - trace 

10* Toluene 10 mol% - - 
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11 Cumene 2 mol% - - 
12** Toluene 2 mol% - - 
13 Ethylbenzene 2 mol% - - 
14 Chlorobenzene 2 mol% - - 
15 Bromobenzene 2 mol% - - 
16 Iodobenzene 2 mol% - - 

 

Table 4: Experimental conditions: 1 mmol cyclohexane, 1 mmol reactant 2, TBADT, iron catalyst, 2.5 
equivalents of oxidant, dissolved in 5 mL acetonitrile / 2 mL water. Reaction time: 6 hours. *Entry 10: 20 mol% 

iron catalyst. **Entry 12: 1.5 equivalents of K2CO3 as a base was added. 

The next interesting result, was the significantly increased conversion, resulting from the introduction of 
potassium persulfate as oxidant. This resulted in a decent yield of bibenzyl and a low yield of 
(cyclohexylmethyl)benzene, which is logical because of the relative increased stability of the radical on toluene 
due to the proximity of the aromatic ring. More oxidants were examined after this. Unfortunately, the use of air 
as oxidant was found to be possible because of the more efficient production of the corresponding alcohols and 
ketones (Table 5). 

 

Entry 
TBADT 
(mol%) Metal source Oxidant Other A B 

17 2 mol% FeCl₂ K₂S₂O₈ - 2% 17% 
19 2 mol% CuAc₂ air - - - 
20 2 mol% FeCl₂ air - trace 2% 
21 4 mol% 20 mol% FeCl₂ K₂S₂O₈ - trace 11 
22 2 mol% FeCl₂ KHS₂O₈ - - trace 
23 2 mol% FeCl₂ Benzoquinone - - - 
24 2 mol% FeCl₂ Anthraquinone - - - 

 

Table 5: Experimental conditions: 1 mmol cyclohexane, 1 mmol toluene, TBADT, metal catalyst, 2.5 equivalents 
of oxidant, dissolved in 5 mL acetonitrile / 2 mL water. Reaction time: 6 hours. 

8.5.2. Optimization experiments 

In order to increase the production of heterocoupled product, the cyclohexane loading was increased to 10 
equivalents. This significantly increased the production of (cyclohexylmethyl)benzene. A fair yield of 23% of 
the heterocoupled product was observed. It has to be noted that for these reactions, there was no complete 
conversion. If complete conversion can be reached (e.g. by longer reaction times) the yield could potentially be 
increased significantly. Besides, the addition of lithium perchlorate did not increase the performance of the 
reaction, while the addition of lithium perchlorate was found to be of great importance in benzylation reactions.55 
Besides, two control experiments, one with absence of TBADT and one with absence of iron, were carried out. It 
was found that TBADT is crucial for obtaining acceptable conversions and that iron is crucial to improve the 
selectivity towards the heterocoupled product (Table 6). 
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Reagent 

  Entry 1 2 Metal source Other A B 
25 10 eq. CyHex Toluene FeCl₂ 1 eq. LiClO4 12 13 
26 1 eq. CyHex Toluene FeCl₃ - 5 12 
27 1 eq. CyHex Acetophenone FeCl₂ - 7 - 
28 5 eq. THF Toluene FeCl₂ - 1 11 
29 10 eq. CyHex Toluene FeCl₃ - 16 6 
30 10 eq. CyHex Toluene FeCl₂ - 23 7 
32 1 eq. CyHex Toluene FeCl2 - - 2 
36 1 eq. CyHex Toluene No Iron - 4 21 

 

Table 6: Experimental conditions: Reactant 1, 1 mmol reactant 2, 2 mol% TBADT, 10 mol% iron catalyst, 2.5 
equivalents of oxidant, dissolved in 5 mL acetonitrile / 2 mL water. Reaction time: 6 hours. 

Because potassium persulfate is not very soluble in the acetonitrile / water mixture, ammonium persulfate was 
tried as oxidant. This oxidant is soluble in the reaction medium, but poorer results were obtained nonetheless. 
(Table 7). 

 

 
Reagent 

  Entry 1 2 TBADT (mol%) Metal source Oxidant A B 
31 1 eq. CyHex Toluene 2 mol% FeCl₃ (NH₄)₂S₂O₈ 5 14 
33 10 eq. CyHex Toluene 2 mol % FeCl₃ (NH₄)₂S₂O₈ 10 7 
35 1 eq. CyHex Mesitylene 2 mol % FeCl₃ (NH₄)₂S₂O₈ 5 14 

 

Table 7: Experimental conditions: Cyclohexane, 1 mmol reactant 2, 2 mol% TBADT, 10 mol% iron catalyst, 2.5 
equivalents of oxidant, dissolved in 5 mL acetonitrile / 2 mL water. Reaction time: 6 hours. 

The role of iron was again demonstrated, by choosing the best performing system (entry 30) and trying it without 
iron. It was found that the obtained results were similar concerning the formation of (cyclohexylmethyl)benzene, 
but that bibenzyl was formed much more as well. Subsequently, the addition of triphenylphosphine, a known 
radical quencher reduced the performance, as expected (Table 8).  
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Entry 2 Metal source Other A B 
46 Toluene FeCl₃ PPh₃ 8 13 
47 Toluene No Iron - 22 25 
48 Toluene FeCl₂ 1 eq. LiClO4 18 12 

 

Table 8: Experimental conditions: 10 mmol cyclohexane, 1 mmol reactant 2, 2 mol% TBADT, 10 mol% iron 
catalyst, 2.5 equivalents of oxidant, dissolved in 5 mL acetonitrile / 2 mL water. Reaction time: 6 hours. 

 

To increase the performance of the system, it was ought that everything had to be solubilized completely. To 
achieve this, the acetonitrile / water ratio was increased from 5:2 to 1:1. Overall, this resulted in poorer results. 
Another experiment with the absence of iron was carried out. This time, 10 equivalents of cyclohexane were 
added, and still homocoupling was preferred, indicating that iron is indeed crucial for the heterocoupling. Other 
metal catalysts were examined (e.g. cobalt, nickel, copper) but these showed poorer performance than FeCl2 
(Table 9). 

 

 
Reagent 

  Entry 1 2 Metal source Oxidant A B 
34 1 eq. CyHex Toluene FeCl₃ (NH₄)₂S₂O₈ 3 21 
37 10 eq. CyHex Toluene FeCl₃ (NH₄)₂S₂O₈ 11 15 
38 10 eq. CyHex Toluene No Iron (NH₄)₂S₂O₈ trace trace 
39 10 eq. CyHex Cyclohexene FeCl₃ (NH₄)₂S₂O₈ trace trace 
40 10 eq. CyHex Cyclohexene FeCl₃ K₂S₂O₈ trace trace 
41 10 eq. CyHex Toluene NiCl₂ K₂S₂O₈ 8 10 
42 10 eq. CyHex Toluene CoAc₂ K₂S₂O₈ 5 11 
43 10 eq. CyHex Toluene Co(acac)₂ K₂S₂O₈ 9 19 
44 10 eq. CyHex Toluene No Iron K₂S₂O₈ 10 29 
45 10 eq. CyHex Toluene CuBr K₂S₂O₈ 4 2 

 

Table 9: Experimental conditions: Reactant 1, 1 mmol reactant 2, 2 mol% TBADT, 10 mol% metal catalyst, 2.5 
equivalents of oxidant, dissolved in 3.5 mL acetonitrile / 3.5 mL water. Reaction time: 6 hours. 
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8.6. Conclusion and outlook 

The cross dehydrogenative coupling of cyclohexane and toluene (sp3 – sp3) was carried out with the use of 
TBADT and K2S2O8, in a 5:2 acetonitrile / water solution, reaching yields (GC-MS) of 23 % with an iron 
catalyst, and a similar yield of 22% without iron catalyst. The fact that the presence of an iron catalyst seems to 
be crucial to improve the selectivity to the heterocoupled product is very interesting. 

The reactions occur via and sp3 – sp3 coupling pathway, since in reactions with absence of sp3 protons, no 
conversion to either product was observed.  

In future experiments, the reaction time is ought to be increased in order to increase the conversion. Different 
reactants with substituents on the aromatic ring can also be tried.  

The efficient synthesis of C-C bonds using TBADT will be challenging though, since the subtraction of protons 
by the catalyst is rather harsh and not so selective, which means that limitations to the reaction scope will soon 
occur. 
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11. Appendix 
11.1. Polarograms resulting from the electrochemical screening experiments: 
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11.2. NMR spectra 
11.2.1. Electrochemical oxidation scope 
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11.2.2. Synthesized precursors 
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11.2.3. LC-MS spectrum 
 

 


