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„[…] aber was prinzipiell Neues? Das werden Sie nicht finden!“ [1] 

Max Planck quoting his mentor, Prof. Philipp von Jolly, who advised Planck in 1878 to 

avoid studying theoretical physics, because von Jolly believed nothing fundamentally 

new remained to be discovered. Planck ignored the advice, continued to study, later 

invented quantum theory, and was awarded the Nobel Prize in 1918. 
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Abstract 

This dissertation explored the electrochemical synthesis of carboxylic acid derivatives, 

sulfonic acid derivatives, and electrochemical allylic oxidation reaction. To achieve this, 

research in various areas of electrosynthesis was carried out, such as electrochemical 

dehydration reactions and electrochemical multicomponent reactions using sulfur 

dioxide. The cooperation of electrosynthesis with other evolving technologies such as 

flow chemistry and laboratory automation was investigated and further developed. 

Carboxylic anhydrides were synthesized by electrochemical dehydration of their 

corresponding carboxylic acids. Sulfonamides and sulfonates were synthesized via 

electrochemical multicomponent reactions of arenes with amines or alcohols and SO2, 

and also by electrochemical dehydration of sulfonic acids to their sulfonic anhydrides 

via subsequent treatment of the sulfonic anhydrides with an excess of amines or 

alcohols. The recent progress in electrochemical dehydration reactions was 

summarized in a review article. To establish an open-source platform for automated 

electrosynthesis, the LABS system (Laboratory Automation and Batch Scheduling) 

was developed, which was benchmarked by using a flow electrolysis cell with 

electrochemical phenol cross coupling and electrochemical multicomponent synthesis 

of sulfonates as test reactions. Furthermore, a simplified approach for electrochemical 

allylic oxidation was developed, which is an important topic for late-stage 

functionalization of natural compounds to highly value-added products.  
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Kurzzusammenfassung 

Im Rahmen dieser Dissertation wurde die elektrochemische Synthese von 

Cabonsäurederivaten, Sulfonsäurederivaten, sowie die elektrochemische allylische 

Oxidation erforscht. Hierfür wurden Forschungsarbeiten in vielfältigen Bereichen der 

Elektrosynthese durchgeführt, z. B. elektrochemische Dehydratisierungsreaktionen 

und elektrochemische Multikomponentenreaktionen mit Schwefeldioxid. Das 

Zusammenspiel von Elektrosynthese mit anderen aufstrebenden Technologien wie 

Flow Chemie und Laborautomatisierung wurde untersucht und weiterentwickelt. 

Carbonsäureanhydride wurden synthetisiert durch elektrochemische Dehydratisierung 

der entsprechenden Carbonsäuren. Sulfonsäureamide und Sulfonate wurden durch 

elektrochemische Multikomponentenreaktion von Arenen mit Aminen bzw. Alkoholen 

und SO2 synthetisiert, sowie auch durch elektrochemische Dehydratisierung von 

Sulfonsäuren zu den entsprechenden Sulfonsäureanhydriden, welche nachfolgend mit 

Alkoholen oder Aminen umgesetzt wurden. Der Fortschritt im Gebiet der 

elektrochemischen Dehydratisierungsreaktionen wurde in einem Review-Artikel 

zusammenfassend erörtert. Um eine open-source Plattform für automatisierte 

Elektrosynthese zu entwerfen wurde das LABS-System (Laboratory Automation and 

Batch Scheduling) hervorgebracht, welches unter Verwendung einer Durchflusszelle 

mithilfe einer elektrochemischen Phenol-Kreuzkupplungsreaktion sowie der 

elektrochemischen Synthese von Sulfonaten als Modellreaktionen entwickelt wurde. 

Abschließend wurde ein vereinfachter Ansatz zur elektrochemischen allylischen 

Oxidation entwickelt, was eine wichtige Methode zur Funktionalisierung von 

Naturstoffen zu Hochwertprodukten darstellt. 
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1 Introduction 

Electrosynthesis is the utilization of electricity to carry out interesting and valuable 

chemical reactions via anodic oxidation and cathodic reduction.[2] For several reasons, 

the field of electrosynthesis is currently experiencing a remarkable renaissance.[3] 

Although electro-organic chemistry has a rich history dating back to the first half of the 

19th century, it is only after the year 2000 that the field started to attract significant 

attention again due to the numerous advantages which electrosynthesis has to offer. It 

was Hermann Kolbe’s publications from 1848 and 1849 on the electrolysis of carboxylic 

acids (Kolbe electrolysis) which laid the groundwork for organic electrochemistry and 

electrosynthesis.[4] Characterization of reaction products is one of the core principles 

of synthetic organic chemistry, and while Michael Faraday laid the groundwork for 

electrolysis,[5] it was Kolbe who was the first to characterize the reaction products. 

Nowadays, there are many large-scale electrochemical processes, such as the 

cathodic electrohydrodimerization of acrylonitrile to adiponitrile, known as the Baizer 

process, which is operated on a scale of 300 000 tons per year. Further examples are 

the electrosynthesis of Lysmeral by BASF or the Otsuka process (Figure 1).[6] 

 

 

Figure 1. Examples for electrosynthetic transformations on technical scale.[6] 
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1.1 Advantages of Electrosynthesis 

Electrochemical reactions offer a broad palette of advantages.[3,7–9] Electrolysis is 

usually characterized by comparably mild reaction conditions, while at the same time 

offering enormous thermodynamic driving force for chemical transformations.[6] Most 

electrochemical reactions are carried out at room temperature and under ambient 

pressure, which means no excessive heating or cooling of the reaction setup is 

required. This way, thermal runaway reactions are prevented.[10] Electrosynthesis is 

also cost and energy efficient compared with other oxidation or reduction methods 

because electricity is used as comparably inexpensive, universal, and traceless redox 

agent.[11] Renewable energy sources such as wind and solar energy can be utilized, 

and fluctuations in power supply can be circumvented by electrosynthesis of highly 

value-added products.[9] Electrosynthesis directly utilizes anodic oxidation and 

cathodic reduction reactions, which prevents the use of hazardous oxidizing or 

reducing agents, and avoids the generation of the hazardous reagent waste which 

would originate from those reagents. These aspects and the fact that electrolysis can 

be turned off to stop the reaction (e.g. by switching a button or by an automatic control 

system) adds immensely to the process safety of electro-organic transformations.[12] 

Because electrosynthesis is characterized by single electron transfer (SET) reactions, 

electrochemical methods offers unique reactivity and selectivity,[13] and this innovative 

nature of electro-organic reactions can help to minimize the number of required 

synthetic steps.[14] Electrosynthesis also allows for the electro (re)regeneration of 

reagents, in which case only catalytic amounts of a reagent are required instead of 

stochiometric quantities.[15] Electro-organic reactions are typically known to be 

scalable,[16] and the robust demonstration of scalability of an electrolysis is important 

since it opens the way for an application on technical scale.[17] Furthermore, the use of 

electricity for synthesis offers new intellectual property (IP) space, which means many 

new developments in electrosynthesis have the potential to be submitted as a patent. 

Electrosynthesis is a very flexible technique, because it comes with additional 

experimental parameters,[18] cell designs, and operational modes. It can be used in 

conjunction with many other technologies such as flow chemistry and laboratory 

automation.[19] 
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It’s very interesting to evaluate electrosynthesis in context of the principles of 

Atom Economy and Green Chemistry (Table 1). Atom Economy is a concept that was 

introduced in 1991 by Barry M. Trost,[20] and it started a vivid global discussion about 

the overall efficiency of synthetic methods. Subsequently, the concept of Green 

Chemistry was formulated by John C. Warner and Paul T. Anastas,[21] and it embodies 

12 principles for a green and sustainable chemical reactions.[22] It should be mentioned 

that many similar concepts have been developed subsequentially, for example the 

Principles of Green Engineering,[23] or the RESILIENCE Principle.[24] While every 

(electro)chemical process must always be evaluated in its entirety in order to assess 

how “green” it is,[25] remarkably many aspects of electrosynthesis inherently align with 

the principles of Green Chemistry.[26] In several further cases, electrosynthesis can 

positively contribute to a principle of Green Chemistry, and the extent of the 

contribution depends on the details of the envisioned process. Most notably, there is 

not a single characteristic of electrosynthesis which inherently disagrees with any of 

those principles, meaning that the decision to carry out a chemical transformation via 

electrolysis does not inevitably render it “not green”. 

Table 1. Advantages of electrosynthesis in the context of Green Chemistry (personal opinion).[26] 

 

 

✔ denotes that an advantage of electrosynthesis inherently agrees with 

a principle of Green Chemistry. 

 

✱ denotes that an advantage of electrosynthesis can contribute to a 

principle of Green Chemistry, and the details of the contribution depend 

on the envisioned chemical transformation. 
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Anodic oxidation and cathodic reduction prevents reagent waste ✔ ✔ ✔ ✱ ✱ ✔  ✔ ✔ ✱  ✔ 

Electrons as universal, comparably inexpensive, and traceless reagent ✔ ✔ ✔ ✱ ✔ ✔  ✔ ✔ ✱  ✱ 

Novel, unique, and innovative reactivity and selectivity ✱ ✱ ✱ ✱ ✱ ✔ ✔ ✔ ✔ ✱ ✱ ✱ 

Mild reaction conditions (room temperature, ambient pressure)    ✔ ✱ ✱ ✔    ✱ ✱ ✔ 

Prevention of thermal runaway reactions ✱  ✔ ✱ ✱ ✔      ✔ 

Direct use of renewable energy sources ✔     ✔ ✔    ✱ ✱ 

Simple to scale-up, ideally with increased yield and productivity ✱     ✱     ✱ ✱ 

Number of synthesis steps can be decreased ✔ ✔ ✔  ✱ ✔   ✔    

Reagents can be (re)generated by electrolysis ✔ ✔ ✔  ✱ ✔ ✱ ✱ ✔   ✔ 

Flexible conjunction with other technologies ✱ ✱ ✱  ✱ ✱ ✱    ✱  

Many types of electrolysis available (paired, mediated..) ✱ ✱ ✱  ✱ ✱       

The reaction can be stopped by interrupting electrolysis   ✔         ✔ 
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The field of electrosynthesis is growing more than ever, as can be seen in the number 

of articles which are published every year that contain the word “electrosynthesis” in 

the title (Figure 2). Summarizing this analysis, it becomes evident that electrosynthesis 

is indeed a 21st century technique, and this evolving research field is striving towards 

greater utilization in academia and industry.[6] 

 

Figure 2. Number of articles that are published per year which contain the keyword "electrosynthesis" 

in their title, according to common databases.[27] 

Electrosynthesis is especially interesting in the shadow of the urgent need to solve the 

man-made climate crisis and increasing resource scarcity, which is likely the most 

important problem that mankind has to face.[28] One of the biggest challenges of climate 

change is the fact that it’s self-perpetuating after certain tipping points have been 

reached.[29] The consequences of climate change are already affecting daily life and 

will continue to do so unless effective action is taken.[30] However, the climate crisis 

should also be viewed as a great opportunity to make meaningful scientific impact. 

Electrosynthesis is a promising technology especially for replacing the fossil fuel based 

processes in chemical industry with renewable methods that strive towards a circular 

economy of resources.[31] The direct utilization of renewable energy sources for 

electrosynthesis helps to decentralize the production of highly value-added products 

and it offers great cooperation with other renewable techniques.[6] 
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1.2 Experimental Aspects of Electrosynthesis 

Electrolysis always requires at least two electrodes: an anode and a cathode.[32] The 

oxidation takes place at the anode, and reduction occurs at the cathode.[33] For any 

electrolysis to function, both anodic oxidation and cathodic reduction reactions are 

required to operate simultaneously.[32] The electrode at which the reaction of synthetic 

interest is taking place is termed working electrode (WE) and it can be either the anode 

or the cathode. The electrode opposite to the working electrode is termed counter 

electrode (CE). The electron transfer between electrode and substrate is 

heterogeneous,[33] and if it occurs between electrode and the substrate directly, it is 

called direct electrolysis. In mediated electrolysis, the heterogeneous electron transfer 

occurs between electrode and a mediator, and the mediator undergoes subsequent 

homogeneous electron transfer with the substrate (Figure 3).[34] 

 

Figure 3. Direct electrolysis and mediated electrolysis. 

Most transformations in electrosynthesis are based on either anodic oxidation or 

cathodic reduction, in which case the counter reaction is not of synthetic interest.[3] 

However, there are also transformations which utilize both reactions, which is termed 

paired electrolysis.[35] There are many different types of paired electrolysis (Figure 4). 

In a convergent paired electrolysis, two different substrates undergo anodic oxidation 

and cathodic reduction separately, and the two resulting intermediates react with each 

other to form one product. In a divergent paired electrolysis, one substrate reacts in 

parts at both the anode and the cathode to two different products which don’t react with 

each other. In a parallel paired electrolysis, two substrates undergo anodic oxidation 

and cathodic reduction separately to two different products. In a domino paired 

electrolysis, a substrate undergoes anodic oxidation and cathodic reduction 

sequentially (in any order) to form a product, which fulfills the criteria for a domino 

reaction.[36] In a linear paired electrolysis, a substrate can be transformed into a product 

by utilizing both anodic oxidation and cathodic reduction with the help of mediators.[37] 
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Figure 4. Overview of the different types of paired electrolysis.[6,38,39] 

1.2.1 Electrolysis Cells 

Various types of electrolysis cells are available, which adds another aspect of flexibility 

to the field of electrosynthesis. In general, electrolysis can be carried out in a batch-

type cell or in a flow cell (flow microreactor). In any case, electrolysis cells are inert 

reaction containers in which the anode and the cathode are placed. In between the 

electrodes there is an electrolyte, which consists of solvent(s), substrate(s), reagent(s), 

intermediate(s), and supporting electrolyte(s). In a flow cell, the electrodes are 

embedded in a frame with a typically small inter-electrode gap, and the flow electrolysis 

cell is part of a flow setup with pumps and other devices. Both batch-type and flow cells 

can be either divided or undivided electrolysis cells (Figure 5). A divided cell uses a 

separator to divide the electrolysis cell into an anodic compartment and a cathodic 

compartment. In this case, the portions of the electrolyte in the anodic and cathodic 

compartment of the cell are termed anolyte and catholyte, respectively. Such a 

separator prevents the anolyte from getting into contact with the cathode, and the 

anode from getting into contact with the catholyte, which helps to avoid unwanted 

electrochemical reactions.[38] A separator prevents substrates and intermediates from 

passing through, but allows some species to pass to ensure the charge balance 

required for electrical current to flow. Various materials can be chosen as separator, 

for example a frit made of glass or Teflon, or a Nafion membrane.[40] 
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Another special type of batch electrolysis cell is the quasi-dived cell, which is an 

undivided cell in which one of the electrodes has a very small surface compared with 

the other electrode, which can be achieved by using a small wire for example.[38,41] Just 

like in a divided cell, a quasi-divided cell can help to minimize side reactions at a 

specific electrode. 

 

Figure 5. Illustration of an undivided batch-type cell, a divided batch-type cell, a quasi-divided batch-
type cell, an undivided flow cell, and a divided flow cell. In divided cells, a separator divides the anodic 
compartment from the cathodic compartment. In the quasi-divided cell, the cathode was chosen to have 
a smaller surface area in this example, but it could be the anode as well instead. 

Flow cells offer a continuous process compared with batch-type electrolysis, along with 

other advantages which will be discussed later in detail. However, optimization of 

reaction conditions can be faster in small batch-type screening cells because multiple 

reactions can be carried out simultaneously. Flow chemistry is especially useful when 

utilized in conjunction with laboratory automation.[42] 

In general, a simple cell design should always be preferred over a more complex setup 

because of the cost of cell manufacturing, reproducibility, and scalability. If possible, 

an undivided cell should be employed, because this results in lower terminal cell 

voltage due to the absence of a separator, which decreases cost of operation by 

minimizing power consumption.[38] The simplest electrolysis cell is an undivided batch-

type cell. Details of such a setup are depicted in Figure 6 and an assembled screening 

block containing 8 of these Teflon cells is depicted in Figure 7. 
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Figure 6. Example for an undivided electrolysis cell setup: stainless steel block with a Teflon cell placed 
in it (1), side view of a Teflon cell (2), top view of a Teflon cell with a stirring bar in it (3), top and side 
view of stirring bars (4), top and bottom view of a Teflon electrode holder (5), two glassy carbon 
electrodes in a Teflon electrode holder (6), glassy carbon electrodes (7), boron-doped diamond (BDD) 
electrodes (8), graphite electrodes (9), crocodile clips for contacting of the electrodes (10).[43] 

 

 

Figure 7. An assembled screening cell set on a stirring plate during electrolysis.[43] 

 



Introduction 

19 

 

1.2.2 Electrode Materials 

Electrolysis is inherently linked to heterogeneous electron transfer.[33] Therefore, the 

electrode material used for anode and cathode is of utmost importance for 

electrosynthesis. There are several materials to choose from.[44] Important 

characteristics of an electrode material is its (electro)chemical and mechanical stability, 

the electrochemical window of stability (usable voltage range) it offers, its shape and 

microstructure, its cost, its commercially available sizes, and its toxicity. The usable 

potential range depends on the reaction conditions and it’s often limited by 

electrochemical decomposition of solvents and supporting electrolytes under strongly 

oxidizing or reducing potentials.[33] Several materials must be tested to find the right 

electrode material for the envisioned electrosynthetic transformation and it is not trivial 

to find the right electrode material purely based on theoretical considerations.[45] 

Especially, cathodic corrosion must be prevented when using metal-based 

electrodes.[46] Metal-based electrode materials such as stainless steel, nickel, or lead 

are commonly employed.[44] Carbon-based electrode materials are graphite, glassy 

carbon, and reticulated vitreous carbon (RVC).[45] Toxic electrode materials based on 

lead, tin, or mercury should be avoided if possible. It should be noted that sacrificial 

anodes such as magnesium or zinc are not green,[44] because the production of those 

metal electrodes is too expensive and associated with a high ecological footprint.[47] 

Expensive electrode materials such as gold or platinum are also disadvantageous.[48] 

Besides metals or other conducting materials, semiconductor materials can also be 

employed as electrodes.[49] Boron-doped diamond (BDD) is a commonly utilized non-

toxic semiconductor electrode material.[50] It’s commercially available in various sizes 

(Figure 8). 

 

Figure 8. BDD electrodes (top: 2 cm x 6 cm x 0.3 cm, bottom: 1 cm x 7 cm x 0.3 cm). 
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BDD electrodes offer a wide electrochemical window of stability in acetonitrile or 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and it has a beneficially high overpotential 

for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).[51] BDD 

is carbon-based, because it’s produced by chemical vapor deposition (CVD) using 

methane and diborane on silicon as carrier material.[52] While diamond itself is an 

insulator, doping it with boron results in a p-doped semiconductor with a narrow band 

gap of 5.5 eV.[52,53] BDD is remarkably stable against corrosion under highly acidic or 

oxidative reaction conditions.[54] Another advantage of BDD is that is can be fully 

electrochemically cleaned by electrolysis of dilute sulfuric acid.[50] This is important for 

its application in electrosynthesis, because it lowers the effort that is required to 

maintain a clean electrode surface.[55] BDD allows for the generation and stabilization 

of highly reactive intermediates such as oxyl radicals, or the generation of ozone in 

water for wastewater treatment.[56] The fact that electrolysis can be carried out using 

metal-free electrode materials such as boron-doped diamond (BDD) opens the 

possibility for an overall metal-free electrochemical synthesis. This is very important in 

medicinal chemistry, which is often very reluctant to traces of metals which could 

originate from the production process.[57,58] While BDD is very (electro)chemically 

stable, its disadvantages are the comparably high cost and the fragility of the carrier 

material, which is often silicon.[52]  

1.2.3 Operational Modes  

Electrolysis can be carried out in two fundamentally different modes of operation: 

galvanostatic electrolysis or potentiostatic electrolysis.[39] In a galvanostatic 

electrolysis, the electrical current is kept constant over time by using a galvanostat, 

and no electrode potential is measured or in control. This is also called constant current 

electrolysis (CCE).[33] In contrast, in a potentiostatic electrolysis the potential of the 

working electrode (WE) is controlled with the help of an additional reference electrode 

(RE) by adjusting the electrical current over time with a potentiostat. This is termed 

constant potential electrolysis (CPE).[33] Electrosynthesis should almost always be 

carried out as galvanostatic electrolysis and not as potentiostatic electrolysis for 

reasons of scalability, reproducibility, productivity, and overall simplicity.[38] Direct 

current (DC) should be used instead of alternating current (AC) in almost all cases, 

because alternating current can lead to fast electrode degradation.[59] 
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Figure 9. Comparison of galvanostatic electrolysis (top) with potentiostatic electrolysis (bottom).[39] 

A galvanostatic electrolysis requires only two electrodes. In contrast, a potentiostatic 

electrolysis always requires three electrodes, because a reference electrode is 

necessary in this mode of operation.[32] The reproducibility of a potentiostatic 

electrolysis depends critically on the arrangement of electrodes and the overall cell 

design, which also makes the scale-up of potentiostatic electrolysis difficult.[38] It is 

often mentioned that potentiostatic electrolysis can offer better selectivity over 

galvanostatic electrolysis. However, this is often a question of reaction optimization, 

and good yield and selectivity can be achieved with galvanostatic electrolysis as well 

in many cases. Besides yield and selectivity, the time required for electrolysis is also 

important, because this affects the productivity (amount of product per electrolysis 

time). Here originates another major disadvantage of potentiostatic electrolysis, 

because the electrical current will be decreased by the potentiostat over time to adjust 

the WE potential (Figure 9), decreasing the reaction rate.[39] In general, one should aim 

for a galvanostatic electrolysis which employs high current densities, because this is 

associated with a high electrical current, which results in a fast electrolysis. The amount 

of applied charge should be minimized as well, as this also decreases the electrolysis 

time, minimizes the cost of required electrical energy, and increases the productivity. 
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1.2.4 Amount of Applied Charge and Current Density 

The amount of applied charge can be calculated using Faraday’s law.[39] The electrical 

charge in units of coulomb QC is the integral of the electrical current I over time t. In a 

galvanostatic electrolysis, the electrical current is constant over time, which means 

QC = I · t. While the electrical current is set at the power supply in units of ampere, it is 

advantageous to specify a current density j which divides the electrical current I by the 

anode or cathode area A, so that j = I / A. The active electrode surface can be 

approximated by the size of the electrode that is facing the counter electrode. The 

higher the active electrode surface is, the more electrical current can be applied at the 

same current density, which allows for a faster electrolysis.[60] The amount of applied 

charge is expressed as multiples of the Faraday constant F = 96485 C / mol. For 

example, if in an electrosynthesis QF = 2.5 F are applied, this means that 

2.5 · 96485 C / mol are utilized. The advantage of this is that this is independent of the 

amount of starting material that is employed, meaning that this expression of the 

amount of applied charge is independent of the scale of the electrolysis. To calculate 

the amount of applied charge in coulomb, the value must be multiplied with the amount 

of starting material. For example, 2.5 F and 0.5 mmol give 

QC = 0.5 · 10– 3 mol · 2.5 · 96485 C / mol = 120.6 C. This amount of applied charge is 

then set in the coulometer of the galvanostat. In a galvanostatic electrolysis, the 

electrolysis time can be calculated easily by Faraday’s law: t = QC / I. Considering the 

current density and the amount of applied charge in multiples of Faraday’s constant, 

this gives t = (nsubstrate · QF · F) / (j · Aelectrode).  

 

Figure 10. A commonly used power supply for galvanostatic electrolysis. 

If the upper terminal voltage limit of the power supply is reached during the electrolysis, 

it can no longer be considered galvanostatic, because the current density has then 

fallen under the desired value or even diminished completely.[38] A galvanostatic 

electrolysis should be planned so that only the amount of charge that is really required 

for the electrochemical transformation is applied.[39] 
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1.2.5 Solvents 

Solvents can be classified according to their acidity, nucleophilicity, and polarity.[61] 

Important physical properties of a solvent are its boiling point, relative permittivity 

(dielectric constant), viscosity, and vapor pressure, among others. In addition, the 

electrochemical window of stability (usable potential range) of a solvent is relevant for 

its use in electrosynthesis. It depends on the reaction conditions and the utilized 

electrode materials.[33] An ideal solvent should fully dissolve all starting materials, 

supporting electrolytes, and reagents. It should stabilize intermediates and not 

participate in electrochemical reactions, and it should be easy to separate from the 

crude reaction mixture by distillation to make downstream processing inexpensive. 

Commonly, mixtures of solvents are utilized to adjust the properties of the reaction 

medium. The lower the dielectric constant of a solvent is, the more supporting 

electrolyte is required to ensure sufficient electric conductivity.[62] However, the set of 

available supporting electrolytes is often limited by their solubility in the employed 

solvent. Commonly utilized solvents for electrosynthesis are listed in Table 2. 

Table 2. Physical properties of solvents that are commonly employed in electrosynthesis.[61–63] 

Solvent Dielectric Constant Boiling Point / °C 

acetonitrile (MeCN) 37 82 

dichloromethane (DCM) 9 40 

dimethyl carbonate (DMC) 3 90 

N,N-dimethylformamide (DMF) 37 153 

dimethyl sulfoxide (DMSO) 47 189 

ethanol (EtOH) 25 78 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP) 17 58 

methanol (MeOH) 33 65 

nitromethane 37 101 

propylene carbonate (PC) 69 241 

pyridine 12 115 

tetrahydrofuran (THF) 7 66 

water 78 100 

Water is a readily available solvent, but a major disadvantage is the comparably low 

solubility of many apolar organic compounds in it. Furthermore, hydrogen evolution 

reaction (HER) at the cathode and oxygen evolution reaction (OER) at the anode limit 

the available electrochemical window of stability when using water as solvent for 

electrosynthesis.[61] Alcohols like methanol (MeOH) and ethanol (EtOH) can be utilized, 

as long as their nucleophilicity does not cause side reactions. 
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A commonly utilized solvent for electrosynthesis is acetonitrile (MeCN). This polar 

aprotic solvent dissolves many organic and inorganic compounds and it offers 

advantageous electrochemical stability.[61] 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) is 

a polar protic solvent that is also commonly used in electrosynthesis due to its 

(electro)chemical stability,[64] its strong hydrogen bond donor properties,[65] and its 

unique formation of domains.[66] MeCN and HFIP are simple to recover by distillation. 

Dimethyl sulfoxide (DMSO) is a readily available solvent because it’s a byproduct of 

the kraft process.[67] While DMSO is an excellent solvent for many organic and 

inorganic substances, it’s usually not the first solvent of choice because it is easily 

cathodically reduced to dimethyl sulfide, which has an unpleasant smell. It is also 

utilized in medicinal chemistry to enhance transport of substances into the 

bloodstream, meaning that reagents which are dissolved in DMSO can resemble a 

serious hazard.[62] While dichloromethane (DCM) offers good solubility for many 

organic compounds, its low dielectric constant is a major disadvantage, and only few 

supporting electrolytes can be dissolved in it.[62] The same also applies to ethers such 

as tetrahydrofuran (THF), which in addition can also form explosive peroxides. 

Nitromethane is one of the few solvents which is very suitable for anodic oxidation 

reactions.[61] N,N-Dimethylformamide (DMF) is a polar aprotic solvent which has a 

usable potential range comparable to MeCN for cathodic reductions, but it is inferior 

for oxidations.[62] Pyridine is a basic solvent which is very resistant towards anodic 

oxidation, and it shows good solubility for many organic and inorganic compounds. In 

recent years, propylene carbonate (PC) and dimethyl carbonate (DMC) have been 

increasingly discussed as green solvents for electrosynthesis.[63] However, one 

disadvantage of PC is its high boiling point. This can be an advantage though in case 

the product can be distilled off from the crude reaction solution. 

Lastly, the toxicity and carcinogenic potential of a solvent is another important aspect 

to consider. For example, hexamethylphosphoramide (HMPA) should not be used in 

electrosynthesis or conventional synthesis due to its extreme carcinogenicity.[68] It 

should be noted that DMF also shows considerable carcinogenicity. Carbon 

tetrachloride should not be utilized due to its very strong hepatoxicity.[69] While MeCN 

has comparably low toxicity, other nitriles like isobutyronitrile and propionitrile can 

release hydrogen cyanide (HCN) upon heating or when being metabolized.[62] 
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1.2.6 Supporting Electrolytes 

Supporting electrolytes fulfill several roles in electrosynthesis. They increase the 

electric conductivity of the electrolyte, influence the structure and behavior of the 

electric double-layer on the electrode surface, minimize the contribution of migration 

current to mass transfer, and they interact with the electrochemically generated 

intermediates and products.[33,61] A supporting electrolyte must be chosen based on its 

compatibility with the electrochemical reaction that is carried out and its solubility in the 

solvent that is utilized.[33] Although supporting electrolytes are usually chosen to be 

electrochemically inert, they can fulfill a dual-role as enabler of conductivity and 

reagent or mediator.[70] Anodic oxidation or cathodic reduction reactions of supporting 

electrolytes often also determine the potential range that is available for 

electrosynthesis.[62] When selecting an appropriate supporting electrolyte, several 

combinations of cations and anions can be chosen from. Common cations are 

tetraalkylammonium ions and alkali metal ions. Common anions are tetrafluoroborate, 

hexafluorophosphate, trifluoromethanesulfonate, nitrate, and halides.[62] 

For some electro-organic reactions, the electric conductivity of the electrolyte solution 

is already sufficient enough so that no supporting electrolyte needs to be employed at 

all.[71] This simplifies downstream processing, and if the components of the electrolyte 

are all volatile, they can even be recovered by distillation. In the interest of process 

safety, electrosynthesis should aim to avoid potentially explosive supporting 

electrolytes such as perchlorates.[61] Ideally, only small amounts of an inexpensive and 

inert supporting electrolyte should be employed,[43] because this lowers cost, improves 

process safety, and simplifies downstream processing. Perchlorate supporting 

electrolytes can in some cases be replaced with tetrafluoroborates, 

hexafluorophosphates, or trifluoromethanesulfonates.[43,61] 

Certain other types of supporting electrolytes should be avoided as well if possible.[61] 

For example, tetramethylammonium compounds should not be utilized because of 

their high toxicity.[72] Ionic liquids should be employed judiciously because of their 

comparably high cost. In addition, these exhibit relatively high viscosities, which is 

inferior for mass transfer. While tetraalkylammonium salts are versatile supporting 

electrolytes with good solubility in a variety of solvents, they also show phase-transfer 

catalyst behavior, which can complicate downstream processing. Cesium supporting 

electrolytes should be avoided due to their potential cardiotoxicity.[73] 
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1.2.7 Terminal Cell Voltage and Electrode Potentials 

The meaning of cell voltage in electrosynthesis is often completely misunderstood.[38] 

Controlling the terminal cell voltage in a galvanostatic electrolysis does not mean that 

the electrode potential is known, or even in control.[62] The terminal cell voltage which 

is measured at the galvanostat is composed of several contributions which are not 

known in parts, and the composition changes during electrolysis (Figure 11).[38] 

Especially the individual components of overpotential are not trivial to determine.[33] 

 

Figure 11. Composition of the voltage in a divided electrolysis cell along the current path.[39,62] 

If control of the working electrode’s potential is desired, a potentiostatic electrolysis 

with a three-electrode setup using a reference electrode is inevitably required.[62] Also, 

carrying out electrolysis at constant cell voltage is strongly discouraged because this 

does not allow for control of either electrode potentials or electrical current, which also 

complicates measuring the amount of applied charge.[38] Cell voltage should mainly be 

viewed as a measure of power consumption of the electrolysis. If the cell voltage 

reaches the upper terminal voltage limit of the power supply, the electrolysis is no 

longer galvanostatic, and the power consumption is too high. If the cell voltage is too 

low, a short circuit is likely present. One of the many advantages of flow chemistry is 

that it usually employs a very small inter-electrode gap (for example 0.25 mm),[71] 

which results in lower cell voltages, minimizing the power consumption required for 

operation. Furthermore, the cell voltage as a function of electrolysis time can be 

recorded with modern power supplies, which can be used to investigate the long-time 

operability of the process. It should be noted that carrying out electrolysis just by 

attaching a battery to the electrolysis setup is also strongly discouraged, because in 

such a case, neither the electrical current nor the applied charge is in control. Such an 

electrolysis is also not potentiostatic at all.[38]  



Introduction 

27 

 

1.2.8 Electrode-Electrolyte Interface and Mass Transfer 

There are two different classes of processes which occur at electrodes when a 

potential is applied: faradaic and non-faradaic processes.[33] Faradaic processes are 

based on the heterogeneous electron transfer which occurs at the electrode-electrolyte 

interface,[74] which is described by Faraday’s law. This electron transfer results in 

electrosynthetic transformation. However, it can also be that no electron transfer 

occurs at electrodes in a certain potential range that is applied, because electron 

transfer is thermodynamically or kinetically unfavorable.[33] Non-faradaic processes do 

not involve electron transfer through the electrode-electrolyte interface, but they can 

still lead to a transient electrical current because the electrode surface or electrolyte 

composition changes.[33] One important phenomena is the build-up of the electric 

double-layer on the electrode surface, which is a process that involves rearrangement 

of charged species to compensate for the charge imbalance (Figure 12). This process 

resembles a capacitor and the associated electrical current is called capacitive 

current.[33] The electric double-layer, whose thickness is typically between 1–10 nm,[32] 

is of utmost importance for electrosynthesis, because this is the region where the 

heterogeneous electron transfer occurs. The portion of the electrolyte in between the 

electrodes is called the bulk solution and it’s homogeneous compared with the double-

layer.[62] In the electric double-layer, very steep potential gradients are observed, which 

can be in orders of 106 V / cm or higher,[32] while the potential gradient in the bulk 

solution is comparably small.[39] The electric double-layer is best described by the Stern 

model, which combines the model of a rigid double-layer (Helmholtz model) with an 

adjacent diffuse regime (Gouy-Chapman model).[33,39,74,75]  

 
Figure 12. Electric double-layer on anode and cathode and the simplified equivalent circuit.[33,39,74,75] 
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Two edge cases of electrode behavior result from this.[33] The ideally polarizable 

electrode shows exclusively non-faradaic behavior, meaning that applying a potential 

does not result in any electron transfer through the electrode-electrolyte interface. The 

ideally non-polarizable electrode shows faradaic behavior, meaning that applying a 

potential immediately results in an electrical current flowing.[74] Real electrodes always 

shows both behaviors partially and applying a potential leads to the build-up of an 

electric double-layer and an electrical current flowing through the electrolysis cell.[74] 

The transport of species through the electrolyte solution is termed mass transfer,[33] 

and it is especially important for the transport of species from the bulk solution to the 

electrode surface and back (Figure 13). There are three phenomena which contribute 

to mass transfer: diffusion, convection, and migration.[39] Diffusion is the ever-present 

movement of species due to the thermal energy.[76] Convection is movement of 

segments of the electrolyte through the electrolysis cell due to stirring of the solution. 

Migration is the movement of charged species in the electric field between the 

electrodes.[39] 

 
Figure 13. Pathway of an electrode reaction (left),[33] and the components of mass transfer (right).[39] 

Electrical current is a direct measure of the reaction rate at the working electrode.[33] 

The energy of the electrons in the working electrode can be approximated by the Fermi 

level.[49] Electron transfer occurs depending on the Fermi level of the electrode surface 

with respect to the HOMO and LUMO energies of the substrate (Figure 14).[32] In 

general, electron transfer is characterized by an activation energy barrier that must be 

overcome.[32] If the Fermi level of the electrode is higher than the LUMO level of the 

molecule, no electron transfer from molecule to electrode occurs. With increasingly 

positive potential at the working electrode, the Fermi level changes so that electron 

transfer from substrate to the electrode is feasible.[32] The required overpotential is the 

result for the activation barrier.[39] 
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Figure 14. Fermi level of a working electrode upon increasingly positive potential compared with the 

LUMO and HOMO energy of a substrate.[32] 

1.2.9 Scale-up and Downstream Processing 

Demonstrating the robust scalability of an electrosynthetic transformation is important 

because this opens the way for an application on technical scale, and therefore should 

be part of every publication in the field of electrosynthesis.[17] When doing so, it is very 

important to utilized inexpensive purification methods, for example recrystallization or 

distillation.[77] On technical scale, column chromatography is almost never employed 

because of the high cost. In addition, technical processes will always aim for recycling 

of starting materials, solvents, and reagents.[78] If any component is being disposed of 

instead of being recycled, both the disposal of the old material and the purchase of the 

new material will add to the cost of production. This means that recovery of those 

components, for example by distillation, is a very important aspect of scale-up 

reactions in any synthetic scientific publication, no matter if it’s an electrosynthetic 

method or not. Demonstrating that chromatography can be avoided in scale-up is a 

very important selling point of any new (electro)synthetic transformation.[43] 

 

Figure 15. Recrystallization and distillation are simple and inexpensive purification techniques. 

Left: recrystallization of lanosterol from MeCN. Right: MeCN / HFIP / SO2 in a cooling trap.[71] 
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1.2.10 Flow Chemistry 

Flow chemistry utilizes tubes, channels, and microreactors to carry out chemical 

reactions in a continuous process instead of a batch setup.[42,79] Flow chemistry offers 

numerous advantages over conventional batch-type reactions,[80] because it allows for 

unique ways of controlling both conventional and electrochemical reaction 

parameters.[81] A flow electrolysis cell (Figure 16) is characterized by a large ratio of 

electrode surface to cell volume, which allows for improved mixing and heat-transfer.[82] 

This is beneficial for mass transfer when carrying out electrosynthesis in flow. Flow 

chemistry allows for precise control of stoichiometry and reaction rate by controlling 

the concentration of reagents, flow rate, and residence time in the flow cell.[83] The 

narrow inter-electrode-gap in flow cells allows for small terminal cell voltages during 

operation, which lowers the cost by minimizing the required electrical power.[84] Flow 

setups can help to improve the selectivity and reproducibility of electrosynthetic 

transformations.[85] In some cases, the advantages of electrosynthesis in flow can 

outweigh the performance of a batch-type electrolysis to an extent where the reaction 

can only be carried out in flow.[86] Passing the electrolyte through a flow electrolysis 

cell once is termed single-pass flow, passing it multiple times is called cyclic flow.[87,88] 

 

Figure 16. Undivided electrolysis flow cell with a BDD anode in a Teflon frame and a stainless steel 
cathode block with attachments for a temperature control unit.[71] The depicted Teflon spacer has a 
thickness of 0.25 mm, resulting in a narrow inter-electrode gap. 

 



Introduction 

31 

 

In single-pass flow, the amount of applied charge, current density, and flow speed is 

inherently linked. In general, the flow speed is the volume of the reaction solution 

Vsolution divided by the electrolysis time telectrolysis. The electrolysis time can be calculated 

by Faraday’s law: 

𝑣flow =
𝑉solution
𝑡electrolysis

=
𝑉solution

(
𝑄applied

𝐼
)

 

The flow speed decreases with higher amounts of applied charge, because the 

residence time in the flow cell is then required to be longer, and the flow speed also 

decreases with lower current densities. One of the challenges when attempting 

electrosynthesis using single-pass flow can be low conversion, in which case cyclic 

flow is required.[89] In cyclic flow, it is common to utilize the flow speed which would be 

required for single pass flow multiplied with a constant, termed flow multiplier.[87,88] The 

flow multiplier does not affect the applied charge or the current density, but it affects 

the residence time in the flow cell. This can prevent the formation of layers on the 

electrodes or improve the selectivity of the reaction. Flow chemistry is becoming 

increasingly important in various fields of chemistry,[90] including electrosynthesis.[91] 

 

Figure 17. An experimental setup for electrosynthesis in single-pass flow.[71] The reaction solution of the 
starting material (1) is pumped through the flow electrolysis cell (2) with the help of a peristaltic pump 
(3) into a round bottom flask (4). The power supply (5) is connected to the cell with wires (6). 
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1.2.11 Reaction Optimization in Electrosynthesis 

The simplest setup for electrosynthesis is an undivided batch-type cell using a 

galvanostatic electrolysis with direct current.[38] An overview of the (electro)chemical 

reaction parameters for such a type of electrolysis are depicted in Figure 18. In this 

section, the optimization of electrosynthetic reactions will be discussed. These aspects 

of optimization are generalized and independent of the utilized optimization technique. 

 

Figure 18. Parameters of a galvanostatic electrolysis in an undivided batch-type cell. 

Electrolysis Cell Setup: In general, the experimental setup should be as simple as 

possible and only as complex as needed. If the electrochemical transformation allows 

for it, an undivided cell (no separator) should be preferred over a divided cell. This 

helps to lower the cell voltage, which decreases the required electric power to operate. 

The electrolysis should be carried out at room temperature, if possible, because this 

avoids the need for extensive heating or cooling of the setup. An inert gas atmosphere 

should be avoided, if possible, as this keeps the setup simple. A proper stirring setup 

is required to ensure sufficient mass transfer.[92] The amount of starting material should 

be chosen appropriately to allow for fast initial small-scale screening experiments. 

Power Supply: In general, the amount of applied charge should be kept as minimal 

as possible, and it should be chosen to approximately match the increase of cell 

voltage towards the end of the electrolysis. The less amount of charge is applied, the 

faster the electrolysis is completed, which improves productivity. A larger electrode 

surface area (which also depends on immersion depth) permits a higher electric 

current for a given current density to be used, which allows for a faster electrolysis. 

Ideally, a galvanostat is used as power supply which has a built-in coulometer that 

stops the electrolysis after the required amount of charge has been fully applied. 
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Electrolyte: The electrolyte is the medium between the electrodes, and it is composed 

of starting material(s), reagent(s), supporting electrolyte(s) and solvent(s).[70] Ideally, a 

nontoxic, inexpensive solvent that is easy to separate from the crude reaction mixture 

by distillation is employed, which should fully dissolve all components. A setup with 

multiple phases is also possible. The electrolyte must have an appropriate 

electrochemical window of stability under the reaction conditions.[61] The concentration 

of starting material should be as high as possible to achieve a high productivity with 

respect to the amount of solvent that is used. The concentration of supporting 

electrolyte should be kept as small as possible, because this decreases the cost and 

can also simplify the downstream processing. However, if the cell voltage is too high, 

the choice of supporting electrolyte and its concentration must be revised to lower the 

resistance of the solution. In some cases, the electric conductivity is sufficiently high 

enough to leave away the supporting electrolyte entirely.[70] Very long electrolysis times 

caused by low electrical currents in combination with large amounts of required charge 

should be avoided because of low productivity, and this can also lead to solvent 

evaporation from the electrolysis cell, which affects the concentration of starting 

materials, supporting electrolytes, and reagents.[33] Solvent evaporation also 

decreases coverage of the electrodes, which alters current densities. Of course, the 

equivalents of reagents with respect to the starting material should be minimized as 

well to decrease cost. 

Electrodes: Electrodes should be immersed as deep into the electrolyte as possible 

because this allows for a larger active electrode surface, allowing for a higher electrical 

current to be applied for a given current density.[44] Narrow inter-electrode gaps help to 

decrease the cell voltage, which results in lower consumption of electric power. 

Electrodes must be as parallel to each other as possible to achieve a uniform electric 

field between them since unparallel electrodes result in a gradient.[93] Electrochemically 

stable and reusable electrode materials such as boron-doped diamond (BDD), 

stainless steel, graphite, or glassy carbon should be utilized.[44] Sacrificial electrode 

materials such as magnesium or zinc are not green, because the production of these 

metals is very energy and resource intensive. Toxic metals like lead, nickel, tin, or 

mercury should be avoided as electrode materials. Metal-free electrode materials like 

BDD are beneficial especially for medicinal chemistry, because it is often very reluctant 

to the use of metals in the synthesis of active pharmaceutical ingredients (APIs).[57] 
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1.2.12 Design of Experiments (DoE) 

Design of Experiments (DoE) is the analysis and optimization of processes based on 

statistics using an experiment plan.[94] DoE is utilized in various fields of engineering,[95] 

and it can also be used to systematically analyze and optimize electrochemical 

reactions.[96] A contrary approach for optimization is called one variable at a time 

(OVAT, also called OFAT for one factor at a time), which does not involve an experiment 

plan, and it does not allow to analyze interactions between parameters.[97] Design of 

Experiments can only be discussed briefly here. A good DoE plan requires good 

preliminary experiments and thorough planning. For a fully comprehensive discussion, 

various books have been published.[94,98,99] These books contain extensive general 

guidelines on how to approach DoE. 

DoE allows for an optimal utilization of the experimental effort by aiming to utilize the 

least number of experiments to acquire meaningful experimental results.[100] DoE is an 

iterative process (Figure 19),[94] which means that the result of a DoE plan can be used 

in the next iteration. It is therefore the operator’s choice to decide when to stop with 

further experimentation, which depends on whether he experimental results are 

satisfactory.[101] Two categories of parameters which can be included in a DoE plan 

exist: continuous parameters and categorical parameters.[99] Continuous parameters 

can be interpolated, while categorical parameters cannot. Organic synthesis already 

has a large parameters space, which is extended by electrochemical parameters in 

electrosynthesis. Categorical electrochemical parameters are for example solvent, 

supporting electrolyte, and electrode material. Continuous electrochemical parameters 

are current density, concentration of starting material or supporting electrolyte, and the 

amount of applied charge. In a DoE plan, meaningful parameters are included in a 

statistical model which is used for regression based on the experimental results. For 

optimal statistical treatment, the experiments are carried out in randomized order.[99] 

 

Figure 19. Design of Experiments is an iterative process.[102] 
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2 Objectives 

The electrochemical dehydration reaction should be developed further because it’s an 

underexplored field of research, which offers an innovative access to carboxylic acid 

derivatives. Electrochemical dehydration of sulfonic acids should also be explored, 

since sulfonic acid derivatives are also highly important for all areas of chemistry. 

Electrochemical multicomponent reactions using SO2 should be investigated in 

cooperation with other uprising technologies such as flow chemistry and laboratory 

automation, especially the electrochemical multicomponent synthesis of sulfonamides 

and sulfonates using SO2 stock solutions in flow. For the transfer of an electrosynthesis 

from a divided batch-type protocol into a flow setup, the use of undivided flow cells and 

single-pass flow should be attempted. Since automated electrosynthesis is an 

underexplored aspect of laboratory automation, an open-source platform is required to 

be developed which allows for a flexible experimental setup to be controlled via 

automation. Because electrochemical allylic oxidation is an important topic for late-

stage functionalization of natural compounds to highly interesting building blocks, a 

simplified approach to electrochemical allylic oxidation should be developed, which 

utilizes safer supporting electrolytes and an overall simplified electrolysis setup. All 

these objectives resemble progress in various fields of electrosynthesis (Figure 20). 

 

Figure 20. Overview of the relations between the various topics of this PhD thesis. 
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4 Results and Discussion 

The publications are discussed grouped by topic, not in chronological order. First, the 

results of my work related to electrochemical dehydration reactions are discussed, 

followed by electrochemical multicomponent reactions of SO2, then automated 

electrosynthesis in flow, and then the electrochemical allylic oxidation reaction. For 

simplicity, the labelling numbers of products in each chapter of this thesis are kept 

consistent with the numbers in each corresponding publication. 
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J. Schneider and E. Lunghi wrote the manuscript for this review, searched for 

appropriate references to include, and created the required schemes. E. Lunghi 

created the cover picture for this review article. J. Schneider proposed the mechanistic 

classification and finalized the revision. S. R. Waldvogel supervised the project and 

assisted in writing of the manuscript. 
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The following results have been published in a peer-reviewed publication.[104] 

A. P. Häring, D. Pollok, B. R. Strücker, V. Kilian, J. Schneider, S. R. Waldvogel * 

Beyond Kolbe and Hofer-Moest: Electrochemical Synthesis of Carboxylic Anhydrides 

from Carboxylic Acids 

ChemistryOpen 2022, 11, e2022000 

DOI: 10.1002/open.202200059 

License: CC BY-NC-ND 4.0 

* Corresponding author 

Explanation of my contribution: 

The reactivity described in this publication was discovered by A. P. Häring in 2020. 

A. P. Häring, V. Kilian, J. Schneider, and B. R. Strücker carried out reaction 

optimization. All contributions by J. Schneider to this publication are based on his 

research module report “Studies towards the synthesis of carboxylic anhydrides from 

carboxylic acids” which he wrote for a research internship in the group of Prof. Dr. S. 

R. Waldvogel from Oct 17th – Nov 11th, 2020, as a part of his master studies in 

Chemistry. In the research module report, J. Schneider prepared part of the reaction 

scope, analyzed reaction products, and carried out initial experiments for the synthesis 

of cyclic anhydrides from dicarboxylic acids. A. P. Häring wrote the Supporting 

Information and was responsible for data analysis and curation. A. P. Häring was 

responsible for finishing the experimental results (reaction optimization, reaction 

scope, control experiments, compound characterization), and writing of the initial 

version of the manuscript, but it was rewritten and finished by D. Pollok and S. 

R. Waldvogel after A. P. Häring left Mainz University. S. R. Waldvogel supervised the 

project and assisted in writing of the manuscript and the Supporting Information. 

Introduction: In 2020, the Waldvogel group observed the electrochemical dehydration 

of pivalic acid to pivalic anhydride.[104] This observation was very surprising, because 

the electrolysis of carboxylic acids (Kolbe-electrolysis) had been known and studied 

for more than 170 years at that time.[105] The Kolbe-reaction (and the Hofer-Moest 

reaction) are always characterized by a decarboxylation step.[106] No decarboxylation 

was observed in this reaction. Instead, a non-decarboxylative dehydration reaction was 

discovered. This is interesting because dehydration reactions are some of the most 

important and fundamental reactions in all of chemistry, and they are usually not 
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considered to be redox reactions, since no oxidation states change in the substrate 

from which the water is eliminated. This reaction therefore hinted at an interesting link 

between dehydration reactions and electrolysis. The electrochemical valorization of 

carboxylic acids is important because they are naturally abundant, safe, inexpensive, 

and readily available starting materials.[105] To optimize the reaction conditions, 

isobutyric acid 1h was selected as test substrate. Because anhydrides are susceptible 

to hydrolysis, no isolated yields are reported for the reaction optimization. Instead, the 

yield was determined by using NMR spectroscopy and gas chromatography (GC) by 

using internal standards. The yield was optimized following the one-variable at a time 

approach. Based on the optimized reaction conditions, the scope was carried out along 

with mechanistic control experiments. 

Optimization: As test reaction for the optimization of reaction conditions, the 

electrochemical synthesis of isobutyric anhydride 2h from isobutyric acid 1h was 

utilized (Figure 21). The standard reaction conditions are listed in Table 3. The reaction 

is carried out in acetonitrile and no other additive than a thiocyanate supporting 

electrolyte is required. Notably, high current densities can be employed (Table 3, 

entries 3–5). This allows for a fast electrolysis. However, the optimal yield was obtained 

for 50 mA cm–2 (entry 1). Inert conditions did not result in an improved yield (entry 6). 

Employing supporting electrolytes such as TEABF4 or LiClO4 instead of KSCN resulted 

in yields of 15% and 18%, respectively (entries 7–8). Decreasing the concentration of 

the thiocyanate supporting electrolyte from resulted in a lower yield (entry 9). 

Increasing the applied charge to 1.5 F decreased the yield as well (entry 10). Platinum 

can be employed as anode instead of graphite (entry 11) which results in a yield of 

52%. The reaction is carried out under mild reaction conditions, because heating did 

not increase the yield (entry 12). Changing the concentration of the starting material 

from 0.7 mol/L to 1.0 mol/L and 0.4 mol/L resulted in lower yields (entries 13–14). 

When employing i-PrCN instead of MeCN and EMIMSCN instead of KSCN, a yield of 

33% was obtained (entry 15). In summary, the electrochemical dehydration of 

carboxylic acids is best carried out utilizing a starting material concentration of 

0.7 mol/L, a concentration of thiocyanate supporting electrolyte of 0.1 mol/L, a current 

density of 50 mA cm–2, and an applied charge of 1.1 F (entry 1). Graphite is used as 

anode material and stainless steel as cathode material. The reaction is carried out in 

acetonitrile at room temperature in an undivided cell. 
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Figure 21. Isobutyric acid is employed as the test reaction for optimization of the electrochemical 
dehydration of carboxylic acids to their carboxylic anhydrides, which gives isobutyric anhydride.[104] 

Table 3. Optimization of the test reaction.[104] 

# Deviation from standard conditions[a] Yield 2h [%][b] 

1 None 58 

2 No current 0 

3 j = 10 mA/cm² 25 

4[c] j = 100 mA/cm² 39 

5[c] j = 200 mA/cm² 36 

6[d] Inert conditions 40 

7[e] TEABF4 instead of KSCN 15 

8[e] LiClO4 instead of KSCN 18 

9 c(KSCN) = 0.05 M 37 

10 Q = 1.5 F 44 

11 Pt || stainless steel 52 

12 T = 313 K 42 

13[f] c(isobutyric acid) = 1.0 M 45 

14 c(isobutyric acid) = 0.4 M 29 

15[g] i-PrCN instead of MeCN and EMIMSCN instead of KSCN 33 

[a] Reaction conditions: undivided cell, under air, 298 K, 0.7 M isobutyric acid (1h) in 5.0 mL MeCN, 

0.10 M KSCN, 1.1 F, 50 mA/cm2, graphite anode, stainless steel cathode; [b] Quantification by 1H NMR 

with 1,3,5-trimethoxybenzene as internal standard; [c] Cell temperature not controlled; [d] 7.0 mmol 

scale; [e] BDD anode; [f] Quantification by GC-FID with dibutyl fumarate as internal standard; 

[g] Conductivity with KSCN was too low to perform the experiment.[104] 

Scope: Acetic anhydride 2a was obtained in 37% yield (Figure 22). Carboxylic 

anhydrides with longer chains or higher branching gave significantly higher yields and 

better selectivity (2b–2k). Notably, the reaction conditions tolerate double bonds (2l, 

2m), bromo substituents (2n, 2o), and chloro substituents (2p). Sterically hindered 

carboxylic acids gave low yields (2q, 2r). Carboxylic acids with a ketone function (2s), 

a TBS protected alcohol (2t), aromatic rests (2u, 2v) and higher unsaturated fatty acids 

(2w, 2x) were observed to give low yields. The in-situ generated 

trifluoromethanesulfonic anhydride (2y) was quenched with an excess of benzylamine 

to isolated product 3y in 34% yield over 2 steps. 
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Figure 22. Scope of carboxylic anhydrides. [a] Reaction conditions: undivided cell, under air, 298 K, 
0.7 mol/L carboxylic acid 1 in 5.0 mL MeCN, 0.10 mol/L KSCN, 1.1 F, 50 mA/cm2, graphite anode, 
stainless steel cathode; Quantification by 1H NMR with 1,3,5-trimethoxybenzene as internal standard. 
Selectivity = yield/conversion. For individual deviations from standard conditions see Supporting 
Information. [b] Quantification by GC-FID with dibutyl fumarate or dibromomethane as internal standard. 
[c] Quantification by inverse-gated 13C NMR with 1,3,5-trimethoxybenzene as internal standard. 
[d] Isolated yield.[104] 

Mechanistic Experiments: At the time of this publication,[104] a mechanistic picture 

was not yet established, which was resolved in the follow-up work on the 

electrochemical dehydration of dicarboxylic acids to their cyclic anhydrides.[107] 

Interestingly, the reaction is redox neutral with respect to the carboxylic acid and 

carboxylic anhydride, which was rather surprising considering that electrolysis is 

inherently linked to redox reactions. The electrolysis is carried out in an undivided cell. 

Only 1.1 F of charge is required. In combination with a current density of 50 mA cm–2, 

this allows for a fast electrolysis. At the cathode, hydrogen evolution reaction (HER) 

was observed. No intermediates or side products could be observed which would give 

any hints on the mechanistic pathways. Especially the products of a Kolbe- or Hofer-
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Moest reaction were absent. Because this reaction is an electrochemical dehydration 

reaction, the key to understanding the mechanism is to analyze where the water 

remains that is eliminated from the carboxylic acid starting material in the course of the 

reaction. Acetonitrile was utilized as solvent, but it does not act as the dehydration 

reagent, because the reaction can also be carried out in other solvents such as 

acetone. 

 

Figure 23. Control experiments on the electrochemical synthesis of carboxylic anhydrides from 

carboxylic acids.[104] 

By control experiments (Figure 23), it could be ruled out that oxygen is evolving from 

the reaction solution during electrolysis. Cyclic voltammetry (CV) studies revealed an 

irreversible oxidation of the thiocyanate supporting electrolyte. If the reaction is carried 

out in the anodic compartment of a divided cell setup, only traces of anhydride are 

observed. It was demonstrated that the carboxylic anhydride decomposes again in the 

course of the electrolysis. Interestingly, a yield higher than 50% could be achieved 

when using less than 0.5 equiv. of thiocyanate supporting electrolyte. 
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Conclusion: A conceptually new electrochemical dehydration reaction of carboxylic 

acids to their anhydrides was discovered. No conventional dehydration reagent is 

required. Interestingly, the reaction is formally redox neutral with respect to the 

carboxylic acid starting material. This observation was rather surprising, because while 

the electrolysis of carboxylic acids had been known and studied for more than 170 

years, a non-decarboxylative dehydration reaction has never been reported before. 

Graphite and stainless steel are employed as inexpensive electrode materials. The 

reaction is carried out in an undivided cell using MeCN as solvent. In total, 25 

carboxylic anhydrides were reported with yields up to 66%. The reaction conditions 

tolerate halogen substituents and olefins. Notably, the selectivity of this electro-

dehydration reaction can be very high, in some cases over 95%. 

 

Figure 24. Electrochemical dehydration of carboxylic acids to carboxylic anhydrides.[104] 

 



Results and Discussion 

57 

 

 



Results and Discussion 

58 

 

 



Results and Discussion 

59 

 

 



Results and Discussion 

60 

 

 



Results and Discussion 

61 

 

 



Results and Discussion 

62 

 

The following results have been published in a peer-reviewed publication.[107] 

J. Schneider, A. P. Häring, S. R. Waldvogel * 

Electrochemical Dehydration of Dicarboxylic Acids to Their Cyclic Anhydrides 

Chem. Eur. J. 2024, 202400403 

DOI: 10.1002/chem.202400403 

License: CC BY 4.0 

* Corresponding author 

Explanation of my contribution: 

Based on the initial results from A. P. Häring, S. R. Waldvogel instructed J. Schneider 

to complete the study on the electrochemical dehydration of dicarboxylic acids to their 

cyclic anhydrides so these results can be published. J. Schneider was responsible for 

obtaining all experimental results which are in the publication. J. Schneider carried 

out reaction optimization, reactions of the scope, 18O isotope labelling experiments, 

gas chromatography experiments for the determination of hydrogen evolution reaction 

(HER), cyclic voltammetry (CV) studies, and the derivatization (amidation) reactions. 

The proposed reaction mechanism was conceptualized by J. Schneider and S. R. 

Waldvogel based on the experimental results. J. Schneider wrote the manuscript and 

the Supporting Information, and A. P. Häring assisted in writing of the manuscript. An 

entirely new reaction optimization was carried out by J. Schneider based on the 

groundwork of A. P. Häring. The dicarboxylic acids which were employed by A. P. 

Häring in his initial experiments were re-evaluated by J. Schneider using the new 

optimized reaction conditions. All analytical data for the publication and the Supporting 

Information were obtained by J. Schneider. S. R. Waldvogel supervised the project 

and assisted in writing of the manuscript and the Supporting Information. 

Introduction: Based on the initial publication from the Waldvogel group,[104] it was 

decided to extend the electrochemical dehydration of carboxylic acids to dicarboxylic 

acids as starting materials in a follow-up publication, which give the corresponding 

cyclic anhydrides as products. The reaction conditions were optimized further. The in-

situ generated anhydrides were employed in amidation reactions (Figure 25). In 

addition, mechanistic studies were carried out to formulate a proposed mechanism.[107] 
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Figure 25. Comparison of the Kolbe-electrolysis with electrochemical dehydration of carboxylic acids 

to their anhydrides.[107] 

Optimization: The reaction optimization was carried out using succinic acid, which 

gave succinic anhydride 1. The standard reaction conditions are depicted in Figure 26, 

which gave an NMR yield of 70% (Table 4, entry 1). Testing various amounts of applied 

charge of 2.4 F, 3.0 F, and 3.3 F resulted in NMR yields of 45%, 69%, and 66%, 

respectively (entries 2–4). The standard conditions (entry 1) employ 2.7 F, which 

hence is the optimum amount of applied charge. Changing the current density from 

50 mA cm–2 (standard reaction conditions, entry 1) to 30 mA cm–2 or 70 mA cm–2 

resulted in yields of 58% and 59% (entries 5–6). Using a current density of 70 mA cm– 2 

with 3.0 F did also not increase the yield (64%, entry 7) compared with standard 

reaction conditions (entry 1). As anode material, glassy carbon or graphite can be 

employed as alternative to BDD, albeit with lower yields of 50% yield in both cases 

(entries 8–9). However, for graphite, electrode decomposition was observed. Using 

BDD as electrode material for both anode and cathode resulted in only 16% yield 

(entry 10). Neither cooling (entry 11) nor heating (entry 12) of the reaction solution 

gave an increase in yield compared with the standard reaction conditions. Changing 

the concentration of the starting material (entries 13–14) did also not improve the yield. 

While employing less thiocyanate supporting electrolyte than the standard reaction 

conditions resulted in lower yield (entry 15), increasing it to 1.0 equiv. or 1.5 equiv. did 

not increase the yield significantly (entries 16–17). When replacing NBu4SCN with 

EMIMSCN, BMIMSCN or NH4SCN, yields of 36%, 19%, and 3% were obtained, 

respectively (entries 18–19). In the case of NH4SCN, the upper terminal voltage limit 

of the power supply was reached, and the electrolysis had to be stopped after 2.1 F 

(entry 20). Without NBu4SCN or without electricity, no anhydride product was found 

(entries 21–22). In summary, the standard reaction conditions in Figure 26 (Table 4, 

entry 1) are the optimal reaction conditions. 
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Figure 26. Electrochemical dehydration of succinic acid to succinic anhydride.[107] 

Table 4. Optimization of the electrochemical dehydration of succinic acid to succinic anhydride.[107] 

# Deviation from standard conditions (Figure 26) NMR yield[a] 

1 none 70 

2 2.4 F 45 

3 3.0 F 69 

4 3.3 F 66 

5 30 mA cm–2 58 

6 60 mA cm–2 59 

7 70 mA cm–2, 3.0 F  64 

8 glassy carbon || stainless steel 50 

9 graphite || stainless steel 50[b] 

10 BDD || BDD 16 

11 0 °C 58 

12 60 °C 55 

13 1.5 mmol SM, c(SM) = 0.3 mol L–1 44 

14 2.5 mmol SM, c(SM) = 0.5 mol L–1 59 

15 0.3 equiv. NBu4SCN 31 

16 1.0 equiv. NBu4SCN 71 

17 1.5 equiv. NBu4SCN 70 
 

18 no NBu4SCN, 0.5 equiv. EMIMSCN 36 

19 no NBu4SCN, 0.5 equiv. BMIMSCN 19 

20 no NBu4SCN, 1.0 equiv. NH4SCN 3[c] 

21 no NBu4SCN 0[d] 

22 no electricity 0 

SM: starting material (dicarboxylic acid). BDD: boron-doped diamond. EMIMSCN: 1-ethyl-3-

methylimidazolium thiocyanate. BMIMSCN: 1-butyl-3-methylimidazolium thiocyanate. [a] The yields 

were determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. [b] The 

upper terminal voltage limit of the power supply was reached during electrolysis, nonetheless 2.7 F was 

fully applied. [c] The reaction had to be stopped after 2.1 F because of the formation of a precipitate 

inside of the electrolysis cell, which resulted in blocking of the electrodes. [d] The electrolysis can’t be 

carried out without NBu4SCN, because the upper terminal voltage limit of the power supply is reached, 

demonstrating that the thiocyanate supporting electrolyte is indispensable for the reaction. 
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Scope: Succinic anhydride 1, 2- methyl succinic anhydride 2, and 2,2-dimethylsuccinic 

anhydride 3 were obtained in NMR yields of 71%, 56%, and 66%, respectively (Figure 

27). The yield for 2-phenylsuccinic anhydride 4 was only 16%, likely because of the 

steric bulk of the phenyl substituent. Maleic anhydride 5 was found in traces, which 

could be due to side reactions of the double bond. cis-Cyclopentane-1,2-dicarboxylic 

anhydride 6 was obtained in 62% yield, and cis-cyclohexane-1,2-dicarboxylic 

anhydride 7 in 57% yield. cis-4-Cyclohexene-1,2-dicarboxylic anhydride 8 was 

observed in only 17% yield. The terpene derived carboxylic anhydrides 9 and 10 were 

found in high yields of 67% and 60%, respectively. Glutaric anhydride 11, 2,2-dimethyl 

glutaric anhydride 12, and 3,3-dimethylglutaric anhydride 13 were obtained in 59%, 

52%, and 46%, respectively. 1,1-Cyclopentanediacetic anhydride 14 was found in 57% 

yield, and 1,1-cyclohexanediacetic anhydride 15 in 64%. Anhydrides of dicarboxylic 

acids with longer chains (products 16–20) were observed in yields of 19%–36%. 

 
Figure 27. Anhydride scope. The electrolysis conditions of Figure 26 were applied as standard reaction 
conditions. The yields were determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as 
internal standard. [a] 1.0 equiv. NBu4SCN. [b] 3.0 F. [c] The upper terminal voltage limit of the power 
supply was reached during electrolysis, but 2.7 F of charge were fully applied. [d] MeCN / isobutyronitrile 
2:1 (vol%). [e] The electrolysis had to be stopped after the mentioned amount of applied charge because 
of the formation of a precipitate inside of the electrolysis cell, which resulted in blocking of the 
electrodes.[107] 
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Amide Synthesis and Scale-up: The cyclic anhydrides which are generated in-situ 

by electrolysis can be employed in amidation reactions (Figure 28 and Table 5). 

Benzylamine gave higher yields than morpholine when employed with succinic 

anhydride. Entry 3 in Table 5 was carried out in a 10-fold scale-up, which gave 58% 

isolated yield over 2 steps (NMR yield: 61%). 

 

Figure 28. Amidation test reaction. [a] electrolysis reaction conditions: MeCN, succinic acid 
(0.4 mol L– 1), NBu4SCN (1.0 equiv.) constant current electrolysis, current density j = 50 mA cm–2, 
amount of applied charge Q = 3.0 F, BDD || stainless steel, 5 mm interelectrode gap, under air, 
moderate stirring.[107] 

Table 5. Optimization of the amidation test reaction.[107] 

# Deviation from standard conditions (Figure 28) NMR yield[a] 

1 benzylamine (5.0 equiv.), no imidazole  68 

2 benzylamine (5.0 equiv.)  71 

3 benzylamine (5.0 equiv.), no imidazole, DMAP (0.05 equiv.) 73 

4 benzylamine (5.0 equiv.), DMAP (0.05 equiv.) 72 

5 morpholine (5.0 equiv.), no imidazole 36 

6 morpholine (5.0 equiv.) 31 

7 morpholine (5.0 equiv.), no imidazole, DMAP (0.05 equiv.) 38 

8 morpholine (5.0 equiv.), DMAP (0.05 equiv.) 32 

DMAP: 4 -(dimethylamino)pyridine. [a] The amide yields were determined by 1H NMR spectroscopy 

using 1,3,5-trimethoxybenzene as internal standard.[107] 

CV Measurements: Cyclic voltammetry (CV) studies were carried out (Figure 29). As 

a supporting electrolyte for CV measurements, a solution of NEt4BF4 (0.1 mol/L in 

MeCN) was utilized. No anodic current peak was observed for succinic acid (starting 

material) or succinic anhydride (product). The solution of NBu4SCN did show an anodic 

current peak at +2.31 V. Interestingly, there is a shift of this peak towards +1.68 V when 

NBu4SCN is mixed with succinic acid. This peak shifts to +1.31 V when NBu4SCN is in 

solution with succinic anhydride. This result indicates that the formation of an 

intermediate which facilitates electron transfer could occur. Succinic anhydride did not 

show any peak in the cathodic current. NBu4SCN does also not show any cathodic 

current peak. Succinic acid however does show a cathodic current peak at –3.01 V, 

and the cathodic current peak shifts towards –1.57 V when mixed with NBu4SCN. 
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Figure 29. Cyclic voltammetry (CV) measurements. Working electrode: boron-doped diamond (BDD, 
circular electrode with diameter 2 mm), counter electrode: Pt wire, reference electrode: Ag/AgCl in 
EtOH/saturated LiCl; Sweep rate: 0.1 V/s. One cycle was measured for each sample starting from 0 V 
to towards anodic current, then cathodic current, and back to 0 V. All CV measurements were carried 
out under argon atmosphere. Each CV measurement was referenced against ferrocene.[107] 

Mechanism: The proposed reaction mechanism is depicted in Figure 30. The 

thiocyanate supporting electrolyte undergoes initial anodic oxidation, which forms an 

active ester with the carboxylic acid to activate the OH group. Substitution leads to 

elimination of hypothiocyanite and the formation of the carboxylic anhydride product. 

The hypothiocyanite can undergo further oxidation, which results in the formation of 

sulfate in the final step. By 18O isotope labelling of the carboxylic acid starting material, 

the formation of sulfate was detected via high resolution mass spectrometry (HRMS) 

measurements. Hydrogen evolution reaction (HER) at the cathode was proven via gas 

chromatography (GC). The proposed mechanism represents a simplified picture, 

because thiocyanates can undergo various other reactions.[108] 
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Figure 30. The proposed reaction mechanism of the electrochemical dehydration of carboxylic acids 

to their carboxylic anhydrides.[107] 

Conclusion: The electrochemical dehydration of carboxylic acids to the corresponding 

carboxylic anhydrides was successfully extended to dicarboxylic acids, which allowed 

for the electrochemical synthesis of cyclic anhydrides. No conventional dehydration 

reagent is required. In total, 20 examples were demonstrated with NMR yields up to 

71%. Mechanistic studies revealed the hydrolysis of the thiocyanate supporting 

electrolyte as electro-generated dehydration reagent. No conventional dehydration 

reagent is employed. The mechanism was investigated using 18O labelling, cyclic 

voltammetry (CV) studies. The cyclic carboxylic anhydrides which were generated in-

situ by electrolysis can be employed in amidation reaction to obtain amides with a 

ω- carboxylic acid side chain, which allows for further functionalization. 

 
Figure 31. Electrochemical dehydration of dicarboxylic acids to their anhydrides.[107] 
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The following results have been published in a peer-reviewed publication.[109] 

E. Lunghi, A. M. van Koten, J. Schneider, S. R. Waldvogel * 

Electrochemical Dehydration of Sulfonic Acids to their Anhydrides  

J. Org. Chem. 2025 

[accepted] 

License: CC BY 4.0  

* Corresponding author 

Explanation of my contribution: 

J. Schneider carried out initial investigations into the electrochemical dehydration of 

sulfonic acids to their anhydrides. E. Lunghi and A. M. van Koten performed reaction 

optimization, reactions for the scope of sulfonates and sulfonamides, scale-up 

reactions, control experiments, and cyclic voltammetry studies. J. Schneider and 

E. Lunghi wrote the manuscript and the Supporting Information. J. Schneider 

formulated a proposed mechanism. S. R. Waldvogel supervised the project and 

assisted in writing of the manuscript and the Supporting Information. 

Introduction: Based on the previous work on the electrochemical dehydration of 

carboxylic acids to their anhydrides,[104,107] this reactivity was extended to sulfonic 

acids. Like carboxylic anhydrides, the sulfonic anhydrides which are generated in-situ 

via electrolysis are too sensitive to be isolated. Instead, they are directly employed in 

sulfonylation reactions by subsequent addition of an excess of alcohol or amine after 

electrolysis, which yields the corresponding sulfonates or sulfonamides, respectively. 

 

Figure 32. Electrochemical dehydration of sulfonic acids to sulfonic anhydrides, which are subsequently 
treated with an excess of alcohol or amine to isolate the corresponding sulfonate or sulfonamide.[109] 

Optimization: The reaction optimization is carried out using methanesulfonic acid 1 

as starting material, which is electrochemically dehydrated to methanesulfonic 

anhydride 2. The standard reactions are depicted in Figure 33. The standard reaction 

conditions gave an NMR yield of 74% (Table 6, entry 1). Using only 2 F resulted in a 

slightly lower yield of 62% (entry 2). A current density of 50 mA cm–2 gave only 34% 

NMR yield (entry 3). An inter-electrode gap of 3 mm resulted in a yield of 32% (entry 4). 
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Graphite as cathode material gave 49% yield, and 37% when employed as anode 

material (entries 5–6). Using KSCN instead of NBu4SCN resulted in 51% yield 

(entry 7). Lowering the concentration from 0.7 mol/L to 0.5 mol/L decreased the yield 

to 44% (entry 8). Increasing the equivalents of NBu4SCN gave a yield of 42% (entry 9), 

which is lower than the 0.15 equiv. of the standard reaction conditions. Employing DMF 

instead of MeCN gave no product at all (entry 10). Heating the reaction solution to 

50 °C did not increase the yield (45%, entry 11). Without NBu4SCN or without 

electricity, no product was observed at all (entries 12–13). 

 
Figure 33. Optimization of the test reaction.[109] 

Table 6. Optimization of the test reaction: electrochemical dehydration of sulfonic acids.[109] 

Entry Deviation from optimal conditions NMR yield [a] 

1 none 74% 

2  2 F 62% 

3 50 mA cm–2 34% 

4 Inter-electrode gap 3 mm 32% 

5 graphite as cathode material 49% [c] 

6 graphite as anode material 37% 

7 KSCN instead of NBu4SCN 51% [c] 

8 c(1) = 0.5 mol L–1 44% 

9 c(NBu4SCN) = 0.3 mol L–1 (0.45 equiv.) 42% 

10 DMF instead of MeCN 0% 

11 50 °C 45% 

12 no NBu4SCN [d] 0% 

13 no electricity 0% 

[a] The yields were determined using 1H NMR spectroscopy using 1,3,5-trichlorobenzene as internal 

standard. Further details about the experimental set-up can be found in the Supporting Information. 

[b] Cathodic corrosion was observed. [c] The upper terminal voltage limit of the power supply was 

reached, but the mentioned amount of applied charge were fully applied. [d] For better conductivity, 

NBu4PF6 (0.1 mol L–1) was used in this case.[109] 
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Scope: Based on the reaction optimization, various alcohols and amines were 

employed with methanesulfonic anhydride, which was generated in-situ by electrolysis 

to obtain the corresponding sulfonates and sulfonamides, respectively (Figure 34). Of 

all employed amines, pyrrolidine and n-butylamine gave the highest sulfonamides 

(both 2a and 2f in 64%). Imidazole gave product 2d in 63% isolated yield. Morpholine 

gave sulfonamide 2c in 60% yield. For aniline and ethyl methyl amine, sulfonamides 

2b and 2g were both isolated in 56%. Employing indole as amine gave product 2e in 

only 41% isolated yield. Next, various alcohols were tested. The highest isolated yield 

was obtained for product 3e (67%), followed by n-butanol, which gave 2b in 66%. 

Sulfonates 3d and 3f were obtained in 65% and 63% yield. Cyclohexanol yielded 

compound 3c in 58% yield, and phenol gave 3a in 50%. Next, various sulfonic acids 

were tested and quenched with pyrrolidine or aniline (4a–4k). Notably, the yields are 

higher for aliphatic sulfonic acids than for aromatic sulfonic acids. Especially para-

substituted electron-poor arenes demonstrated low yield (4a–4e, 4i, 4k). In these 

cases, evidence for ipso-substitution was observed, which could explain the low yields. 

In contrast, products 4f–4j were isolated in yields over 50%. 

 
Figure 34. Scope of amines, alcohols, and sulfonic acids. [a] Unless stated otherwise, the optimized 
reaction conditions of Figure 33 were used. [b] Amine (5 equiv.) [c] Triethylamine (2 equiv.) and amine 
(2 equiv.); [d] Triethylamine (2 equiv.) and alcohol (2 equiv.).[109] 
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Scale-up: To demonstrate the robust scalability of the method, a 10-fold scale-up of 

the electrochemical dehydration of methanesulfonic acid was carried out, which was 

subsequently quenched with an excess of pyrrolidine to obtain the corresponding 

sulfonamide 2a in 58% isolated yield over 2 steps. 

 
Figure 35. Scale-up reaction.[109] 

Mechanism: The proposed mechanism (Figure 36) is similar to the mechanism of the 

electrochemical dehydration of carboxylic acids to their anhydrides.[107] The 

thiocyanate supporting electrolyte I undergoes anodic oxidation to II, which reacts with 

the sulfonic acid III to an activated substrate IV, in which the OH group is a good leaving 

group. By reaction with another equivalent of sulfonic acid, the corresponding sulfonic 

anhydride VI is formed, while V is eliminated. After electrolysis, by addition of an excess 

of alcohol or amine, the in-situ generated sulfonic anhydride reacts in a sulfonylation 

reaction to the corresponding sulfonate or sulfonamide, respectively (this is not shown 

in Figure 36). It could be that species IV is still present partially in solution after 

electrolysis while the alcohol or amine is added because it has not fully reacted with 

another equivalent of sulfonic acid to a sulfonic anhydride. In this case, IV is the 

electrophile and reacts with the nucleophile directly. 

 

Figure 36. Proposed reaction mechanism of the electrochemical dehydration of sulfonic acids.[109] 
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Conclusion: The electrochemical dehydration reaction was successfully extended 

from carboxylic acids to sulfonic acids. No conventional dehydration reagent is 

required. This method is another interesting contribution to the underexplored field of 

electrochemical dehydration reactions. In total, 24 examples are demonstrated with 

NMR yields up to 67%. The robust scalability of the method was demonstrated. The 

reaction is carried out in an undivided cell under mild reaction conditions. As in previous 

work on the electrochemical dehydration of carboxylic acids, the thiocyanate 

supporting electrolyte plays a dual role as enabler of conductivity and as reagent. 

 
Figure 37. Electrochemical dehydration of sulfonic acids to their anhydrides.[109] 
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4.2 Electrochemical Multicomponent Reactions using SO2 

The following results have been published in a peer-reviewed publication.[71] 

J. Schneider, S. P. Blum, S. R. Waldvogel * 

Electrochemical Synthesis of Sulfonamides in Single-Pass Flow 

ChemElectroChem 2023, 10, e202300456 

DOI: 10.1002/celc.202300456 

License: CC BY 4.0  

* Corresponding author 

Explanation of my contribution: 

In this publication, the electrochemical multicomponent synthesis of sulfonamides 

which was initially discovered by Stephan P. Blum in the Waldvogel group in 2021 was 

transferred by J. Schneider from a divided batch-type cell to an undivided flow cell 

setup using single-pass flow. The results of this publication are partially based on the 

master thesis of J. Schneider “electrochemical synthesis of sulfonamides in flow” 

under S. P. Blum in the Waldvogel group from June 21st – December 31st, 2022. 

J. Schneider carried out reaction optimization, preparation of SO2 stock solutions, 

preparation and isolation of reaction scope, scale-up experiments, recycling of reaction 

medium, and design of the new flow cell for scale-up with the help of A. Stenglein from 

the Werkstatt Chemie at Mainz University. J. Schneider, S. P. Blum and S. R. 

Waldvogel are responsible for writing of the manuscript and of the Supporting 

Information. All experimental results for this publication were obtained by 

J. Schneider. Data analysis was carried out by J. Schneider and S. P. Blum. S. R. 

Waldvogel supervised the project and assisted in writing of the manuscript and the 

Supporting Information. 

Introduction: The electrochemical multicomponent synthesis of sulfonamides was 

transferred from a divided batch-type setup into an undivided flow electrolysis cell 

employing single-pass flow. Interestingly, this reaction is not feasible in an undivided 

batch-type cell, but it can be achieved in an undivided flow electrolysis cell. This 

demonstrates again how flow chemistry can offer entirely different reaction 

conditions,[80] which makes its application in conjunction with electrosynthesis so 

interesting. The use of single-pass flow is advantageous, because the electrolyte is 

passed through the flow cell only once.[83] 



Results and Discussion 

86 

 

Sulfonamides are an important substance class in medicinal chemistry, agricultural 

chemistry, and life science.[110] Conventionally, sulfonamides are synthesized by 

reaction of an arene with chlorosulfuric acid to a sulfonyl chloride intermediate, which 

is then quenched with an excess of amine (Figure 38). 

 

Figure 38. Overview of approaches to sulfonamides.[71] 

This two-step reaction utilizes harsh reaction conditions and the obtained sulfuryl 

chlorides are highly moisture sensitive, which complicates their storage. In 2019, The 

Noël group reported an electrochemical oxidative coupling of thiols with amines to 

sulfonamides.[111] While this method is interesting, it employs toxic and foul smelling 

thiophenols, which are not readily commercially available. This method requires the 

arene to be pre-functionalized. In 2020, the Waldvogel group reported an 

electrochemical multicomponent reaction of sulfonates using SO2 stock solutions. This 

method directly employs sulfur dioxide and avoids the use of SO2 surrogates (Figure 

39). This work has since then been extended to sulfamides,[112] sulfonamides,[113] 

alkenesulfonates,[114] enaminyl sulfonates,[115] and cyclic sulfites.[116] 

 

Figure 39. Common SO2 surrogates. [117] 
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Optimization: The standard reaction conditions are depicted in Figure 40. The 

standard reaction conditions gave sulfonamide 1 in 72% NMR yield (Table 7, entry 1). 

Replacing BDD with glassy carbon as anode material resulted in a similar yield of 71% 

(entry 2). This is beneficial, because glassy carbon is a less expensive alternative to 

BDD. When using graphite as anode material (entry 3), only 35% yield was found. 

When using BDD as electrode material for both the anode and the cathode, no product 

formation was observed (entry 4), and the reaction solution decomposed upon 

electrolysis. Using glassy carbon as both anode and cathode gave 45% yield (entry 5). 

Changing the reaction temperature from room temperature to 10 °C, 35 °C, or 50 °C 

gave 55%, 34%, and 14% (entries 6–8). This is also beneficial, since no excessive 

heating or cooling is required to carry out this reaction. Using only 3.0 F resulted in 

53% yield (entry 9), while increasing the applied charge to 6.0 F resulted in 55% yield 

(entry 10). Increasing the current densities to 18.0 mA cm–2, 24.0 mA cm–2, and 

30.0 mA cm–2 resulted in a slight increase in yield of 59%, 61%, 64%, respectively 

(entries 11–13). Combining an increased current density of 24.0 mA cm–2 with 6.0 F 

(entry 14) or 8.0 F (entry 15) gave only 25% and 48% yield, respectively. Using more 

equivalents of morpholine (entry 16) or DIPEA (entry 17) did not increase the yield 

much. It was the combination of using more equivalents of DIPEA with a higher vol% 

of HFIP that led to an increase in yield to 88% (entry 18, isolated yield: 84%). If glassy 

carbon electrodes are utilized, 88% NMR yield and 86% isolated yield are observed 

(entry 19). However, based on these observations, increasing the equivalents of 

DIPEA (entry 20) resulted in a lower yield again, even more so when combined with a 

further increase of the equivalents of SO2 in solution (entry 21). Replacing DIPEA with 

pyridine as base resulted in a drastic decrease of yield to only 46% (entry 22). Using 

only HFIP without MeCN together with 6.0 equiv. of DIPEA resulted in only 10% yield 

(entry 23). Without electricity, no product formation was observed at all (entry 24). 

 
Figure 40. The test reaction employed for optimization.[71] 
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Table 7. Optimization of the test reaction: electrochemical multicomponent synthesis of sulfonamides 

in single-pass flow using arenes, amines, and SO2 stock solutions.[71] 

# Deviation from standard reaction conditions[a] Yield [%][b] 

1 none 72 

2 glassy carbon || stainless steel 71 

3 graphite || stainless steel 35 

4 BDD || BDD  0 

5 glassy carbon || glassy carbon 45 

6 10 °C 55 

7 35 °C 34 

8 50 °C 14 

9 3.0 F, 200 μL min–1 53 

10 6.0 F, 100 μL min–1 55 

11 18.0 mA cm–2, 224 μL min–1 59 

12 24.0 mA cm–2, 298 μL min–1 61 

13 30.0 mA cm–2, 373 μL min–1 64 

14 24.0 mA cm–2, 6.0 F, 200 μL min–1 25 

15 24.0 mA cm–2, 8.0 F, 149 μL min–1 48 

16 6.0 equiv. morpholine 72 

17 6.0 equiv. DIPEA 75 

18 HFIP/MeCN 2:1, 6.0 equiv. DIPEA, 1.8 mmol scale 88 (84% isolated) 

19 HFIP/MeCN 2:1, 6.0 equiv. DIPEA, 1.8 mmol scale, 
glassy carbon || stainless steel 

88 (86% isolated) 

20 HFIP/MeCN 2:1, 8.0 equiv. DIPEA 70 

21 HFIP/MeCN 2:1, 8.0 equiv. DIPEA, 20.0 equiv. SO2 60 

22 HFIP/MeCN 2:1, 6.0 equiv. pyridine, no DIPEA 46 

23 HFIP (no MeCN), 6.0 equiv. DIPEA, 224 μL min–1, 
c(1,4-dimethoxybenzene) = 0.10 mol L–1 

10 

24 No electricity 0 

[a] The standard reaction conditions are the conditions shown in Figure 40. More details can be found 

in the Supporting Information. BDD: boron-doped diamond. DIPEA: N,N-diisopropylethylamine, 

HFIP: 1,1,1,3,3,3-hexafluoropropan-2-ol. [b] Unless stated otherwise, the yields were determined by 

1H NMR spectroscopy with 1,3,5-trimethoxybenzene as internal standard. 
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Scope: For 1,4-dimethoxybenzene, sulfonamide 1 was obtained in 84% isolated yield, 

and in 86% isolated yield in scale-up (Figure 41). 1,2-Dimethoxybenzene gave the two 

possible isomeric products 2a and 2b in 41% and 14% isolated yield under conditions 

[c], and in 12% and 9% isolated yield respectively under conditions [a]. 2-Bromo-1,4-

dimethoxybenzene gave product isomers 3a and 3b in 53% and 19% isolated yield. 

For 1,4-dimethoxy-2,3-dimethylbenzene, product 4 was found in 26% under conditions 

[a] and in similar yield under conditions [d]. In analogy to products 3a and 3b, products 

5a and 5b were isolated in 50% and 11% yield, respectively. This is similar to products 

6a and 6b, which were isolated in 56% and 11% under conditions [c] and only in low 

yields under conditions [a]. Sulfonamides 7a and 7b were isolated in 41% and 14% 

under conditions [c] and in lower yields under conditions [a]. Next, some other amines 

were tested with 1,4-dimethoxybenzene as arene. Employing azepane, dibutylamine, 

or diisobutylamine as amines gave yields of 43%, 31%, and 66% for 8, 9, and 10. 

 

Figure 41. Scope of arenes and amines. [a] Reaction conditions: starting material (1.8 mmol, 

0.15 mol L–‍1), morpholine (3.0 equiv.), DIPEA (6.0 equiv.), SO2 (15.0 equiv., 2.25 mol L–1), HFIP 

(1.10 mL), MeCN (1.12 mL), HFIP/MeCN 2:1 (vol%), amount of applied charge Q=4.0 F, current density 

j=12.0 mA cm–2, room temperature, BDD anode (2.0 cm×6.0 cm), stainless steel cathode 

(2.0 cm×6.0 cm), undivided cell, pumping rate: 149 μL min–1, constant current electrolysis, single-pass 

flow, interelectrode gap: 0.25 mm. [b] Deviations from conditions [a]: glassy carbon instead of BDD. [c] 

Deviations from conditions [a]: starting material (2.4 mmol, 0.10 mol L–1), DIPEA (4.0 equiv.), 

HFIP/MeCN 1 :1 (vol%), amount of applied charge Q=3.5 F. [d] Deviations from conditions [a]: starting 

material (1.5 mmol, 0.13 mol L–1). [e] Reaction conditions: starting material (1.8 mmol, 0.15 mol L–1), 

amine (3.0 equiv.), DIPEA (6.0 equiv.), SO2 (15.0 equiv., 2.25 mol L–1), HFIP (1.10 mL), MeCN 

(1.12 mL), HFIP/MeCN 2 :1 (vol%), amount of applied charge Q=4.0 F, current density j=12.0 mA cm–2, 

room temperature, BDD anode (2.0 cm×6.0 cm), stainless steel cathode (2.0 cm×6.0 cm), undivided 

cell, pumping rate: 149 μL min–1, constant current electrolysis, single-pass flow, interelectrode gap: 

0.25 mm.[71]  
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Scale-up: An 8-fold scale-up of the reaction in Figure 40 was carried out (1.8 mmol to 

14.4 mmol). The scale-up was carried two times in two different cells, a small flow 

electrolysis cell (both electrodes each 12 cm2) and a larger flow electrolysis cell (both 

electrodes each 48 cm2). In the experiment with the small flow electrolysis cell, glassy 

carbon was employed as electrode material. In both experiments, an isolated yield was 

determined, and the starting material (SM) was recovered. Since the larger flow cell 

allowed for a higher electrical current to be applied while keeping the same current 

density, it allowed for a faster electrolysis, which resulted in a higher productivity. Both 

the isolated yield (92%, entry 2 in Table 8) and the productivity is higher in scale-up. 

Also, the unconsumed starting material could be recovered. The experimental setup of 

the scale-up experiment which utilized the large flow cell is depicted in Figure 42. 

Table 8. Scale-up of the electrochemical multicomponent synthesis of sulfonamides in single-pass 

flow using arenes, amines, and SO2 stock solutions.[71] 

Entry Deviation from the standard reaction 

conditions (Table 7, entry 19) 

Isolated Yield [%] Recovered 

SM [%] 

Productivity 

[g/h] 

1 14.4 mmol scale, 

glassy carbon || stainless steel 

86 14 0.33 

2 14.4 mmol scale, 

Large flow electrolysis cell (Figure 42) 

92 8 1.43 

 

 
Figure 42. The scale-up reaction.[71] The reaction solution of the starting material (1) is pumped through 
the flow electrolysis cell (2) with the help of a peristaltic pump (3) into a round bottom flask (4). The 
power supply (5) is connected to the cell with wires (6). 
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The electrolyte can be recovered by distillation, since HFIP, MeCN, and SO2 are 

volatile. The recovered medium can be saturated with SO2 again to be re-used without 

loss of yield. This is important for application on technical scale. 

 

Mechanism: The proposed mechanism is depicted in Figure 43. This dehydrogenative 

reaction proceeds via electrochemical C–H activation. The amine I reacts with SO2 to 

a Lewis acid-base adduct II. Deprotonation of II leads to the formation of an 

amidosulfinate intermediate III. The formation of the amidosulfinate is supported by 

hydrogen bonding of HFIP. Because of this strong hydrogen bonding of HFIP, the 

amidosulfinate intermediate exclusively reacts as sulfur nucleophile, and not as oxygen 

nucleophile.[118] The amidosulfinate acts as both reagent and as supporting electrolyte. 

Mixtures of HFIP with amines show a high electric conductivity.[78] Initial anodic 

oxidation of the arene IV leads to formation of cationic radical intermediate V, which 

reacts with the amidosulfinate to the sulfonamide product VI. At the cathode, sulfur 

dioxide is reduced.[119] Noteworthy, all components of the electrolyte are volatile and 

can be recovered by distillation, which simplifies downstream processing.[71] 

 

 

Figure 43. The proposed reaction mechanism of the electrochemical multicomponent synthesis of 

sulfonamides in single-pass flow using arenes, amines, and SO2 stock solutions.[71] 
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Conclusion: The electrochemical multicomponent synthesis of sulfonamides was 

successfully transferred from a divided batch protocol into an undivided flow cell using 

single-pass flow. Simple and inexpensive SO2 stock solutions are employed to avoid 

the use of SO2 surrogates. In total, 10 examples were demonstrated with up to 92% 

isolated yield in scale-up. It has been shown that the reaction medium can be 

recovered simply by distillation, because all components are volatile. The reaction 

does not require an additional supporting electrolyte. The robust scalability was 

demonstrated in an 8-fold scale-up. Both isolated yield and productivity could be 

improved in the scale-up reaction by employing a larger flow cell. The reaction is best 

carried out at room temperature, and glassy carbon or boron-doped diamond can be 

chosen as anode material. As cathode material, stainless steel is employed. 

 
Figure 44. Electrochemical multicomponent synthesis of sulfonamides in single-pass flow using 

arenes, amines, and SO2 stock solutions.[71] 
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4.3 Automated Electrosynthesis in Flow 

The following results have been published in a peer-reviewed publication.[120] 

M. M. Hielscher,‡ M. Dörr,‡ J. Schneider, S. R. Waldvogel * 

LABS: Laboratory Automation and Batch Scheduling – A Modular Open Source Python 

Program for the Control of Automated Electrochemical Synthesis with a Web Interface 

Chem. Asian J. 2023, 18, e2023003 

DOI: 10.1002/asia.202300380 

License: CC BY 4.0 

‡ These authors contributed equally 

* Corresponding author 

Explanation of my contribution: 

M. M. Hielscher, M. Dörr, and S. R. Waldvogel were responsible for conceptualization 

of the project. M. M. Hielscher was responsible for programming of the front end of the 

LABS software and M. Dörr for the back end of LABS. M. M. Hielscher and M. Dörr 

were responsible for data analysis and curation, conceptualization and evaluation of 

the Design of Experiment (DoE) plan. M. M. Hielscher and J. Schneider were 

responsible for setup and maintenance of the automated experimental electrolysis flow 

setup. J. Schneider was responsible for carrying out the electrolysis experiments, 

supervision of the experimental setup for the automated electrolysis, and for 

preparation of gas chromatography samples for yield determination. M. M. Hielscher 

and M. Dörr wrote the manuscript and the Supporting Information. J. Schneider 

assisted in writing of the Supporting Information. The name LABS (Laboratory 

Automation and Batch Scheduling) was proposed by S. R. Waldvogel. S. R. Waldvogel 

supervised the project and assisted in writing of the manuscript and the Supporting 

Information. 

Introduction: Chemists are already quite familiar with laboratory automation in their 

daily work life. Most analytical devices such as NMR spectrometers have 

autosamplers, which automatically measure a magazine of samples over a 

weekend.[121] In synthetic organic chemistry, automation has also been well established 

already, for example the Merryfield apparatus for automated peptide synthesis.[122] 
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While laboratory automation has extended its influence in many fields of chemistry like 

photochemistry or even inorganic chemistry using automated Schlenk setups, the use 

of laboratory automation in electrosynthesis is an underexplored field.[123,124] A major 

issue with laboratory automation for electrosynthesis is the lack of standardized 

commercially available setups. There are several factors which contribute to this. 

Laboratory automation deals with a wide range of different devices and experimental 

setups (thermostats, various types of pumps...), and especially in the context of flow 

chemistry, many setups are highly customized for the reaction that is under 

investigation. While this demonstrates the flexibility of flow chemistry when used in 

conjunction with electrosynthesis,[80] it also adds a level of complexity if one attempts 

to develop a more generalized solution. This complexity poses major challenges to the 

development of a software which attempts to coordinate an automated experimental 

setup because a good model of abstraction is required to achieve this. This implies 

that a robust software architecture is required.[125] To solve this problem, the Waldvogel 

group developed LABS: Laboratory Automation and Batch Scheduling (Figure 45). 

 
Figure 45. Overview of the LABS software architecture.[120]  
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LABS is a software solution written in Python and it’s responsible for controlling the 

automated experimental setup by allowing the users to customize it and to submit 

experiment plans. LABS is split in frontend and a backend (Figure 45). The frontend 

can be accessed simply in a web browser, and it allows users to upload Excel files to 

submit experiments to be carried out. This user interface also displays information on 

the experiments which are currently running. This is designed to be operated without 

any programming knowledge. The general idea behind the LABS backend is to 

abstract the automated experimental setup by writing so called device drivers for the 

individual types of devices which are employed in the automated experimental setup, 

which is just a piece of Python code which abstract controlling the device in generalized 

commands. Once a driver file is written for a specific device type, for example a pump, 

an arbitrary number of devices of this type can be employed in the automated 

experimental setup. This implies that programming knowledge is needed only for 

writing device drivers. Even then, the required amount of programming knowledge is 

comparably moderate. In LABS, the experimental setup and the sequence of 

commands that is used for a certain method is specified in a very flexible way by using 

configuration files. This means to add new methods or a new device of a known type 

to the automated experimental setup, no programming knowledge is required at all. 

The frontend and backend communicate with each other and record experimental data. 

 
Figure 46. Example of a LABS configuration file.[120] 
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Test Reaction: As a starting point for the development of the LABS software, a test 

reaction was required. Ideally, the test reaction is an electrochemical synthesis which 

is already studied to great extend so it can be used as a known benchmarking system. 

Therefore, the electrochemical cross-coupling of phenols was selected (Figure 47), 

which has been pioneered and extensively investigated by the Waldvogel group.[126] 

 
Figure 47. The test reaction utilized for benchmarking the automated experimental setup.[120] 

Experimental Setup: An experimental setup as depicted in Figure 48 was chosen. 

The starting materials are employed as stock solutions. The most important 

components are the reservoir, in which the reaction solution is prepared, and the flow 

electrolysis cell. One peristaltic pump was employed in this setup for dosing of reagents 

and for pumping the electrolyte solution through the cell. From the flow electrolysis cell, 

the electrolyte solution can be transferred back into the reservoir, or into a fraction 

collector, or into the waste. All devices are connected to a computer, and the LABS 

software is responsible for controlling the automated electrosynthesis setup. Ideally, 

the user submits a catalog of reactions to be carried out, and the automated system 

performs them without further input from the user. The system is also programmed to 

add rinsing and cleaning steps in between electrolysis. It’s important to note that 

because of the flexibility or LABS, any other experimental setup would have been 

possible as well. LABS is even capable of controlling multiple of such automated 

electrosynthesis stations simultaneously. This offers great scalability for an automated 

laboratory on large-scale.[124]  

 
Figure 48. The automated experimental setup (left: flow scheme, right: photograph).[120] 
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Design of Experiments: The DoE plan in Table 9 was chosen for the test reaction 

(Figure 47). The current density, applied charge, flowrate multiplier, concentration of 

the starting material, concentration of pyridine (equivalents), and the reaction 

temperature was investigated in a 26–2 fractional factorial design. Each experiment was 

repeated once, resulting in 32 experiments which were carried out by the automated 

experimental setup using LABS. 

Table 9. Parameters and levels for the Design of Experiments (DoE) plan.[120] 

Parameter Unit Low level High level 

Current density j mA / cm–2 20 40 

Applied charge Q F 0.70 0.90 

Flow multiplier – 5 15 

c(2,4-dimethylphenol) mol / L 0.75 1.25 

c(pyridine) vol.% 5 10 

Temperature °C 10 25 

 

The 32 experiments of the design were grouped into 4 blocks which each contained 8 

experiments. A new tube was inserted into the peristaltic pump at the start of each 

block. In the analysis of the results, it can be seen that there is a significant drop in 

yield with increasing experiment number (Figure 49). This is due to the deterioration of 

the employed tubing material. In the regression model of the DoE, no parameter could 

be excluded by ANOVA (R2 = 74%) with α=10%. The current density, applied charge, 

and the flowrate multiplier are below the significance threshold, but they are involved 

in two-parameter interactions. 

 

Figure 49. The analysis of the yield as a function of experiment number shows a systematic decrease 
which is caused by the deterioration of the tubing in the peristaltic pumps, which implies that improved 
pump systems are required for further development of automated electrosynthesis.[120] 
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Conclusion: With LABS, the Waldvogel group developed a highly flexible software 

solution for automated electrosynthesis. LABS is split in a frontend and a backend, and 

no programming knowledge is required to operate it. The flexible software architecture 

allows for easy modification of the experimental setup. If a known device type is added 

to the system, no programming knowledge is required at all. If a completely new device 

type is added, a device driver must be written in Python for it. While the development 

of LABS was a success, it became evident that further work is required to solve the 

problems associated with the employed pumps. It has been demonstrated that the 

tubing in peristaltic pumps deteriorates over long-time operation, which renders these 

types of pumps unsuitable for operations which require high precision for preparation 

of the electrolyte solution or for pumping the electrolyte through the flow electrolysis 

cell. The use of peristaltic pumps is further discouraged by the comparably high cost 

of the tubing material. Furthermore, because the calibration is lost rapidly when 

employing peristaltic pumps, frequent manual calibration of the pump is required, 

which is not in agreement with the basic idea of automation. These challenges were 

subsequently overcome by utilizing piston pumps in out follow-up work on the 

automated optimization of alkyl arenesulfonates in flow.[89] 



Results and Discussion 

105 

 

 



Results and Discussion 

106 

 

 



Results and Discussion 

107 

 

 



Results and Discussion 

108 

 

 



Results and Discussion 

109 

 

 



Results and Discussion 

110 

 

 



Results and Discussion 

111 

 

 



Results and Discussion 

112 

 

 



Results and Discussion 

113 

 

The following results have been published in a peer-reviewed publication.[89] 

M. M. Hielscher,‡ J. Schneider,‡ A. H. J. Lohmann, S. R. Waldvogel * 

Automated Optimization of the Synthesis of Alkyl Arenesulfonates in an Undivided 

Electrochemical Flow Cell 

ChemElectroChem 2024, e202400360 

DOI: 10.1002/celc.202400360 

License: CC BY 4.0 

‡ These authors contributed equally 

* Corresponding author 

Explanation of my contribution: 

M. M. Hielscher and J. Schneider were responsible for conceptualization of the 

project. M. M. Hielscher and J. Schneider were responsible for writing of the 

manuscript and writing of the Supporting Information. M. M. Hielscher, A. H. J. 

Lohmann and J. Schneider carried out data analysis and evaluation. A. H. J. Lohmann 

and J. Schneider were responsible for carrying out the experiments with the 

automated flow setup for electrosynthesis. A. H. J. Lohmann and J. Schneider were 

responsible for maintenance of the experimental setup. A. H. J. Lohmann and 

J. Schneider carried out reactions for the scope and were responsible for data 

analysis of isolated compounds. J. Schneider performed the scale-up reaction. S. R. 

Waldvogel supervised the project and assisted in writing of the manuscript and the 

Supporting Information. 

Introduction: In the development of the LABS system (Laboratory Automation and 

Batch Scheduling) for the initial publication on automated electrosynthesis in flow,[120] 

it became evident that an important limiting factor of the automated experimental setup 

is the durability of the employed tubing materials in the utilized pumps. All tested 

materials have worn out over the course of long-time operation, which resulted in loss 

of calibration and frequent cracking of the tubing. In these cases, extensive 

maintenance and repair of the automated laboratory setup was required before 

automated experiments could be continued. Even highly resistant and expensive 

tubing materials such as FFKM (perfluoroelastomer) did break after a short time. To 

further develop LABS and the automated electrosynthesis setup, the electrochemical 

multicomponent synthesis of aryl alkenesulfonates in flow was selected as a test 
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reaction, which was previously developed by the Waldvogel group in a divided batch-

type cell setup, and was transferred to an undivided flow electrolysis cell setup[127] This 

project is hence a combination of laboratory automation with electrochemical 

multicomponent reaction using SO2.[117] It was decided to replace peristaltic pumps 

with piston pumps for operations which required high precision and durability, such as 

the preparation of the reaction solution and the pumping of the electrolyte through the 

electrolysis cell. Piston pumps are commonly employed in HPLC systems,[121] and they 

are considerably more expensive than peristaltic pumps. However, they offer high 

precision and require less maintenance. To add the piston pumps to the experimental 

setup (Figure 50), a device driver was written in Python for the LABS system. In theory, 

a syringe pump could be utilized in the LABS system as well, but the available pumps 

did not offer any temperature control for the solutions in the syringe. Because it is 

essential to keep the temperature of the SO2 stock solution at +4 °C,[117] syringe pumps 

were not an option for this project. 

 

Figure 50. Improved experimental setup for the automated electrosynthesis of alkyl arenesulfonates in 

flow via electrochemical multicomponent reaction using SO2 stock solutions.[89] 

A summary of this project is depicted in Figure 51. As test reaction, the electrochemical 

multicomponent synthesis of alkyl arenesulfonates from arenes, SO2, and alcohols 

was employed. Specifically, 1,4-dimethoxybenzene was utilized as arene with ethanol 

as alcohol component. Pyridine was employed as base. An undivided flow electrolysis 

cell with a BDD anode and a stainless-steel cathode was chosen. Initial experiments 

revealed that the conversion was too low for single-pass flow, so cyclic flow was 

chosen instead. The reaction optimization was done with an automated experimental 

setup that was controlled by the LABS software. The reaction is carried out at room 

temperature using mixtures of HFIP and MeCN as solvents. 
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Figure 51. Overview of the automated electrochemical synthesis of alkyl arenesulfonates in flow.[89] 

Experimental Setup: The experimental setup was significantly improved compared 

with the previous setup. Peristaltic pumps were replaced with piston pumps for 

operations which require high precision and durability. The SO2 stock solution was 

cooled by a separate cryostat. Before every piston pump, either a filter is employed, or 

the stock solutions were filtered before use to avoid any clogging of the pumps. After 

each piston pump, a back pressure regulator (BPR) is installed. For emptying the 

reservoir, a peristaltic pump is utilized because this step does not require high 

precision. The reservoir is rinsed with solvent after each electrolysis. Because piston 

pumps tend to pulse more compared with peristaltic pumps, a pulsation dampener was 

installed before the flow electrolysis cell.  

 
Figure 52. Diagram of the improved experimental setup using piston pumps for operations which require 
high precision and durability.[89] The SO2 stock solution is cooled by a separate cryostat. 
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Flow Multiplier and Durability Test: For the test reaction depicted in Figure 53 (left), 

various flowrate multipliers were tested (right). It was decided to employ the highest 

flowrate multiplier 5 for the cyclic flow to prevent formation of layers on the electrodes. 

The test reaction was carried out 10 times in sequence using the automated laboratory 

setup with flowrate multiplier 5 (Figure 53, right), and the yield, and did not decrease 

over these 10 reactions. In between each electrolysis, the automated setup performed 

a cleaning and rinsing step. 

 
Figure 53. Reaction conditions for the stability test and the analysis of the influence of the flow 

multiplier on NMR yield, conversion, and selectivity.[89] 

Optimization: After adopting a flowrate multiplier 5 and demonstrating the robustness 

of this electrosynthesis over 10 reactions in sequence, the reaction optimization was 

carried out using Design of Experiments (Figure 54). This work represents a good 

example for the iterative nature of a DoE plan. The experimental results of a DoE are 

usually the foundation for the next DoE, and it is the operator’s decision when to stop 

with further optimization depending on whether the results are satisfactory. In this 

optimization, an initial 25–1 design was chosen with parameters current density, applied 

charge, equiv. of ethanol, and equiv. of pyridine (Figure 54, left). 

 
Figure 54. Iterative Design of Experiments (DoE) for the optimization of electrolysis conditions.[89] 
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Based on these initial results, a second 25–1 design was chosen, which also included 

the vol% of HFIP as fifth reaction parameter (Figure 54, center). After backward 

elimination of yield (p>α=0.1), an R2=91% was observed for this model. Interestingly, 

a curvature in the employed model was found to be significant, which led to 

improvement of this design by applying star points in a face-centered central composite 

design (CCD) (Figure 54, right). After backward elimination of yield for this CCD model 

(p>α=0.1), an R2=0.86 was found. The final results are summarized in Figure 55. 

Interestingly, a quadratic response was found for vol%(HFIP), applied charge Q, and 

the equiv. of ethanol. A current density of 10 mA cm–2 results in higher yield than 

20 mA cm– 2. 

 
Figure 55. Main effect plots for the yield of the test reaction.[89] 

Scope: Various alcohols were employed in this electrochemical multicomponent 

synthesis of alkyl arenesulfonates in cyclic flow, as summarized in Figure 56. The 

highest yield was obtained for n-pentanol, which gave sulfonate 6 in 74% (even 81% 

in the scale-up reaction). Ethanol and methanol gave products 1 and 2 in yields of 67% 

and 42%, respectively. Isopropanol gave sulfonate 3 in only 21% yield, which is the 

lowest yield of all employed alcohols. Sulfonate 4 was synthesized in 72% using 

2- methyl propanol. Using 2,2-dimethyl propyl alcohol resulted in product 5 in 62% yield. 

 
Figure 56. Scope of alcohols.[89] 
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Scale-up: The scalability of this method was demonstrated in a 10-fold scale-up using 

n-pentanol and 1,4-dimethoxybenzene. This reaction was carried out in a larger flow 

electrolysis cell, which was already employed for the scale-up reaction of the 

electrochemical multicomponent synthesis of sulfonamides in single-pass flow.[71] In 

the smaller flow electrolysis cell (Figure 57, top), the reaction was carried out in 74% 

isolated yield with a productivity of 0.159 g/h. In the larger flow cell (Figure 57, bottom), 

the yield increased to 81%, and the production also increased to 0.663 g/h (Table 10). 

 
Figure 57. The flow cells.[89] 

Table 10. Scale-up reaction of the 

electrochemical synthesis of alkyl 

arenesulfonates in cyclic flow.[89] 

Electrolyzer Isolated 

Yield [%] 

Productivity 

[g/h] 

Small flow cell 74 0.159 

Larger flow cell 81 0.663 
 

Conclusion: LABS was successfully employed in the automated optimization of the 

synthesis of alkyl arene sulfonates in cyclic flow. This project combined the topic of 

electrochemical multicomponent reactions using SO2 stock solutions with automated 

electrosynthesis. In total, 6 substrates are demonstrated with isolated yields of 81% in 

scale-up. The robust scalability of this method was demonstrated in a 10-fold scale-

up, which resulted in an increase in yield and an increase in productivity. 

 

Figure 58. Overview of the automated optimization of the electrochemical multicomponent synthesis 

of alkyl arenesulfonates in cyclic flow.[89] 
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4.4 Electrochemical Allylic Oxidation 

The following results have been published in a peer-reviewed publication.[43] 

K. Hofman,‡ J. Schneider,‡ R. Goy, J. Schütz, W. Bonrath, S. R. Waldvogel * 

A Simplified Approach for Electrochemical Allylic Oxidation of Olefins 

Helv. Chim. Acta 2025, e202500068 

DOI: 10.1002/hlca.202500068 

License: CC BY 4.0 

‡ These authors contributed equally 

* Corresponding author 

Explanation of my contribution: 

K. Hofman, R. Goy, J. Schütz, W. Bonrath, and S. R. Waldvogel conceptualized the 

project. J. Schneider performed reaction optimization, preparation and isolation of the 

compounds of the reaction scope, data analysis and evaluation. All experimental data 

which is found in the publication and in the Supporting Information was obtained by 

J. Schneider based on the groundwork of K. Hofman. J. Schneider carried out cyclic 

voltammetry (CV) measurements and the scale-up experiment. R. Goy, J. Schütz, W. 

Bonrath, and S. R. Waldvogel assisted in writing of the manuscript and the Supporting 

Information. S. R. Waldvogel supervised the project. 

Introduction: Electrochemical allylic oxidation is an important method for the 

transformation of natural compounds to highly value-added products, especially when 

being applied as a method for late-stage functionalization.[128] Several approaches to 

electrochemical allylic oxidation have been developed (Figure 59). Ozaki in 1985 

published an approach using glassy carbon electrodes in a potentiostatic setup with a 

perchlorate supporting electrolyte using air.[129] As mentioned in the introduction, 

perchlorates must be avoided if possible, because they can form explosive 

precipitates, especially in organic solutions. This is particularly important for carrying 

out electrosynthesis as a large-scale industrial process. The potentiostatic setup 

complicates scale-up of this reaction as well.[38] Utley in 1987 reported on the 

electrochemical allylic oxidation of β-ionone using platinum electrodes, a perchlorate 

supporting electrolyte, and a galvanostatic electrolysis.[130] In addition to the previously 

mentioned disadvantages which apply to this work as well, and the fact that only one 
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substrate is reported, expensive platinum electrodes were employed, and the yield was 

rather low. An important contribution was made by Baran in 2016 by reporting an 

electrochemical allylic oxidation using t- BuOOH, RVC electrodes, and a perchlorate 

supporting electrolyte.[131] A machine learning approach was developed by Jensen in 

2024, which utilized electrolysis conditions which are reported in the literature.[132] Lui 

in 2025 reported an approach which extended the report of Ozaki by using graphite 

felt as electrode material.[133] Although this approach is interesting as well, it employs 

large amounts of supporting electrolyte. These developments demonstrate the need 

for a simplified approach for electrochemical allylic oxidation of olefins, which was 

developed by the Waldvogel group in 2025.[43]  

 
Figure 59. Overview of electrochemical allylic oxidation reactions.[43,129–133] 

To simplify electrochemical allylic oxidation, NaBF4 was selected as an inexpensive 

and safe supporting electrolyte to avoid the use of perchlorates. Acetonitrile or 

butanone can be employed as solvent. Both solvents are miscible with water and an 

aqueous t-BuOOH solution was used as source of oxygen. Butanone is a better solvent 

for very unpolar compounds like steroids, which only partially dissolve in acetonitrile, 

especially when acetonitrile contains traces of water. Glassy carbon was utilized as 

carbon-based, inexpensive, nontoxic, and stable electrode material. The reaction is 

carried out as galvanostatic electrolysis. As test reaction, the electrochemical allylic 

oxidation of β-isophorone 1a to 4- oxoisophorone 2a was utilized (Figure 60). Extensive 

reaction optimization was carried out to find a balance between the equivalents of 

t- BuOOH and the current density. Interestingly, only very small concentrations of 

NaBF4 are required as supporting electrolyte. 
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Optimization: To summarize the reaction optimization (Table 11), a current density of 

10 mA cm–2 only results in acceptable yields if 10 equiv. of t-BuOOH are employed. 

Alternatively, only 3.5 equiv. of t-BuOOH can be employed with a current density of 

only 1 mA cm–2. This implies that although a higher amount of reagent is required, the 

productivity of the reaction can be higher, because higher current density results in a 

faster electrolysis. As will be discussed in the mechanism section, t-BuOOH serves a 

dual role as reagent and mediator.[70] The reaction optimization also demonstrated that 

graphite or BDD can be employed as electrode materials, albeit with lower yields. 

 
Figure 60. The test reaction utilized for the optimization of electrochemical allylic oxidation.[43] 

Table 11. Optimization of the test reaction of electrochemical allylic oxidation.[43] 

# Deviation from standard reaction conditions[a] 
yield% 

(selectivity%)[b] 

1 none 35 (55) 

2 NEt4BF4 instead of NaBF4 39 (60) 

3 NBu4PF6 instead of NaBF4 33 (50) 

4 NBu4HSO4 instead of NaBF4 29 (62) 

5 ethyl acetate instead of MeCN[c] 44 (58) 

6 ethanol instead of MeCN 20 (30) 

7 acetone instead of MeCN (1.8 F)[d] 37 (50) 

8 butanone instead of MeCN 39 (59) 

9 5 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 4 F 36 (51) 

10 5 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 4 F, c(1a) = 0.2 mol L–1 51 (70) 

11 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 4 F, c(1a) = 0.2 mol L–1 62 (84) 

12 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 4 F, c(1a) = 0.2 mol L–1, 

BDD electrodes 

45 (62) 

13 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 

4 F, c(1a) = 0.2 mol L–1, butanone instead of MeCN 

62 (90) 

14 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 

4 F, c(1a) = 0.3 mol L–1, butanone instead of MeCN 

56 (81) 

15 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 

4 F, c(1a) = 0.2 mol L–1, butanone instead of MeCN, BDD electrodes 

44 (58) 

16 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 

4 F, c(1a) = 0.2 mol L–1, butanone instead of MeCN, graphite electrodes 

49 (71) 

17 no electricity 0 (–) 

[a] The standard reaction conditions are depicted in Figure 60. [b] The yield and selectivity 

(= yield / conversion) were determined using 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as 

internal standard. [c] The upper terminal voltage limit of the power supply was reached during 

electrolysis, but the desired amount of charge could be fully applied. [d] The upper terminal voltage limit 

of the power supply was reached during electrolysis, and only the specified amount of charge could be 

applied. 
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Scope: Various terpenes, steroids, and derivatives thereof were employed as 

substrates in the electrochemical allylic oxidation of olefins to enones (Figure 61 and 

Figure 62).[43] Because of the reaction mechanism (Figure 65), 4-ketoisophorone 2a 

was obtained as product when employing α-isophorone, β-isophorone, and 2,6,6-

trimethyl-2-cyclohexen-1-one. The highest isolated yield of all terpene-derived 

substrates was obtained for α-cetone, which gave 3- oxo-α-cetone 2k in 52% isolated 

yield. From pinene and (+)-α-limonene, allylic oxidation products 2b and 2c were 

obtained in 15% and 19%, respectively. The electrochemical allylic oxidation of α-

ionone, vinyl-α-ionol, and ethynyl-α-ionol resulted in products 2d, 2e, and 2f in yields 

of 47%, 38%, and 43%, respectively. In comparison, β-ionone, vinyl-β-ionol, and 

ethynyl-β-ionol gave allylic oxidation products 2g, 2h, and 2i in lower isolated yields of 

18%, 16%, and 16%, respectively. (+)-Valencene could be oxidized to 2l in 22% yield. 

(1R)-myrtenyl acetate gave allylic oxidation product 2m in 21% isolated yield. From α-

cedrene, product 2n was isolated with 20%. 

 
Figure 61. Electrochemical allylic oxidation of terpenes and terpene derivatives.[43] 

Stigmasterol acetate was the steroid which gave the highest isolated yield for the allylic 

oxidation 7-ketostigmasterol acetate 4f, which was obtained in 80% yield. 

7- Ketocholesterol 4a, 7-ketocholesteryl acetate 4b, and 7-ketocholesteryl benzoate 4c 

were obtained in yields of 63%, 67%, and 26%, respectively. 7-ketodiosgenin 

acetate 4d and 7-keto-β-sitosterol 4e could be obtained in 45% isolated yield both. 

Both 7-ketopregenolone acetate 4g and 7-dehydroepiandrosterone acetate 4h could 

were isolated in 67% yield. Lower yields were observed for 7-ketomethandriol 4i and 

3-ketolynestrenol 4j, which were obtained in 32% and 17%, respectively. 
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Figure 62. Electrochemical allylic oxidation of steroids and steroid derivatives.[43] 

Unsuccessful Substrates: The electrochemical allylic oxidation of some substrates 

was unsuccessful (Figure 63). While (1R)-myrtenyl acetate gave the allylic oxidation 

product 2m in 21%, the unprotected starting material (1R)-myrtenol u1 gave no 

product. For γ-terpinene u2, no conversion was observed, and the starting material 

was partially recovered after electrolysis. Carvone u3, which is the product of the allylic 

oxidation of limonene, could not be oxidized further. For piperitone u4 no conversion 

was found. 

 
Figure 63. Electrochemical allylic oxidation of terpenes and terpene derivatives.[43] 

Scale-up: To demonstrate the scalability of this method, a 20-fold scale-up of 

cholesteryl acetate 3b was carried out, which gave the product 7-ketocholesteryl 

acetate 4b in 54% isolated yield (Figure 64). Notably, the product could be purified by 

recrystallization, and no column chromatography was required in scale-up. The 

product 4b is an important precursor for the synthesis of vitamin D3.[134] 

 
Figure 64. Electrochemical allylic oxidation of steroids.[43] 
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Mechanism: The proposed reaction mechanism is depicted in Figure 65. t-BuOOH 

serves a dual role as mediator and as reagent (source of oxygen). Initially, t-BuOOH is 

deprotonated by pyridine (abbreviated as Py). The anodic oxidation of t-BuOO– I 

results in radical II, which undergoes hydrogen atom abstraction with the starting 

material III to a radical IV. Intermediate IV combines with another radical II, which 

results in intermediate V, from which t-BuOH is eliminated to form the allylic oxidation 

product VI. Hydrogen evolution reaction occurs at the cathode, regenerating 

pyridine.[119] 

 
Figure 65. Proposed reaction mechanism of the electrochemical allylic oxidation of olefins to enones.[43] 

Conclusion: A simplified approach for the electrochemical allylic oxidation of olefins to 

enones was successfully developed. t-BuOOH serves a dual role as mediator and as 

reagent (source of oxygen). Acetonitrile or butanone can be employed as solvent. Only 

very low concentrations of NaBF4 are required as a comparably inexpensive and safe 

supporting electrolyte, which simplifies scale-up and downstream processing. This 

method does not require perchlorate supporting electrolytes and it avoids the use of 

additional mediators. In total, 25 examples were reported in isolated yields up to 80%. 

Glassy carbon, boron-doped diamond (BDD) or graphite can be employed as electrode 

material. These metal-free reaction conditions are predestined for application in 

medicinal chemistry. The robust scalability of the method was demonstrated in a 20-

fold scale-up of ketocholesteryl acetate, and chromatography could be avoided in 

scale-up. Delicate terpenes and biologically active steroidal derivates are 

functionalized to highly value-added synthetic intermediates. 
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5 Conclusions 

In this PhD thesis, progress in various fields of electrosynthesis was achieved. 

Electrochemical dehydration reactions for the synthesis of carboxylic anhydrides and 

sulfonic anhydrides from the corresponding carboxylic acids and sulfonic acids was 

established. By addition of amines and alcohols, these in-situ electrogenerated 

anhydrides were subsequently transformed into amides, sulfonamides, and sulfonates. 

Such electrochemical dehydration reactions are an underexplored topic of 

electrosynthesis, and these contributions will help to attract more attention to this 

interesting field of research. The recent progress in electrochemical dehydration 

reactions was summarized in a review article. 

An electrochemical multicomponent synthesis of sulfonamides using sulfur dioxide was 

transferred from a divided batch-type cell setup into an undivided flow cell setup using 

single-pass flow. This development simplifies the electrosynthesis of such compounds, 

which are important for medicinal chemistry as well as agriculture, and allows for a 

continuous production process in a flow microreactor. 

To establish a platform for automated electrosynthesis, the LABS system (Laboratory 

Automation and Batch Scheduling) was developed. The associated practical 

challenges were initially analyzed and evaluated by using a phenol cross coupling 

reaction in flow. In another subsequent publication, the electrochemical 

multicomponent synthesis of alkyl arenesulfonates using SO2 in flow was utilized as 

test reaction for benchmarking of the automated setup. In of both projects, the 

experimental aspects, challenges, and requirements were studied, which helped to 

further develop the utilization of laboratory automation for electrosynthesis. 

Lastly, a simplified approach for electrochemical allylic oxidation of olefins to enones 

was established, which represents an important method for late-stage functionalization 

of natural compounds such as terpenes or steroids to highly value-added products, 

such as for example the electrochemical allylic oxidation of cholesterol to 

7- ketocholesterol. 
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6 Outlook 

Electrosynthesis is establishing itself as a 21st century technique, and it’s expected to 

reach a similar level of prevalence in academic and industrial research such as other 

modern trends, for example photoredox catalysis or flow chemistry.[42] Reflecting on 

my work for this PhD thesis, I would like to summarize some remaining ideas for future 

research, which can be used as inspiration for future generations of PhD students. 

6.1 Automated Electrosynthesis using Flow Chemistry 

The field of laboratory automation is growing rapidly,[135] especially in the context of 

latest developments in artificial intelligence and machine learning.[136] However, 

automated electrosynthesis still requires further development.[124] It is of utmost 

importance to continue this development with open-source software, which will allow 

newcomers in the field to adapt to the new technology. Scale-up in electrosynthesis 

should also be carried out via automation. Since scale-up in flow cells is usually carried 

out by using a larger flow cell with a higher electrode surface, automated 

electrosynthesis could investigate the effects of switching to the large flow electrolysis 

cell in scale-up. Downstream processing could also be included in the automated 

setup. Although the focus has been set so far on laboratory automation in flow cells, 

automated electrosynthesis could also be applied to batch-type cells. Further research 

is required to make automated electrosynthesis setup more maintainable. This will 

require more safety mechanisms to be installed such as automated leak detection. It 

has been demonstrated that durable pumps are essential to operate automated 

electrosynthesis with precision and piston pumps or double piston pumps will be the 

most suitable choice. Syringe pumps can be used as well, but it is not trivial to apply 

temperature control to solutions in a syringe pump. The development of automated 

electrosynthesis in flow is inherently linked to the further development of flow cells.[137] 

For example, it is not trivial to design a flow cell which does not leak over a wide 

temperature range because of the thermal expansion. Online analytics such as NMR, 

IR, or Raman spectroscopy could be used for determination of yield and conversion 

in-situ in flow. Such approaches would be much simpler than attempting to use gas 

chromatography (GC) in an automated setup, as it requires a more complex sample 

preparation.[121] Also, electrochemical impedance spectroscopy (EIS) could be utilized 

to analyze changes on the electrode surface.[138] 
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6.2 Electrochemical Dehydration Reactions 

Electrochemical dehydration reactions are a fascinating and underexplored field of 

research within the domain of electrosynthesis, and such transformations have rarely 

been described in literature until now.[103] In principle, every dehydration reaction which 

is currently carried out using conventional dehydration agents such as e.g. P4O10 could 

be achieved by electrochemical dehydration. This means that great inspiration can be 

directly taken from conventional organic chemistry to find new projects in 

electrochemical dehydration. For example, the electrochemical dehydration reaction of 

carboxamides to nitriles could be investigated, or the dehydration of formamides to 

isonitriles (Figure 66). 

 
Figure 66. Ideas for further electrochemical dehydration reactions. 

The future of this field critically depends on the species which acts as the 

electrogenerated dehydration reagent. Ideally, electrochemical dehydration reactions 

could be carried out in a catalytic fashion, where water is eliminated from the 

oxygenated species to electrochemically recover the dehydration reagent again. 

Reagents based on phosphorous are probably not going to work because the P=O 

bond is very difficult to reduce again. Derivatives of thianthrenes could be investigated 

as catalysts for electrochemical dehydration. If a new reagent is found for 

electrochemical dehydration, it would be highly interesting to attempt to introduce steric 

hindrance near the center of reactivity which is used to activate the OH group. This 

way, maybe chemo- and regioselective dehydration reactions could be carried out via 

electrolysis.  

Interestingly, the electrochemical synthesis of cyclic diols using multicomponent 

reactions involving SO2 which was established by the Waldvogel group is also formally 

a dehydration reaction.[116] These reaction conditions have not been applied to other 

electrochemical dehydration reactions. For example, the use of SO2 and bromide for 

the electrochemical dehydration of carboxylic acids to their anhydrides should be 

investigated. Because SO2 and bromide supporting electrolytes are inexpensive and 

simple reagents, this could be another valuable generalized approach to 

electrochemical dehydration reactions. 
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6.3 Electrochemical Multicomponent Reactions of SO2 

The use of SO2 stock solutions for electrochemical multicomponent reactions using 

SO2 incorporation remains an important and fruitful topic for future research.[117] 

Considering the enormous variety of SO2 containing functional groups, the surrogate-

free electrosynthesis of certain structural motifs could be highly interesting.[139] 

6.3.1 Sulfonyl Fluorides 

Of all functional groups which could be synthesized in an electrochemical 

multicomponent reaction with SO2, sulfonyl fluorides (R–SO2–F) are likely those with 

the highest research interest at the moment, because sulfonyl fluorides have 

established themselves as a promising functional group for click chemistry, commonly 

referred to as SuFEx (Sulfur Fluoride Exchange) in the literature.[140] Given the 

enormous importance of click chemistry, electrochemical multicomponent reactions of 

SO2 for the synthesis of sulfonyl fluorides would be a very interesting research project. 

However, the electrosynthesis of sulfonyl fluorides is accompanied by operational 

hazards and challenges. The main problem of fluorine chemistry is that there are really 

only two oxidation states of fluorine which could be utilized: fluorine gas F2 (oxidation 

state 0), and fluorine anion F– (oxidation state –1). Fluorine gas F2 is way too reactive 

to be handled safely, and most reactions involving fluorine gas will involve unwanted 

oxidative breaking of C-C bonds.[141] The problem with fluoride is that it is in general 

very challenging to employ it as a good nucleophile, because its ability to form very 

stable hydrogen bonds lowers its nucleophilicity drastically. One way to approach 

electrochemical multicomponent synthesis of sulfonyl fluorides would be the utilization 

of Olah’s reagent (pyridine with HF) in MeCN with SO2 and pyridine as a base.[142] In 

theory, anodic oxidation should not affect pyridine, fluoride, or SO2. 

 

Figure 67. Proposal for the electrosynthesis of sulfonyl fluorides in an electrochemical 

multicomponent reaction using SO2 stock solutions, pyridine, and Olah’s reagent. 
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This way, the arene could be anodically oxidized to become an electrophile, which is 

attacked by a fluorosulfinate intermediate to form a sulfonyl fluoride.[143] Another 

possible source of fluoride ions would be some triethylamine adduct with HF, but it 

should be noted that Olah’s reagent is likely less sensitive to anodic oxidation 

compared with those triethylamine adducts. Once a suitable combination of reagents 

is found, it could be applied to several substrates to form the corresponding sulfonyl 

fluorides. It should be noted that all HF reagents are highly toxic.[144] 

6.3.2 Sulfonyl Azides 

Another interesting functional group containing SO2 are sulfonyl azides (R–SO2–N3). 

The most prevalent representative of this class of compounds is tosyl azide, which is 

a commonly used reagent for the transfer of a diazo group onto CH-acidic compounds 

(Regitz diazo transfer).[145] The obtained diazo carbonyl compounds can then for 

example be irradiated to obtain a carbene, which then undergoes a ~[1,2] migration, 

commonly known as Wolff-rearrangement.[146] This is used for homologation reactions 

of carboxylic acids, which itself is known as the Arndt-Eistert-reaction.[147] 

Conventionally, sulfonyl azides are generated by substitution of a sulfonyl halide with 

azide anion. Since azides and sulfonyl azides can be explosive, it would be interesting 

to generate sulfonyl azides in-situ by using an electrochemical multicomponent 

reaction with SO2 and tetrabutylammonium azide, and to employ the in-situ generated 

sulfonyl azides directly in some subsequent reaction, for example, in click chemistry 

for the synthesis of N-sulfonyl-1,2,3-triazoles.[148] No electrochemical multicomponent 

reaction involving azides and SO2 have been reported yet. Maybe this can be 

developed as a four-component reaction in one step. 

 

Figure 68. Proposal for the electrosynthesis of N-sulfonyl-1,2,3-triazoles by in-situ generation of 

sulfonyl azides, followed by quenching via click chemistry. Another isomer is possible as product. 
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6.3.3 Primary Sulfonamides 

So far, attempts to use the electrochemical multicomponent reaction with SO2 for the 

synthesis of primary sulfonamides (R–SO2–NH2) have been unsuccessful. This is 

mainly because ammonia cannot be utilized with SO2 stock solutions easily, as it leads 

to various side reactions.[149] It could be possible to synthesize sulfonyl azides in an 

electrochemical multicomponent reaction using SO2, and then to cleave the azide 

group by eliminating N2, so that a primary sulfonamide remains. The product of a 

Regitz diazo group transfer reaction is a primary sulfonamide. Maybe the 

electrosynthesis of sulfonyl azides could be accompanied by an in-situ diazo transfer 

reaction, which produces for example a diazo carbonyl compound and a primary 

sulfonamide, thereby making two value-added products in one step. 

 

Figure 69. Proposal for the electrosynthesis of sulfonyl azides and subsequent in-situ Regitz diazo 
transfer reaction onto CH-acidic compounds. Such a reaction would allow for the synthesis of diazo 
carbonyl compound, which will undergo further reactions, and it would also give access to primary 
sulfonamides, which have not yet been reported by electrochemical multicomponent synthesis of SO2. 

6.3.4 Asymmetric Sulfamides 

So far, only symmetrical sulfamides with identical substituents (R–NH–SO2–NH–R) 

have been synthesized by electrochemical multicomponent reaction using sulfur 

dioxide.[112] Asymmetric sulfamides (R1–NH–SO2–NH–R2) have not yet been 

attempted. An electrochemical multicomponent reaction involving SO2 and two amines 

could lead to a product mixture of three different sulfamides, and it would be interesting 

how different concentrations of amines and other reaction conditions affect the product 

distribution. 

6.3.5 Sulfonamides and Sulfonates of Electron-Deficient Arenes 

The electrochemical multicomponent synthesis of sulfonamides and sulfonates 

developed by the Waldvogel group is currently limited to very electron-rich arenes and 

further work is required to overcome this limitation. 
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6.3.6 Liquid SO2 as a Medium for Electrosynthesis 

Liquid SO2 has been well established as a medium for analytical chemistry.[150] 

However it has not yet been utilized for synthetic organic electrochemistry.[151] It should 

also be emphasized that while SO2 is very stable towards anodic oxidation,[152] it is 

easily reduced cathodically.[153] Liquid SO2 can be utilized as medium for cyclic 

voltammetry (CV) studies because of its very large window of electrochemical stability 

for anodic oxidation.[154] Liquid SO2 is known to have stabilization effects on radical and 

cationic intermediates.[153] Furthermore, it offers a high solubility for a wide range of 

compounds, even inorganic salts which could be utilized as supporting electrolytes.[155] 

Because SO2 is easy to liquify at –10 °C under ambient pressure, one could imagine 

an electrosynthetic reaction in which SO2 can be recovered from the electrolyte 

solution after the electrolysis has finished. However, the development of a containment 

system would be necessary to handle liquid SO2 safely. 

6.3.7 Cathodic Reduction of SO2 for Mediated Reductions 

The exact composition of the products of the cathodic reduction of SO2 are not well 

studied. While the initial cathodic reduction leads to the formation of a SO2 radical 

anion, likely followed by its dimerization to dithionite, further reactions are certainly 

possible. In addition to this, the product of this cathodic reduction has rarely been 

utilized so far. Usually, cathodic reduction of SO2 is favored because it is a method to 

suppress hydrogen evolution reaction (HER) at the cathode.[150,153] The dithionite which 

is accumulating because of the cathodic reduction of SO2 during electrosynthetic 

transformation could maybe be utilized as an electrogenerated reducing agent. It 

should also be noted that for reactions which involve SO2 incorporation, the cathodic 

reduction of SO2 can be considered an unwanted side reaction because it lowers the 

SO2 concentration in the electrolyte reaction solution. This is the reason why all 

electrochemical SO2 multicomponent reactions usually employ an excess of SO2 in 

solution.[117] So far, the electrochemical synthesis of cyclic diols is the only 

electrochemical multicomponent reaction using SO2 which utilizes the dithionite that is 

produced by cathodic reduction of SO2, as it serves in the non-electrochemical 

reduction of the hypobromite.[116] As mentioned earlier, this is not only an example of 

the utilization of the product of cathodic reduction of SO2, but it also could be a versatile 

system for electrochemical dehydration reactions in general. 
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6.3.8 Sulfones 

Attempts to carry out an electrosynthesis of sulfones (R1–SO2–R2) via electrochemical 

multicomponent synthesis using SO2 have been unsuccessful so far. Further work is 

required here as well. Sulfones are also interesting functional groups in medicinal 

chemistry.[156] 

6.3.9 Sulfonylureas 

Sulfonylureas (R1–SO2–NH–(C=O)–NH–R2) represent an important class of 

compounds in medicinal chemistry.[157] Formally, they are sulfonamides of urea 

derivatives. The electrochemical multicomponent synthesis of sulfonyl ureas has so far 

been unsuccessful, likely because urea is not a suitable nucleophile for the formation 

of amidosulfinate intermediates.[113] 

6.3.10 Electrosynthesis involving Cheletropic Reactions of SO2 

It should be noted that SO2 is a molecule which can undergo a special case of pericyclic 

reaction which are called cheletropic reactions.[158] Cheletropic reactions can either be 

cycloadditions or cycloreversions, and they are characterized by pericyclic movement 

of electrons which starts and ends at the same atom.[159] Cheletropic reactions of SO2 

are usually reversible. While such a cheletropic reaction is not directly linked to 

electrosynthesis, one could envision a reaction where a cheletropic reaction is part of 

a key step. For example, the reaction of SO2 with a conjugated diene system could 

lead to a sulfone, which could undergo further electrochemical functionalization.  

6.4 Electrosynthesis of Selenium Compounds 

Similar to organosulfur chemistry,[160] the chemistry of organoselenium compounds has 

attracted significant attention in recent years.[161] It is known that selenium can in 

principle show similar structural motifs as sulfur. For example, just like sulfoxides, 

selenoxides exist. In contrast to sulfur, selenium has the major advantage of being an 

element which is easy to measure NMR spectroscopy with.[162] Since SeO2 is a much 

stronger oxidant than SO2,[163] electrochemical multicomponent reactions using SeO2 

seem unlikely to be achievable under these conditions. It should be noted that the 

Waldvogel group investigated SeO2 as reagent for oxidative coupling reactions.[164] 
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6.5 Electrochemical Allylic Oxidation 

Allylic oxidation remains an important transformation in synthetic organic chemistry, 

which is still attracting much research interest from various fields of organic 

synthesis.[43] While the results published by the Waldvogel group justify the use of 

t- BuOOH as oxidant,[43] it would be beneficial to utilize air for allylic oxidation, as it is 

the most inexpensive oxidizing agent. However, attempts to carry out such a reaction 

have been unsuccessful so far. Challenges are the comparably low solubility of oxygen 

in MeCN, and the evaporation of solvent when passing a gas through the electrolysis 

cell. The electrochemical allylic oxidation developed by the Waldvogel group should be 

attempted in flow to systematically optimize the reaction, which still shows only limited 

yield for some substrates.[43] 

6.6 Electrosynthesis of Aminocrotonitriles 

In the research module internship of Simón Töller, an interesting electrosynthesis of 

aminocrotonitriles was observed when attempting the electrochemical dehydration of 

sulfonic acids (Figure 70). Such aminocrotonitriles (β- enaminonitriles) are highly 

interesting building blocks for the synthesis of heterocycles.[165] The reaction product 

has been fully characterized, including crystal structure analysis. Determination of yield 

is not trivial, because it is not certain what the limiting component of this reaction is. It 

is likely that acetonitrile undergoes electrochemical dimerization to diacetonitrile. 

Further research is required to investigate this interesting reaction.[166] It should be 

noted that the reaction conditions are different from the electrochemical dehydration of 

sulfonic acids to their anhydrides which was published later.[109] 

 

Figure 70. Electrochemical synthesis of aminocrotonitriles. The crystal structure was determined by 

Dr. Dieter Schollmeyer, Mainz University. 
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6.7 Closing Remarks 

One of the most fascinating advantages of electrosynthesis is the fact that some 

electrosynthetic transformations do not have an analogy in conventional organic 

synthesis. One reason for the interesting and unique reactivity that electrosynthesis 

has to offer is its link to single electron transfer and the domain of radical chemistry.[3] 

This means that electrosynthesis is not just an alternative to already established 

methods, but it should be viewed as a first-class approach for all kind of chemical 

transformations. This also implies that there is a plethora of fascinating and useful 

electro-organic transformations that are yet to be discovered, simply because they 

have not been attempted so far.[7–9] 

Furthermore, it is astonishing that electrosynthesis has a proven record of being the 

key breakthrough technology for chemical reactions which are very difficult – if not 

impossible – to achieve by other techniques.[167] To this day, there are still countless 

open problems and unsolved challenges in synthesis and other areas of chemistry, 

and interestingly, there are only very few systematic and comprehensive lists of these 

open problems.[168] It is possible the fact that some problems in chemistry are still 

unsolved and the fact that electrosynthesis has not been considered as a solution to 

those problems is actually not a coincidence. It could be that those problems are still 

open is being merely caused by the circumstance that they have not been approached 

by electrochemical methods so far, and electrochemistry will be the appropriate tool to 

solve them. Such a reversed way of thinking could lead to countless new discoveries 

in electrosynthesis, which implies that it will continue to establish itself as a 21st century 

technique.[6] 
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8 Appendix 

8.1 Utilized Software and Tools 

For writing of the publications and this dissertation, the following tools were utilized: 

• Microsoft Word for writing of the dissertation as well as for the writing of the 

manuscripts and the associated Supporting Information (SI) files. 

• Microsoft Excel for data analysis and curation. 

• Microsoft PowerPoint for creation of presentations. 

• Microsoft Teams for discussion of results with colleagues. 

• MestreNova 14.3.2 for the analysis of NMR spectra. 

• Citavi 7 for management of literature references. 

• ChemDraw 20.0.0.41 for creating structural formulas and schemes. 

• Minitab 21 for Design of Experiments (DoE). 

• OPSIN parser for checking the systematic names of chemical structures. 

• Paint.NET 5.1.8 for image editing. 

• Adobe Reader 2025 for reading and annotating PDF files. 

• Origin 7.5 for data analysis and visualization. 

• Inkscape 1.4.2 for editing of vector graphics (SVG). 

• Python 3 for programming of laboratory automation. 

• Visual Studio Code 1.101.1 as a general-purpose text editor. 

• www.dict.cc was used as a dictionary. 
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8.2 List of Abbreviations 

APIs  Active Pharmaceutical Ingredients 

AC  Alternating Current 

ANOVA Analysis of Variance 

BDD  Boron-Doped Diamond 

BMIMSCN 1-Butyl-3-methylimidazolium thiocyanate 

BPR  Back Pressure Regulator 

C  Coulomb 

CCD  Central Composite Design 

CCE  Constant Current Electrolysis 

CE  Counter Electrode 

CPE  Constant Potential Electrolysis 

CV  Cyclic Voltammetry 

CVD  Chemical Vapor Deposition 

DC  Direct Current 

DCM  Dichloromethane 

DIPEA N,N-Diisopropylethylamine 

DMAP  4 -(Dimethylamino)pyridine 

DMC  Dimethyl Carbonate 

DMSO Dimethyl Sulfoxide 

DoE  Design of Experiments 

EMIMSCN 1-Ethyl-3-methylimidazolium thiocyanate 

equiv.  Equivalents 

F  Faraday Constant, 96485 C / mol 

FDA  United States Food and Drug Administration 

FFD  Fractional Factorial Design 

FFKM  Perfluoroelastomer 

GC  Gas Chromatography 

HER  Hydrogen Evolution Reaction 
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HFIP  1,1,1,3,3,3-Hexafluoroisopropanol 

HOMO Highest Occupied Molecular Orbital 

HPLC  High Performance Liquid Chromatography 

IP  Intellectual Property 

IR  Infrared 

j  Current Density [mA cm–2] 

LABS  Laboratory Automation and Batch Scheduling[120] 

LC-MS Liquid Chromatography Mass Spectrometry 

LUMO  Lowest Unoccupied Molecular Orbital 

MeCN  Acetonitrile 

NMR  Nuclear Magnetic Resonance 

OVAT  One Variable at a Time 

PC  Propylene Carbonate 

RE  Reference Electrode 

RVC  Reticulated Vitreous Carbon 

SET  Single Electron Transfer 

SI  Supporting Information 

SM  Starting Material 

SVG  Scalable Vector Graphics 

TBS  tert-Butyldimethylsilyl ethers (protective group) 

THF  Tetrahydrofuran 

WE  Working Electrode 
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8.3 Attended Conferences, Posters, and Presentations  

 
German Japanese Symposium of Electrochemistry (GJSE) 2022 

October 1st – 2nd, 2022, Mainz University 

Poster: “Electrochemical Synthesis of Carboxylic Anhydrides from Carboxylic Acids” 

Authors: J. Schneider, A. P. Häring, D. Pollok, B. R. Strücker, V. Kilian, S. R. Waldvogel. 

 

International Shellac Symposium in Mainz (ISSM) 2023 

October 17th –18th, 2023, Max-Planck-Institute for Polymer Research 

(No poster or presentation contributed) 

 

Electrifying Technical Organic Syntheses (ETOS) PhD School 2024 

September 23rd – 25th, 2024, Haus Saron, Wildberg 

Presentation: “Automated electrosynthesis of sulfonates in flow” (E-SCOPE 2.0) 

Authors: J. Schneider, A. H. J. Lohmann, F. A. Breitschaft, D. F. Nater. 

Date of presentation: September 24th, 2024. 

 

Electrifying Technical Organic Syntheses (ETOS) Symposium 2024 

October 1st – 2nd, 2024, Max Planck Institute for Chemical Energy Conversion  

Poster: „Automated Optimization of the Synthesis of Alkyl Arenesulfonates in an 
Undivided Electrochemical Flow Cell“ 

Authors: A. H. J. Lohmann, J. Schneider, S. R. Waldvogel. 

 

Winter School of Synthetic Organic (Electro)-Chemistry 2023 

Jan 22nd – 27th, 2023, Kleinwalsertal (KWT), Hirschegg (Austria) 

Presentation: „Electrochemical Synthesis of Cyclic Anhydrides“ 

Author: J. Schneider, date of presentation: Jan 23rd, 2023. 

 

Winter School of Synthetic Organic (Electro)-Chemistry 2024  

Jan 21st – 27th, 2024, Kleinwalsertal (KWT), Hirschegg (Austria) 

Presentation: „Progress in electrochemical dehydration reactions and sulfur dioxide 
multicomponent reactions in flow“ 

Author: J. Schneider, date of presentation: Jan 23rd, 2024. 

 

Winter School of Synthetic Organic (Electro)-Chemistry 2025 

Jan 12th – 18th, 2024, Kleinwalsertal (KWT), Hirschegg (Austria) 

Presentation: „A simplified approach for electrochemical allylic oxidation of olefins“ 

Author: J. Schneider, date of presentation: Jan 14th, 2025. 
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8.4 Supervised Students and Courses 

 

Summer Semester 2022 at Mainz University 

Praktikum Elektrochemie (Prof. Dr. Siegfried R. Waldvogel) 

Praktikum Allgemeine Chemie (Dirk Beyelstein, Dr. Rudolf Robelek, Dr. Luca Carella) 

 

Summer Semester 2023 at Mainz University 

Praktikum Elektrochemie (Prof. Dr. Siegfried R. Waldvogel) 

 

Winter Semester 2023/24 at Mainz University 

Praktikum Organische Chemie für Fortgeschrittene (Prof. Dr. Heiner Detert) 

 

Forschungsmodul of Simón Pablo Guerrero Töller 

May 6th – June 16th, 2024, Mainz University 

“Studies towards New Electrochemical Dehydration Reactions“ 

Date of report submission to Prof. Dr. S. R. Waldvogel: September 27th, 2024. 

 

Forschungsmodul of Mtanios Ateyeh 

October 16th – November 29th, 2024, Mainz University 

“Studies Towards New Electrochemical Dehydration Reactions And Experiments On 
The Synthesis Of Aminocrotonitriles” 

Date of report submission to Prof. Dr. S. R. Waldvogel: March 11th, 2025. 

 

8.5 Curriculum Vitae 

Aug 10th, 1994     born in Dahn 
2001–2005      Grundschule Sauertal, Fischbach bei Dahn  
2005–2014       Otfried-von-Weißenburg-Gymnasium Dahn  
March 29th, 2014      Abitur  
2014–2020       Bachelor studies in Chemistry at Mainz University  
2018        Tutor for Physical Chemistry under Prof. Dr. A. Kühnle  
2019-2021       Tutor for Physical Chemistry under Prof. Dr. Sebastian Seiffert 
2020       Tutor for Organic Chemistry 1 under Prof. Dr. H. Frey 
2019–2022       Master studies in Chemistry at Mainz University  
Oct 2020–Nov 2020    Internship in the Waldvogel Group  
Feb 2022–Aug 2025    PhD studies (Waldvogel Group, Mainz University) 

 

Johannes Schneider 

Mainz, Aug 28th, 2025  
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8.6 Supporting Information of Publications 

Pages Publication 

166–225 A. P. Häring, D. Pollok, B. R. Strücker, V. Kilian, J. Schneider, S. R. 

Waldvogel, Beyond Kolbe and Hofer-Moest: Electrochemical Synthesis 
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226–257 M. M. Hielscher,‡ M. Dörr,‡ J. Schneider, S. R. Waldvogel, LABS: 

Laboratory Automation and Batch Scheduling – A Modular Open Source 

Python Program for the Control of Automated Electrochemical Synthesis 

with a Web Interface, Chem. Asian J. 2023, 18, e2023003. 

DOI: 10.1002/asia.202300380, CC BY 4.0. 
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Materials and Methods 

Chemicals 

All carboxylic acids, supporting electrolytes, solvents, and additives were used as received from commercial suppli-

ers. For all experiments under ambient conditions, HPLC grade acetonitrile was used. For electrolysis under inert 

conditions, anhydrous acetonitrile was prepared by refluxing 500 mL acetonitrile with 1 g phosphorous pentoxide 

for 30 min, distilling it off under a nitrogen atmosphere, and storing it over activated 3 Å molecular sieves in the 

dark. 

Gas Chromatography (GC-FID/GC-MS) 

A GC-2010 (Shimadzu, Japan) equipped with a flame ionization detector (detector temperature: 583 K) was used 

for quantitative analysis. A GC-2010 in combination with a GCMS-QP2010 mass spectrometer (both Shimadzu, 

Japan) was used for qualitative analysis. Both gas chromatographs were equipped with a quartz capillary column 

ZB-5 (Phenomenex, USA, length: 30 cm, inner diameter: 0.25 mm, layer thickness of stationary phase: 0.25 μm, car-

rier gas: hydrogen, stationary phase: (5%-phenyl)methylpolysiloxane). For both, the following temperature program 

was used: 1 min@323 K, 15 K/min to 563 K, 8 min@563 K. 

High Resolution Mass Spectrometry (ESI-MS/APCI-MS) 

High resolution m/z were measured on a G6545A Q-ToF mass spectrometer (Agilent, Germany) with electrospray 

ionization (ESI) or chemical ionization at atmospheric pressure (APCI). The sample was introduced via a 1260 Infinity 

II HPLC system (Agilent, Germany) equipped with a G7111B 1260 Quaternary Pump, a G7129A 1260 Vialsampler, 

and a G7116A 1260 Multicolumn Thermostat. The mass calibration was performed on the day of the measurement 

using an external standard. The mass accuracy of the measurement is better than 5 ppm. 

NMR Spectroscopy 

NMR spectra were recorded on Avance III HD 300, Avance II 400, or Avance III 600 (Bruker, Germany) spectrometers. 

Chemical shifts are given as δ-values in ppm and are referenced to the residual proton signal of the deuterated 

solvent (CDCl3: 1H, s, 7.26 ppm; 13C, t, 77.1 ppm; DMSO-d6: 1H, p, 2.50 ppm; 13C, hept, 39.5 ppm. Coupling constants 

J are given in Hz. Multiplicities are abbreviated as: s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), hept 

(heptet), m (multiplet), dd (doublet of doublets), ddd (doublet of doublets of doublets). Data analysis was done 

with MestReNova (Ver. 14.2, Mestrelab Research S.L., Spain). 

IR Spectroscopy 

IR spectra were recorded on an Alpha spectrometer (Bruker, Germany) using ATR. 

Electrolysis Setup 

Experiments up to 5 mL electrolyte volume were carried out under ambient atmosphere in undivided beaker-type 

cells made from Teflon® developed by the Waldvogel lab.[1] Dimensions of the electrodes are 7 cm × 1 cm × 0.3 cm. 

The electrodes were cleaned with water and acetone after each use and sanded in case of strongly adhesive resi-

dues. The immersion depth into 5 mL electrolyte is 1.7 cm and 0.9 cm into 3 mL electrolyte volume. The current 

density is given in mA/cm². The current set at the galvanostat is calculated as I [mA] = j [mA/cm²] × A [cm²]. The 

system including a magnetic stirrer, the electrolysis cells, and the galvanostat is commercially available from IKA®-

Werke GmbH & CO. KG, Germany. For larger volume experiments, undivided beaker-type glass cells developed by 

the Waldvogel lab were used.  
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Optimization 

Optimization of carboxylic anhydride yield was performed with isobutyric acid (1h, 99.0%). The yield was deter-

mined via 1H NMR (general procedure A, see experimental data) using 1,3,5-trimethoxybenzene (98.0%) as absolute 

internal standard, or via GC (general procedure B) using dibutyl fumarate (4% in DMF) as relative internal standard. 

Both methods have the same error of measurement. 

Anode Material 

 

Figure S1: Reaction conditions: X||stainless steel, 0.7 M isobutyric acid (1h), 0.1 M KSCN, 5.0 mL MeCN, 1.1 F, 

50 mA/cm², GC yields; X||Pt, 1.0 M isobutyric acid (1h), 0.1 M KSCN, 5.0 mL MeCN, 1.2 F, 50 mA/cm², NMR yields; 

X||stainless steel, 1.0 M isobutyric acid (1h), 0.1 M KSCN, 5.0 mL MeCN, 1.2 F, 50 mA/cm², GC yields. 

Cathode Material 

 

Figure S2: Reaction conditions: graphite||X, 1.0 M isobutyric acid (1h), 0.1 M KSCN, 5.0 mL MeCN, 1.2 F, 

50 mA/cm², GC yields; BDD||X, 1.0 M isobutyric acid (1h), 0.1 M KSCN, 5.0 mL MeCN, 1.2 F, 50 mA/cm², GC yields. 

0

10

20

30

40

50

60

70

80

90

100

graphite BDD DSA glassy carbon Pt

y
ie

ld
 (

2
h

) 
[%

]

0

10

20

30

40

50

60

70

80

90

100

Cu Cu wire graphite Pt stainless

steel

Nb

y
ie

ld
 (

2
h

) 
[%

]

2h 

2h 

170



SUPPORTING INFORMATION          

5 

 

Supporting Electrolyte 

 

Figure S3: Reaction conditions: BDD||Pt, 1.0 M isobutyric acid (1h), 0.1 M supporting electrolyte, 5.0 mL MeCN, 

1.2 F, 50 mA/cm², GC yields; BDD||Pt, 1.0 M isobutyric acid (1h), 0.05 M KSCN + 0.1  M X, 5.0 mL MeCN, 1.2 F, 

50 mA/cm², GC yields; graphite||stainless steel, 0.7 M isobutyric acid (1h), 0.1 M KSCN, 5.0 mL MeCN, 1.1 F, 

50 mA/cm², NMR yield; BDD||stainless steel, 0.7 M isobutyric acid (1h), 0.1 M supporting electrolyte, 5.0 mL MeCN, 

1.1 F, 50 mA/cm², NMR yields. 

Carboxylic Acid Concentration 

 

Figure S4: Reaction conditions: graphite||stainless steel, 0.1 M KSCN, 5.0 mL MeCN, 1.1 F, 50 mA/cm², circles: GC 

yields, squares: NMR yields. 
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Supporting Electrolyte Concentration 

 

Figure S5: Reaction conditions: graphite||stainless steel, 0.7 M isobutyric acid (1h), 5.0 mL MeCN, 1.0 F, 

50 mA/cm², GC yields. 

Amount of Applied Charge Q [F] 

 

Figure S6: Reaction conditions: graphite||stainless steel, 0.7 M isobutyric acid (1h), 0.1 M KSCN, 5.0 mL MeCN, 

50 mA/cm², circles: GC yields, squares: NMR yields. 
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Current Density j [mA/cm²] 

 

Figure S7: Reaction conditions: graphite||stainless steel, 0.7 M isobutyric acid (1h), 0.1 M KSCN, 5.0 mL MeCN, 

1.0 F, GC yields. 
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Mechanistic Studies 

Analysis of Gaseous By-products 

Valeric acid (1d, 98.0%, 9.9 mL, 89 mmol, 0.89 M) and KSCN (0.972 g, 0.10 M) were dissolved in MeCN (100 mL) in 

an undivided glass cell equipped with a graphite anode and stainless steel cathode (active electrode area: 18 cm²). 

The electrolyte was degassed for 10 min by purging it with a stream of dry N2. The headspace of the electrolysis 

chamber was purged with a slow stream of dry N2 throughout the experiment. The mixture was electrolyzed at 

80 mA/cm² and 288 K. The exhaust gas from the electrolysis cell was carried through two bubble counters in series 

(Figure S8), which were empty at the beginning of the electrolysis. After start of the electrolysis, the bubble counters 

were purged with the exhaust gas for 10 min. Each bubble counter was then filled under countercurrent from the 

electrolysis cell with 10 mL of a solution of pyrogallol (2.5 mg/mL) in aqueous 1 M NaOH, which was prepared under 

inert conditions. Until the end of the electrolysis after 1.1 F, no staining was visible in the bubble counters. Shortly 

after the end of the electrolysis, the N2-stream was stopped. The solution in the right bubble counter (Figure S8) 

immediately started turning brown due to diffusion of air into the solution. 8 min after stopping the N2-stream, the 

tubing from the electrolysis cell to the left bubble counter was removed. The solution in the left bubble counter 

immediately started turning brown (Figure S8, bottom right). We conclude that no O2 is formed in the electrolysis 

cell. 

 

Figure S8: Analysis of gaseous by-products formed during electrolysis of valeric acid (1d). 

Electrolysis with Addition of Water 

The electrolysis of valeric acid (1d) was performed with addition of water to gain insight on the reaction mechanism 

(Table S1). Analogous to general procedure C, valeric acid (1d, 0.9 M) and KSCN (0.35 M) were dissolved in MeCN, 

and a defined amount of water was added. The mixture was electrolyzed, and the yield of valeric anhydride (2d) 

was determined via GC. As expected, the yield of 2d is lower in the presence of water. Importantly, water does not 

Exposed to airN2

>10 min~2 min

Air
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suppress the anhydride formation but only slows it down. If the amount of charge is increased, the anhydride yield 

increases too. The reaction can be considered self-drying since any water present at the beginning will react with 

the anhydride and form the acid again. We conclude that anhydrous conditions are not necessary, but the reaction 

can be run under ambient conditions. 

Table S1: Electrolysis of valeric acid (1d) with addition of water; Reaction conditions: graphite||stainless steel, 

0.35 M KSCN, 5.0 mL MeCN, 80 mA/cm², GC yields. 

  

# H2O [equiv.] Q [F] Yield 2d [%] 

1 0.25 1.1 28 

2 0.25 1.6 46 

3 0.50 1.1   9 

4 0.50 1.35 18 

 

In situ-NMR Study 

Isobutyric acid (1h, 99.0%, 0.47 mL, 5.0 mmol, 1.0 M) and KSCN (49 mg, 0.10 M) were dissolved in D3CCN (5.0 mL) 

in an undivided Teflon cell equipped with a BDD anode and Pt cathode (active electrode area: 1.7 cm²). The mixture 

was electrolyzed at 50 mA/cm². Four aliquots of 0.2 mL each were taken consecutively from the electrolyte after 

0.33 F, 0.75 F, 1.1 F, and 1.2 F. To each aliquot, one drop of dibromomethane (99%) and 0.35 mL D3CCN were added. 

1H NMR spectra were recorded within 1 h after the aliquot was taken from the electrolyte. 13C NMR spectra were 

recorded within 12 h after end of the electrolysis. No stoichiometric by-product is visible in any of the recorded 

spectra (Figure S9, Figure S10). 
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Figure S9: In situ-1H NMR of the electrolysis of isobutyric acid (1h). 

 

Figure S10: In situ-13C NMR of the electrolysis of isobutyric acid (1h). 
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Cyclic Voltammetry 

 

Figure S11: Cyclic voltammetry of 10 mM KSCN and 10 mM valeric acid (1d) in MeCN; Working electrode: BDD, 

1 mm²; Counter electrode: Pt coil; Reference electrode: Ag/AgCl in EtOH/sat. LiCl; Sweep rate: 0.2 V/s. 

Electrolysis in a Divided Cell 

Divided cells made from Teflon® with a ceramic frit as separator[1] were used to study the anodic reaction separately 

from the cathodic one. Each compartment was charged with KSCN (136 mg, 0.35 M), valeric acid (1d, 98.0%, 0.31 mL, 

2.8 mmol, 0.70 M), and MeCN (4.0 mL). A graphite anode and stainless steel cathode were immersed into the cell, 

and the mixture was electrolyzed at 50 mA/cm² until 0.92 F had passed. During electrolysis, the cell voltage rose 

quickly to 32 V, the maximum output voltage of the used galvanostat, and consequently the current density 

dropped (Figure S14). In the anodic compartment, an orange solid was formed (Figure S15), which covered the 

anode completely. The anolyte was analyzed analogously general procedure A (Figure S12). No valeric anhydride 

(2d) was detected (ISTD: 27.9 mg ethylene carbonate (99%)). The conversion of 1d was 1%. 

Following the same procedure but changing 1d in the anodic compartment to tetramethylammonium valerate 

(491 mg, 2.8 mmol, 0.70 M) gave a similar result (Figure S13). 2d was obtained in 7% yield (ISTD: 28.4 mg ethylene 

carbonate (99%)). The conversion of 1d was 23%. 

The orange solid was filtered off and washed with H2O and MeOH. The IR absorptions of the dried sample match 

those of (SCN)x (Figure S15).[2] 

The experimental data suggest that the formation of the anhydride is a convergent paired electrolysis. No or only 

little anhydride is formed in a divided cell. Instead, the oxidation of SCN- to (SCN)x becomes the main reaction in 

the anodic compartment. The small amount of anhydride formed with tetramethylammonium valerate can be ex-

plained by imperfect separation of the two half cells. The experiment did not reveal the electroactive species on the 

anode. 
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Figure S12: 1H NMR of the crude anolyte from electrolysis of valeric acid (1d) in a divided cell; 400 MHz, 296 K. 

 

Figure S13: 1H NMR of the crude anolyte from electrolysis of tetramethylammonium valerate in a divided cell; 

400 MHz, 296 K. 
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Figure S14: Cell voltage and current density during the electrolysis of 1d (a), and tetramethylammonium valerate 

(b) in a divided cell. 

 

Figure S15: IR spectrum of (SCN)x formed during electrolysis of 1d or tetramethylammonium valerate in the an-

ode compartment of a divided cell. 
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Experimental Procedures 

General Procedure A 

The supporting electrolyte and the starting material 1 were dissolved in MeCN in an undivided Teflon cell with a 

magnetic stirrer. A graphite anode and stainless steel cathode were immersed into the solution, and the mixture 

was electrolyzed without temperature control. An internal standard (ISTD) was added and the mixture was stirred 

for 5 min. An aliquot of 0.5–0.6 mL of the mixture was evaporated, and the residue was suspended in 0.5–0.6 mL 

CDCl3. The suspension was filtered through a cotton plug into an NMR tube. The yield was determined via 1H NMR 

with the following formula: 

 
         

 [%] = 
    ×       ×            ×        g  × z    

z          ×       ×         o   ×        
g

 o 
⁄

 

0.980  purity of 1,3,5-trimethoxybenzene 

168.19 g/mol molecular weight of 1,3,5-trimethoxybenzene 

Ix   surface integralNMR (x) 

zx  number of protons (x); in case of inverse-gated 13C NMR: number of carbon atoms 

(x) 

General Procedure B 

The supporting electrolyte and the starting material 1 were dissolved in MeCN in an undivided Teflon cell with a 

magnetic stirrer. A graphite anode and stainless steel cathode were immersed into the solution, and the mixture 

was electrolyzed without temperature control. The reaction mixture was transferred to a round-bottom flask and 

evaporated. Dibromomethane (99%) was added as internal standard (ISTD) and the mixture was shaken for 30 s. 

Ca. 30 mg of the mixture were dissolved in 0.5–0.6 mL CDCl3. The yield was determined via 1H NMR with the fol-

lowing formula: 

 
         

 [%] = 
    ×      ×            ×        g  × z    

z          ×       ×         o   ×        
g

 o 
⁄

 

0.99  purity of dibromomethane 

173.83 g/mol molecular weight of dibromomethane 

Ix   surface integralNMR (x) 

zx  number of protons (x); in case of inverse-gated 13C NMR: number of carbon atoms 

(x) 

General Procedure C 

The supporting electrolyte and isobutyric acid (1h, 99%) were dissolved in 5.0 mL MeCN in an undivided Teflon cell 

with a magnetic stirrer. The electrodes were immersed into the solution, and the mixture was electrolyzed without 

temperature control. 0.50 mL Dibutyl fumarate (4% in DMF) were added as internal standard (ISTD), and the mixture 

was stirred for 5 min. The mixture was added to 10 mL saturated aqueous NaHCO3, and the mixture was shaken for 

10 s. 0.8–1.0 mL of the organic phase were filtered through a plug of silica. 0.2 mL of the filtrate were diluted with 

1 mL MeCN, and the yield was determined via GC-FID with the following formula: 

 
2h
 [%] = √

 2h

       ×      

      

× 
  g ×       

g
 o 

⁄

  × V1h   L  ×       ×      
g

 L⁄ ×        
g

 o 
⁄

 

88.11 g/mol molecular weight of isobutyric acid 

158.19 g/mol molecular weight of isobutyric anhydride (2h) 
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0.95 g/mL  density of isobutyric acid (1h) 

0.990  purity of isobutyric acid (1h) 

Ix   surface integralgc (x) 

The calibration curve was created as a power function Ianhydride/IISTD = a × manhydride
b from five calibration points. The 

error of measurement was calculated as the mean deviation of six control points. For the calibration and control 

points, a defined amount of isobutyric anhydride (2h, 97%) was dissolved in 5.0 mL MeCN. 0.50 mL Dibutyl fumarate 

(4% in DMF) were added as internal standard, and the mixture was stirred for 5 min. 0.2 mL of the solution were 

diluted with 1 mL MeCN and measured three times (calibration points) or once (control points).  

 

Figure S16: Calibration curve for isobutyric anhydride (2h). 

Acetic Anhydride (2a) 

Following general procedure A, electrolysis of acetic acid (1a, 100%, 0.35 mL, 6.1 mmol, 1.2 M) at 50 mA/cm² with 

KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave acetic anhydride (2a) in 37% yield after 1.1 F 

(ISTD: 43.6 mg 1,3,5-trimethoxybenzene (98.0%)). 

GC tR = 1.947 min; tR (acetic anhydride (2a), authentic sample) = 1.949 min. 

1H NMR (400 MHz, CDCl3) δ 2.13 (s, 6H) ppm. 

The analytic data is in agreement with previously reported data.[3] 
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Figure S17: 1H NMR of the crude mixture from electrolysis of acetic acid (1a); 400 MHz, 296 K. 

Propionic Anhydride (2b) 

Following general procedure B, electrolysis of propionic acid (1b, 99%, 0.38 mL, 5.0 mmol, 1.0 M) at 50 mA/cm² with 

KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave propionic anhydride (2b) in 46% yield after 

1.1 F (ISTD: 92.0 mg dibromomethane (99%)). 

1H NMR The signals overlap partially with propionic acid (1b). 

13C NMR (101 MHz, CDCl3) δ 170.4, 28.8, 8.5 ppm. 

The analytic data is in agreement with previously reported data.[3] 
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Figure S18: 1H NMR of the crude mixture from electrolysis of propionic acid (1b); 400 MHz, 296 K. 

 

Figure S19: 13C NMR of the crude mixture from electrolysis of propionic acid (1b); 101 MHz, 296 K; ISTD: CH2Br2. 
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Butyric Anhydride (2c) 

Following general procedure A, electrolysis of butyric acid (1c, 99%, 0.33 mL, 3.5 mmol, 0.71 M) at 50 mA/cm² with 

KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave butyric anhydride (2c) in 46% yield after 

1.0 F (ISTD: 63.7 mg 1,3,5-trimethoxybenzene (98.0%)). 

1H NMR The signals overlap partially with butyric acid (1c). 

13C NMR (101 MHz, CDCl3) δ 169.6, 37.2, 17.9, 13.5 ppm. 

The analytic data is in agreement with previously reported data.[4] 

 

Figure S20: 1H NMR of the crude mixture from electrolysis of butyric acid (1c); 400 MHz, 296 K. 
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Figure S21: 13C NMR of the crude mixture from electrolysis of butyric acid (1c); 101 MHz, 296 K; ISTD: CH2Br2. 

Valeric Anhydride (2d) 

Following general procedure B, electrolysis of valeric acid (1d, 98.0%, 0.5 mL, 4.5 mmol, 0.90 M) at 80 mA/cm² with 

KSCN (170 mg, 0.35 M) as supporting electrolyte in MeCN (5.0 mL) gave valeric anhydride (2d) in 66% yield and 

92% selectivity (72% conversion) after 1.1 F (ISTD: 90 mg dibromomethane (99%)). 

The electrolysis of valeric acid was upscaled: Valeric acid (1d, 98.0%, 9.9 mL, 89 mmol, 0.89 M) and KSCN (3.401 g, 

0.35 M) were dissolved in MeCN (100 mL) in an undivided glass cell equipped with a graphite anode and stainless 

steel cathode (active electrode area: 18 cm²). The mixture was electrolyzed at 80 mA/cm² and 288 K until 1.1 F had 

been transferred. An aliquot was taken from the electrolyte and the yield of valeric anhydride (2d) was determined 

55% by GC analogously general procedure C. The remaining electrolyte was diluted with EtOAc and washed with 

saturated aqueous NaHCO3. The aqueous phase was extracted with EtOAc and the combined organic phases were 

dried with MgSO4. The residue was distilled in high vacuum to afford 2.817 g (34%) valeric anhydride (2d) as color-

less liquid. 

1H NMR (400 MHz, CDCl3) δ 2.45 (t, J = 7.5 Hz, 4H), 1.71 – 1.59 (m, 4H), 1.45 – 1.32 (m, 4H), 0.93 (t, J = 7.3 Hz, 6H) 

ppm. 

13C NMR (101 MHz, CDCl3) δ 169.8, 35.1, 26.4, 22.1, 13.8 ppm. 

The analytic data is in agreement with previously reported data.[5] 
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Figure S22: 1H NMR of the crude mixture from electrolysis of valeric acid (1d); 400 MHz, 296 K. 

 

Figure S23: 13C NMR of the crude mixture from electrolysis of valeric acid (1d); 101 MHz, 296 K. 
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Figure S24: 1H NMR of valeric anhydride (2d) after distillation; 400 MHz, 296 K. 

 

Figure S25: 13C NMR of valeric anhydride (2d) after distillation; 101 MHz, 296 K. 
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Caproic Anhydride (2e) 

Following general procedure B, electrolysis of caproic acid (1e, 98%, 600 mg, 5.1 mmol, 1.0 M) at 50 mA/cm² with 

KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave caproic anhydride (2e) in 60% yield and 

>100% selectivity (57% conversion) after 1.1 F (ISTD: 62.0 mg dibromomethane (99%)). 

1H NMR The signals overlap partially with caproic acid (1e). 

13C NMR (101 MHz, CDCl3) δ 169.8, 35.4, 31.3, 24.0, 22.4, 14.0 ppm. 

The analytic data is in agreement with previously reported data.[6] 

 

Figure S26: 1H NMR of the crude mixture from electrolysis of caproic acid (1e); 400 MHz, 296 K. 
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Figure S27: 13C NMR of the crude mixture from electrolysis of caproic acid (1e); 101 MHz, 296 K. 

Caprylic Anhydride (2f) 

Following general procedure A, electrolysis of caprylic acid (1f, 99.5%, 507 mg, 3.5 mmol, 0.70 M) at 50 mA/cm² 

with EMIMSCN (85 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave caprylic anhydride (2f) in 37% yield 

and 79% selectivity (46% conversion) after 1.1 F (ISTD: 45.8 mg 1,3,5-trimethoxybenzene (98.0%)). 

GCMS (EI) tR = 12.970 min, [m/z] 127 (100%), 98 (7%), 57 (75%), 43 (25%), 42 (11%), 41 (26%). 

1H NMR The signals overlap partially with caprylic acid (1f). 

13C NMR (101 MHz, CDCl3) δ 169.8 ppm; The signals of the remaining carbon atoms cannot be assigned unambig-

uously. 

The analytic data is in agreement with previously reported data.[7] 
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Figure S28: 1H NMR of the crude mixture from electrolysis of caprylic acid (1f); 400 MHz, 296 K. 

 

Figure S29: 13C NMR of the crude mixture from electrolysis of caprylic acid (1f); 101 MHz, 296 K. 
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Figure S30: GCMS of the crude mixture from electrolysis of caprylic acid (1f) after filtration through silica. 

Lauric Anhydride (2g) 

Following general procedure A, electrolysis of lauric acid (1g, 98%, 715 mg, 3.5 mmol, 0.70 M) at 50 mA/cm² and 

313 K with EMIMSCN (85 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave lauric anhydride (2g) in 39% 

yield and 96% selectivity (41% conversion) after 1.1 F (ISTD: 42.9 mg 1,3,5-trimethoxybenzene (98.0%)). 

1H NMR The signals overlap partially with lauric acid (1g). 

13C NMR (101 MHz, CDCl3) δ 169.7, 35.3 ppm; The remaining signals overlap with lauric acid (1g) or cannot be 

assigned unambiguously. 

The analytic data is in agreement with previously reported data.[8] 
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Figure S31: 1H NMR of the crude mixture from electrolysis of lauric acid (1g); 400 MHz, 296 K. 

 

Figure S32: 13C NMR of the crude mixture from electrolysis of lauric acid (1g); 101 MHz, 296 K. 
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Isobutyric Anhydride (2h) 

Following general procedure A, electrolysis of isobutyric acid (1h, 99.0%, 0.33 mL, 3.5 mmol, 0.70 M) at 50 mA/cm² 

with KSCN (170 mg, 0.35 M) as supporting electrolyte in MeCN (5.0 mL) gave isobutyric anhydride (2h) in 61% yield 

after 1.1 F (ISTD: 37.4 mg 1,3,5-trimethoxybenzene (98.0%)). 

GC tR = 4.199 min; tR (isobutyric anhydride (2h), authentic sample) = 4.193 min. 

1H NMR The signals overlap partially with isobutyric acid (1h). 

13C NMR (101 MHz, CDCl3) δ 173.0, 35.2, 18.4 ppm. 

The analytic data is in agreement with previously reported data.[3] 

 

Figure S33: 1H NMR of the crude mixture from electrolysis of isobutyric acid (1h); 400 MHz, 296 K. 

            

       

            

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 
  
 
 
 

 
  
 
  
 
 
 

 
  
 
  
 
 
  

                        

       

                

    

2h, 58% 

193



SUPPORTING INFORMATION          

28 

 

 

Figure S34: 13C NMR of the crude mixture from electrolysis of isobutyric acid (1h); 101 MHz, 296 K; ISTD: CH2Br2. 

Pivalic Anhydride (2i) 

Following general procedure B, electrolysis of pivalic acid (1i, 99%, 516 mg, 5.0 mmol, 1.0 M) at 50 mA/cm² with 

KSCN 50 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave pivalic anhydride (2i) in 52% yield and 92% 

selectivity (57% conversion) after 1.1 F (ISTD: 66.1 mg dibromomethane (99%)). N-tert-Butyl acetamide was ob-

served as side-product. 

GCMS (EI) tR = 5.960 min, [m/z] 85 (38%), 57 (100%), 41 (25%); tR (pivalic anhydride (2i), authentic sample) = 

5.970 min, [m/z] 85 (41%), 57 (100%), 41 (24%). 

1H NMR (400 MHz, CDCl3) δ 1.26 (s, 18H) ppm. 

13C NMR (101 MHz, CDCl3) δ 174.2, 40.3, 26.6 ppm. 

The analytic data is in agreement with previously reported data.[9,10]  
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Figure S35: 1H NMR of the crude mixture from electrolysis of pivalic acid (1i); 400 MHz, 296 K. 

 

Figure S36: 13C NMR of the crude mixture from electrolysis of pivalic acid (1i); 101 MHz, 296 K; ISTD: 1,3,5-tri-

methoxybenzene. 
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3,3-Dimethylbutanoic Anhydride (2j) 

Following general procedure B, electrolysis of 3,3-dimethylbutanoic acid (1j, 98%, 600 mg, 5.1 mmol, 1.0 M) at 

50 mA/cm² with KSCN (50 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave 3,3-dimethylbutanoic an-

hydride (2j) in 53% yield and 90% selectivity (59% conversion) after 1.1 F (ISTD: 113.8 mg dibromomethane (99%)). 

1H NMR (400 MHz, CDCl3) δ 2.30 (s, 4H), 1.07 (s, 18H) ppm. 

13C NMR (101 MHz, CDCl3) δ 168.1, 48.7, 29.8, 29.6 ppm. 

The analytic data is in agreement with previously reported data.[11] 

 

Figure S37: 1H NMR of the crude mixture from electrolysis of 3,3-dimethylbutanoic acid (1j); 400 MHz, 296 K. 
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Figure S38: 13C NMR of the crude mixture from electrolysis of 3,3-dimethylbutanoic acid (1j); 101 MHz, 296 K; 

ISTD: 1,3,5-trimethoxybenzene. 

2-Ethylhexanoic Anhydride (2k) 

Following general procedure B, electrolysis of 2-ethylhexanoic acid (1k, 100%, 724 mg, 5.0 mmol, 1.0 M) at 

50 mA/cm² with KSCN (50 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave 2-ethylhexanoic anhydride 

(2k) in 58% yield and >100% selectivity (51% conversion) after 1.1 F (ISTD: 95.0 mg dibromomethane (99%)). 

GCMS (EI) tR = 11.453 min, [m/z] 127 (75%), 99 (38%), 57 (100%), 43 (22%), 41 (25%). 

1H NMR The signals overlap partially with 2-ethylhexanoic acid (1k). 

13C NMR (101 MHz, CDCl3) δ 171.9, 48.2, 31.0, 29.3, 24.8, 22.6, 13.9, 11.8 ppm. 

The analytic data is in agreement with previously reported data.[12] 
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Figure S39: 1H NMR of the crude mixture from electrolysis of 2-ethylhexanoic acid (1k); 400 MHz, 296 K. 

 

Figure S40: 13C NMR of the crude mixture from electrolysis of 2-ethylhexanoic acid (1k); 101 MHz, 296 K. 
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4-Pentenoic Anhydride (2l) 

Following general procedure A, electrolysis of 4-pentenoic acid (1l, 100%, 0.36 mL, 3.5 mmol, 0.70 M) at 50 mA/cm² 

with KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave 4-pentenoic anhydride (2l) in 26% yield 

after 1.0 F (ISTD: 60.3 mg 1,3,5-trimethoxybenzene (98.0%)). 

1H NMR The signals overlap partially with 4-pentenoic acid (1l). 

13C NMR (101 MHz, CDCl3) δ 168.8, 135.8, 116.3, 34.7, 28.2 ppm. 

The analytic data is in agreement with previously reported data.[13] 

 

Figure S41: 1H NMR of the crude mixture from electrolysis of 4-pentenoic acid (1l); 400 MHz, 296 K. 
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Figure S42: 13C NMR of the crude mixture from electrolysis of 4-pentenoic acid (1l); 101 MHz, 296 K. 

10-Undecenoic Anhydride (2m) 

Following general procedure A, electrolysis of 10-undecenoic acid (1m, 99%, 465 mg, 2.5 mmol, 0.50 M) at 

30 mA/cm² and 313 K with EMIMSCN (178 mg, 0.20 M) as supporting electrolyte in MeCN (5.0 mL) gave 10-unde-

cenoic anhydride (2m) in 24% yield and 71% selectivity (34% conversion) after 1.1 F (ISTD: 37.6 mg 1,3,5-trimethox-

ybenzene (98.0%)). 

HRMS (ESI) [m/z] cal ’   o   22H38NaO3
+ [M + Na]+, 373.2713; found, 373.2716; deviation: +0.8 ppm. 

1H NMR (400 MHz, CDCl3) δ 2.39 (t, J = 7.5 Hz, 4H) ppm; The remaining signals overlap with 10-undecenoic acid 

(1m). 

The analytic data is in agreement with previously reported data.[14] 
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Figure S43: 1H NMR of the crude mixture from electrolysis of 10-undecenoic acid (1m); 400 MHz, 296 K. 

3-Bromopropanoic Anhydride (2n) 

Following general procedure A, electrolysis of 3-bromopropanoic acid (1n, 97%, 552 mg, 3.5 mmol, 0.70 M) at 

50 mA/cm² with KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave 3-bromopropanoic anhy-

dride (2n) in 29% yield and 74% selectivity (39% conversion) after 1.1 F (ISTD: 41.0 mg 1,3,5-trimethoxybenzene 

(98.0%)). 

1H NMR The signals overlap partially with 3-bromopropanoic acid (1n). 

13C NMR (101 MHz, CDCl3) δ 166.0, 38.6, 24.2 ppm. 

The analytic data is in agreement with previously reported data.[15] 
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Figure S44: 1H NMR of the crude mixture from electrolysis of 3-bromopropanoic acid (1n); 400 MHz, 296 K. 

 

Figure S45: 13C NMR of the crude mixture from electrolysis of 3-bromopropanoic acid (1n); 101 MHz, 296 K. 
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11-Bromoundecanoic Anhydride (2o) 

Following general procedure A, electrolysis of 11-bromoundecanoic acid (1o, 93%, 1426 mg, 5.0 mmol, 1.0 M) at 

50 mA/cm² and 313 K with EMIMSCN (89 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave 11-bro-

moundecanoic anhydride (2o) in 39% yield and 92% selectivity (43% conversion) after 1.1 F (ISTD: 31.9 mg 1,3,5-

trimethoxybenzene (98.0%)). For analytic purposes, the residual electrolyte was filtered through a mixture of silica 

(ca. 4 g) and K2CO3 (ca. 1 g) on a p4 frit. The silica layer was rinsed with 60 mL cyclohexane, and the filtrate was 

washed with cold aqueous K2CO3 (0.1 M, 20 mL). The organic phase was dried with MgSO4 and the solvent was 

evaporated to give 465 mg of a mixture of 11-bromoundecanoic anhydride (2o, 95%) and 1,3,5-trimethoxybenzene 

(5%). The isolated amount of 11-bromoundecanoic anhydride (2o) corresponds to 34% yield. 

HRMS          z      ’   o   22H40   
  

NaO3
+ [M + Na]+, 533.1236; found, 533.1239; deviation: +0.6 ppm. 

1H NMR (400 MHz, CDCl3) δ 3.39 (t, J = 6.9 Hz, 4H), 2.43 (t, J = 7.4 Hz, 4H), 1.84 (dt, J = 14.5, 6.9 Hz, 4H), 1.64 (dt, J 

= 14.5, 7.4 Hz, 4H), 1.44 – 1.25 (m, 24H) ppm. 

13C NMR (101 MHz, CDCl3) δ 169.7, 35.4, 34.1, 32.9, 29.4, 29.3, 29.2, 28.9, 28.8, 28.2, 24.3 ppm. 

No spectroscopic data for this compound has been reported before. 

 

Figure S46: 1H NMR of the crude mixture from electrolysis of 11-bromoundecanoic acid (1o); 400 MHz, 296 K. 
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Figure S47: 1H NMR of 11-bromoundecanoic anhydride (2o) after filtration; 400 MHz, 296 K. 

 

Figure S48: 13C NMR of 11-bromoundecanoic anhydride (2o) after filtration; 101 MHz, 296 K. 
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(S)-2-Chloropropanoic Anhydride (2p) 

Following general procedure A, electrolysis of (S)-2-chloropropanoic acid (1p, 100%, 380 mg, 3.50 mmol, 0.70 M) 

at 50 mA/cm² with KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave (S)-2-chloropropanoic 

anhydride (2p) in 43% yield and 84% selectivity (51% conversion) after 1.1 F (ISTD: 39.0 mg 1,3,5-trimethoxybenzene 

(98.0%)). 

1H NMR The signals overlap partially with (S)-2-chloropropanoic acid (1p). 

13C NMR (151 MHz, CDCl3) δ 164.5, 52.3, 20.8 ppm. 

The analytic data is in agreement with previously reported data.[16] 

 

Figure S49: 1H NMR of the crude mixture from electrolysis of (S)-2-chloropropanoic acid (1p); 400 MHz, 296 K. 
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Figure S50: 13C NMR of the crude mixture from electrolysis of (S)-2-chloropropanoic acid (1p); 151 MHz, 294 K. 

1-Methylcyclohexanecarboxylic Anhydride (2q) 

Following general procedure A, electrolysis of 1-methylcyclohexanecarboxylic acid (1q, 99%, 718 mg, 5.00 mmol, 

1.0 M) at 50 mA/cm² with EMIMSCN (89 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave 1-methylcy-

clohexanecarboxylic anhydride (2q) in 34% yield after 1.1 F (ISTD: 40.5 mg 1,3,5-trimethoxybenzene (98.0%)). The 

yield was determined via inverse-gated 13C NMR because no isolated signal in the 1H NMR spectrum was available. 

For analytic purposes, the residual electrolyte was filtered through a mixture of silica (ca. 4 g) and K2CO3 (ca. 1 g) 

on a p4 frit. The silica layer was rinsed with 60 mL cyclohexane, and the filtrate was washed with cold aqueous K2CO3 

(0.1 M, 20 mL). The organic phase was dried with MgSO4 and the solvent was evaporated to give 262 mg of a 

mixture of 1-methylcyclohexanecarboxylic anhydride (2q, 87%) and 1,3,5-trimethoxybenzene (13%). The isolated 

amount of 1-methylcyclohexanecarboxylic anhydride (2q) corresponds to 34% yield. 

GCMS (EI) tR = 12.720 min, [m/z] 125 (22%), 97 (100%), 55 (34%), 41 (11%). 

HRMS          z      ’   o   16H26NaO3
+ [M + Na]+, 289.1774; found, 289.1766; deviation: -2.8 ppm. 

1H NMR (400 MHz, CDCl3) δ 2.08 – 1.97 (m, 4H), 1.62 – 1.41 (m, 10H), 1.33 – 1.25 (m, 6H), 1.23 (s, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 173.5, 44.8, 35.3, 25.7, 25.6, 23.1 ppm. 

No spectroscopic data for this compound has been reported before.  

                                                                

       

 
  
  

 
 
 

 
 
  
  
 
 
 
 
  
 
 

 
 
  
  
  
 

 
 
  
  
 
 
 
 
  
 
 

 
 
  
  
  
 

 
 
  
  
 
 
 

 
 
  
  
 
 
  

 
 
  
  
 
 
 

 
 
 
  
  

 
 
 

 
 
 
  
  
 
 
 

 
 
 
  
  
 
 
 
 
  
 
 

 
 
 
  
  
  
 

2p, 43% 

206



SUPPORTING INFORMATION          

41 

 

 

Figure S51: 1H NMR of the crude mixture from electrolysis of 1-methylcyclohexanecarboxylic acid (1q); 400 MHz, 

297 K. 

 

Figure S52: Inverse-gated 13C NMR of the crude mixture from electrolysis of 1-methylcyclohexanecarboxylic acid 

(1q); 101 MHz, 296 K. 
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Figure S53: 1H NMR of 1-methylcyclohexanecarboxylic anhydride (2q) after filtration; 400 MHz, 298 K. 

 

Figure S54: 13C NMR of 1-methylcyclohexanecarboxylic anhydride (2q) after filtration; 101 MHz, 298 K. 
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Adamantane-1-carboxylic Anhydride (2r) 

Following general procedure A, electrolysis of adamantane-1-carboxylic acid (1r, 98.0%, 460 mg, 2.5 mmol, 0.50 M) 

at 30 mA/cm² and 313 K with EMINSCN (178 mg, 0.20 M) as supporting electrolyte in MeCN (5.0 mL) gave adaman-

tane-1-carboxylic anhydride (2r) in 28% yield after 1.1 F (ISTD: 35.6 mg 1,3,5-trimethoxybenzene (98.0%)). The yield 

was determined via inverse-gated 13C NMR because no isolated signal in the 1H NMR spectrum was available. 

1H NMR The signals overlap with adamantane-1-carboxylic acid (1r). 

13C NMR (101 MHz, CDCl3) δ 173.4, 42.2, 38.2, 36.5, 27.6 ppm. 

The analytic data is in agreement with previously reported data.[9] 

 

Figure S55: 1H NMR of the crude mixture from electrolysis of adamantane-1-carboxylic acid (1r); 400 MHz, 296 K. 
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Figure S56: Inverse-gated 13C NMR of the crude mixture from electrolysis of adamantane-1-carboxylic acid (1r); 

101 MHz, 296 K. 

Levulinic Anhydride (2s) 

Following general procedure A, electrolysis of levulinic acid (1s, 98%, 0.37 mL, 3.5 mmol, 0.71 M) at 50 mA/cm² with 

KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave levulinic anhydride (2s) in 21% yield after 

1.3 F (ISTD: 28.8 mg 1,3,5-trimethoxybenzene (98.0%)). The yield was determined via inverse-gated 13C NMR be-

cause no isolated signal in the 1H NMR spectrum was available. An unidentified side-product is visible in NMR. 

GCMS (EI) tR = 11.067 min, [m/z] 99 (100%), 71 (14%), 43 (57%). 

1H NMR The signals overlap with levulinic acid (1s) and an unidentified side-product. 

13C NMR (101 MHz, CDCl3) δ 206.8, 171.2, 37.7 ppm; The signals of the remaining methylene and methyl groups 

cannot be assigned unambiguously. 

The analytic data is in agreement with previously reported data.[17] 
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Figure S57: 1H NMR of the crude mixture from electrolysis of levulinic acid (1s); 400 MHz, 296 K. 

 

Figure S58: Inverse-gated 13C NMR of the crude mixture from electrolysis of levulinic acid (1s); 101 MHz, 296 K. 
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3-((tert-Butyldimethylsilyl)oxy)-2,2-dimethylpropanoic Anhydride (2t) 

Following general procedure A, electrolysis of 3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropanoic acid (1t, 

100%, 818 mg, 3.5 mmol, 0.70 M) at 50 mA/cm² with KSCN (121 mg, 0.25 M) as supporting electrolyte in MeCN 

(5.0 mL) gave 3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropanoic anhydride (2t) in 36% yield and 52% selectivity 

(70% conversion) after 1.1 F (ISTD: 62.3 mg 1,3,5-trimethoxybenzene (98.0%)). An unidentified substance is visible 

in the NMR spectra. 

1H NMR The signals overlap partially with 3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropanoic acid (1t) and an 

unidentified substance. 

13C NMR (101 MHz, CDCl3) δ 172.1, 70.4, 45.9, -4.8 ppm; The signals of the remaining carbon atoms cannot be 

assigned unambiguously. 

HRMS          z      ’   o   22H46NaO5Si2+ [M + Na]+, 469.2776; found, 469.2799; deviation: +4.9 ppm. 

No spectroscopic data for this compound has been reported before.  

 

Figure S59: 1H NMR of the crude mixture from electrolysis of 3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropa-

noic acid (1t); 400 MHz, 296 K. 
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Figure S60: 13C NMR of the crude mixture from electrolysis of 3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropa-

noic acid (1t); 101 MHz, 296 K. 

2-(2-Fluorophenyl)acetic Anhydride (2u) 

Following general procedure A, electrolysis of 2-(2-fluorophenyl)acetic acid (1u, 98%, 330 mg, 2.1 mmol, 0.70 M) at 

50 mA/cm² with KSCN (29 mg, 0.10 M) as supporting electrolyte in MeCN (3.0 mL) gave 2-(2-fluorophenyl)acetic 

anhydride (2u) in 17% yield and 38% selectivity (45% conversion) after 1.1 F (ISTD: 27.8 mg 1,3,5-trimethoxybenzene 

(98.0%)). 

1H NMR The signals overlap partially with 2-(2-fluorophenyl)acetic acid (1u). 

13C NMR (101 MHz, CDCl3) δ 166.1, 161.1 (d, J = 247.2 Hz), 131.6 (d, J = 3.7 Hz), 129.8 (d, J = 8.2 Hz), 124.4 (d, J = 

3.8 Hz), 119.5 (d, J = 15.8 Hz), 115.6 (d, J = 21.6 Hz), 35.4 (d, J = 3.1 Hz) ppm. 

19F {1H} NMR (377 MHz, CDCl3) δ -118.0 ppm. 

No spectroscopic data for this compound has been reported before. 
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Figure S61: 1H NMR of the crude mixture from electrolysis of 2-(2-fluorophenyl)acetic acid (1u); 400 MHz, 296 K. 

 

Figure S62: 13C NMR of the crude mixture from electrolysis of 2-(2-fluorophenyl)acetic acid (1u); 101 MHz, 296 K. 
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Figure S63: Enlarged aromatic region of the 13C NMR of the crude mixture from electrolysis of 2-(2-fluoro-

phenyl)acetic acid (1u); 101 MHz, 296 K. 

 

Figure S64: Enlarged aliphatic region of the 13C NMR of the crude mixture from electrolysis of 2-(2-fluoro-

phenyl)acetic acid (1u); 101 MHz, 296 K. 
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Figure S65: 19F {1H} NMR of the crude mixture from electrolysis of 2-(2-fluorophenyl)acetic acid (1u); 377 MHz, 

296 K. 

2-(4-(Trifluoromethyl)phenyl)acetic Anhydride (2v) 

Following general procedure A, electrolysis of 2-(4-(trifluoromethyl)phenyl)acetic acid (1v, 98%, 729 mg, 3.5 mmol, 

0.70 M) at 80 mA/cm² with KSCN (49 mg, 0.10 M) as supporting electrolyte in MeCN (5.0 mL) gave 2-(4-(trifluoro-

methyl)phenyl)acetic anhydride (2v) in 20% yield and 37% selectivity (54% conversion) after 1.1 F (ISTD: 42.0 mg 

1,3,5-trimethoxybenzene (98.0%)). 

1H NMR The signals overlap partially with 2-(4-(trifluoromethyl)phenyl)acetic acid (1v). 

13C NMR (101 MHz, CDCl3) δ 166.1, 135.9, 129.9, 125.8 (q, J = 3.9 Hz), 41.7 ppm; The signals of the remaining carbon 

atoms overlap with 2-(4-(trifluoromethyl)phenyl)acetic acid (1v). 

19F {1H} NMR (376 MHz, CDCl3) δ -63.9 ppm. 

The analytic data is in agreement with previously reported data.[18] 
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Figure S66: 1H NMR of the crude mixture from electrolysis of 2-(4-(trifluoromethyl)phenyl)acetic acid (1v); 

400 MHz, 296 K. 

 

Figure S67: 13C NMR of the crude mixture from electrolysis of 2-(4-(trifluoromethyl)phenyl)acetic acid (1v); 

101 MHz, 296 K. 
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Figure S68: 19F {1H} NMR of the crude mixture from electrolysis of 2-(4-(trifluoromethyl)phenyl)acetic acid (1v); 

376 MHz, 296 K. 

Oleic Anhydride (2w) 

Following general procedure A, electrolysis of oleic acid (1w, 99.0%, 0.48 mL, 1.5 mmol, 0.50 M) at 30 mA/cm² and 

313 K with EMIMSCN (187 mg, 0.35 M) as supporting electrolyte in MeCN/EtOAc 2:1 (v/v, 3.0 mL) gave oleic anhy-

dride (2w) in 16% yield and 48% selectivity (34% conversion) after 1.1 F (ISTD: 23.9 mg 1,3,5-trimethoxybenzene 

(98.0%)). For analytic purposes, the residual electrolyte of two different experiments was combined and filtered 

through a mixture of silica (ca. 4 g) and K2CO3 (ca. 1 g) on a p4 frit. The silica layer was rinsed with 60 mL cyclohex-

ane, and the filtrate was washed with cold aqueous K2CO3 (0.1 M, 20 mL). The organic phase was dried with MgSO4 

and the solvent was evaporated to give a mixture of oleic anhydride (2w), traces of oleic acid (1w), and 1,3,5-

trimethoxybenzene. 

1H NMR (400 MHz, CDCl3) δ 2.44 (t, J = 7.4 Hz, 4H) ppm; The signals of the remaining protons overlap with oleic 

acid (1x). 

13C NMR (101 MHz, CDCl3) δ 169.7, 130.2, 129.8, 35.4, 32.1, 29.9, 29.8, 29.7, 29.5, 29.5, 29.2, 29.2, 29.0, 27.4, 27.3, 

24.4, 22.8, 14.3 ppm. 

No spectroscopic data for this compound has been reported before. 
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Figure S69: 1H NMR of the crude mixture from electrolysis of oleic acid (1w); 400 MHz, 298 K. 

 

Figure S70: 13C NMR of the crude mixture from electrolysis of oleic acid (1w); 101 MHz, 298 K. 
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Figure S71: 1H NMR of oleic anhydride (2w) after filtration; 400 MHz, 297 K. 

 

Figure S72: 13C NMR of oleic anhydride (2w) after filtration; 101 MHz, 297 K. 
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Linoleic Anhydride (2x) 

Following general procedure A, electrolysis of linoleic acid (1x, 99%, 555 mg, 2.0 mmol, 0.39 M) at 50 mA/cm² with 

EMIMSCN (178 mg, 0.20 M) as supporting electrolyte in MeCN/EtOAc 2:1 (v/v, 5.0 mL) gave linoleic anhydride (2x) 

in 15% yield and 51% selectivity (30% conversion) after 1.3 F (ISTD: 26.2 mg 1,3,5-trimethoxybenzene (98.0%)). For 

analytic purposes, the residual electrolyte of two different experiments was combined and filtered through a mixture 

of silica (ca. 4 g) and K2CO3 (ca. 1 g) on a p4 frit. The silica layer was rinsed with 60 mL cyclohexane, and the filtrate 

was washed with cold aqueous K2CO3 (0.1 M, 20 mL). The organic phase was dried with MgSO4 and the solvent was 

evaporated to give a mixture of linoleic anhydride (2x), traces of linoleic acid (1x), and 1,3,5-trimethoxybenzene. 

HRMS  AP       z      ’   o   36H63O5
+ [M + O2 + H]+, 575.4670; found, 575.4650; deviation: -3.5 ppm;    z      ’  

for C18H31O3
+ [(M - linoleate)+ O2 + H]+, 295.2268; found, 295.2262; deviation: -2.0 ppm; The formation of the pos-

tulated hydroperoxide is assumed to happen during the ionization process because the 13C NMR spectra of the 

crude reaction mixture did not show a hydroperoxide signal. 

1H NMR (400 MHz, CDCl3) δ 5.44 – 5.27 (m, 8H), 2.77 (t, J = 6.2 Hz, 4H), 2.44 (t, J = 7.4 Hz, 2H), 2.05 (q, J = 6.8 Hz, 

8H), 1.72 – 1.59 (m, 4H), 1.38 – 1.26 (m, 30H), 0.89 (t, J = 6.8 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 169.7, 130.4, 130.1, 128.2, 128.0, 35.4, 31.7, 29.7, 29.5, 29.2, 29.2, 29.0, 27.3, 27.3, 25.8, 

24.3, 22.7, 14.2 ppm. 

The analytic data is in agreement with previously reported data.[19] 

 

Figure S73: 1H NMR of the crude mixture from electrolysis of linoleic acid (1x); 600 MHz, 294 K. 
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Figure S74: 1H NMR of linoleic anhydride (2x) after filtration; 400 MHz, 297 K. 

 

Figure S75: 13C NMR of linoleic anhydride (2x) after filtration; 101 MHz, 297 K. 
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N-Benzyltrifluoroacetamide (3y) 

Following general procedure A, electrolysis of trifluoroacetic acid (1y, 100%, 0.27 mL, 3.5 mmol, 0.70 M) at 

50 mA/cm² with KSCN (49 mg, 0.10 M) as supporting electrolyte in anhydrous MeCN (5.0 mL) gave trifluoroacetic 

anhydride (2y) after 1.1 F. Because of its fast hydrolysis, the anhydride 2y was directly converted to an amide in the 

electrolysis vessel. Benzylamine (100%, 0.38 mL, 3.5 mmol, 0.99 eqs.) was added and the mixture was stirred for 

18 h. 2 N Hydrochloric acid was added, and the mixture was extracted with EtOAc. The organic phase was washed 

with saturated aqueous NaHCO3 and dried with MgSO4. The residue was chromatographed on silica to give 

120.9 mg (34%) N-benzyltrifluoroacetamide (3y) as white solid. 

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.28 (m, 3H), 7.28 – 7.20 (m, 2H), 6.72 (s, 1H), 4.48 (d, J = 5.8 Hz, 2H) ppm. 

13C NMR (101 MHz, CDCl3) δ 157.3 (q, J = 37.0 Hz), 136.0, 129.2, 128.4, 128.1, 116.0 (q, J = 287.8 Hz), 44.0 ppm. 

19F NMR (377 MHz, CDCl3) δ -77.0 ppm. 

The analytic data is in agreement with previously reported data.[20] 

 

Figure S76: 1H NMR of N-benzyltrifluoroacetamide (3y); 400 MHz, 296 K. 
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Figure S77: 13C NMR of N-benzyltrifluoroacetamide (3y); 101 MHz, 296 K. 

 

Figure S78: 19F NMR of N-benzyltrifluoroacetamide (3y); 377 MHz, 296 K. 
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1 General Information 

All reagents were used in analytical grades. Solvents were purified by standard methods.[1]  
 
2,4-Dimethoxyphenol: purchased from Tokyo Chemical Industry Co., Ltd., (>98.0%), LOT 
D0774. 
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP): purchased from Carbolution, St. Ingbert, Germany 

(99.0%), LOT CC03056. 

Pyridine: purchased from VWR International S.A.S, Fontenay-sous-Bois, France (analytical grade 

≥99.7%), LOT 21|034008. 

Propan-2-ol: purchased from Fischer Chemical (Fisher Scientific GmbH, Schwerte, Germany), 

analytical reagent grade (≥99.8%), LOT 2227290. 

n-Octylbenzene: purchased from ThermoFischer (Kandel) GmbH, Germany, (99%), LOT 

10211400. 

Ethyl acetate and cyclohexane were purchased in technical grade and purified by distillation 

prior to use. 

Gas chromatography was performed on a Shimadzu GC-2025 (Shimadzu, Japan) using a HP-5ms 
capillary column (Agilent Technologies, Inc., Santa Clara, United States; length: 30 m, inner 
diameter: 0.25 mm, film: 0.25 µm, carrier gas: hydrogen). Hydrogen gas (99.9%) was purchased 
from Nippon Gases Deutschland GmbH, Germany. GC glass vials (1.5 mL, N9, LOT 2021455521) 
and screw caps (PTFE, N9, LOT 1107021100) were purchased from MN (Macherey-Nagel, Düren, 
Germany). Yield was determined by internal referencing with n-octylbenzene relative to the FID 
integrals (Figure 1). 

 

Figure 1: Calibration for substrate and coupling product using a GC-FID with n-octylbenzene as internal 

standard. 

Temperature control: For external temperature control, a Julabo F33-MA refrigerated circulator 
(working temperature: –30 °C – 200 °C, heating power: 2 kW, cooling power (ethanol): 0.5 kW 
(20 °C), 0.32 kW (0 °C), 0.12 kW (-20 °C), 0.03 kW (–30 °C), flow rate: 11 – 16 L/min; Julabo 
GmbH, Seelbach, Germany). 
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Electrolysis cell: For electrochemical reactions boron-doped diamond (BDD) anodes were 
applied. BDD electrodes (DIACHEMTM) were obtained from CONDIAS GmbH, Itzehoe, Germany. 
BDD (15 μm diamond layer) on support of silicon was used.  
The Teflon flow electrolysis cell is also commercially available as ElectraSyn flow (IKA Werke 
GmbH & Co KG, Staufen, Germany) (IKA Werke, https://www.ikaprocess.com/en/Products/ 
ElectroOrganic-Synthesis-Systems-cph-45/ElectraSyn-flow-csb-ES/, 2023-04-29).  
The dimensions of the electrodes used are 6.0 cm × 2.0 cm × 0.3 cm, which results an total active 
electrode area of 24 cm². Temperature controlled stainless steel half-cell[2] is designed and 
manufactured by the mechanical workshop of the Johannes Gutenberg University of Mainz, 
according to the Waldvogel Lab. A detailed description of the flow electrolysis cell has already 
been published. [3] 
 
Power supply: A Z60-3.5-L2 (TDK Lambda, Achern, Germany, DC output 0-60 V (± 0.01 V) and 0-
3.5 A (± 1 mA), 210 W was used. 
 
Peristaltic pump: An ISM 4408 Ismatec Reglo ICC peristaltic pump was used (VWR International, 
Darmstadt, Germany). For the peristaltic Pharmed® BPT Tubing (Saint-Gobain, France) and FKM 
(Optubus, Salem, Germany) was used. 
 
Dead-end selector switching valve: Multiposition valves: 12 port and 6 port (stainless steel, 
diamond-like carbon coated), in combination with a valve drive VU 4.1 were used (Knauer, Berlin, 
Germany). 
 
Fraction collector: OMNICOLL Fraction Collector and Sampler (LAMBDA Laboratory 
Instruments, Baar, Switzerland). 

 

2 Computer Hardware 

A PC with Microsoft Windows 11 Education (10.0.22000), MSI X570-A PRO (MS-7C37), AMD 

Ryzen 5 3600, Intel SSDPEKNW010T8 (1.0 TB), 16 GB RAM, NVidia GeForce GTX 1650, 2x Realtek 

PCIe GbE Family Controller was used to run the backend and the frontend. 
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4 Data and Materials Availability 

The Software published in the context of this manuscript is available in three repositories on 

GitHub and as releases on Zenodo: 

LABS-Backend: 

GitHub: https://github.com/Waldvogel-Group/LABS-Backend  

Zenodo: https://doi.org/10.5281/zenodo.7879588  

 

LABS-Frontend: 

GitHub: https://github.com/Waldvogel-Group/LABS-User-Interface 

Zenodo: https://doi.org/10.5281/zenodo.7879586  

 

LABS-DeviceDummys: 

GitHub: https://github.com/Waldvogel-Group/LABS-DeviceDummys  

Zenodo: https://doi.org/10.5281/zenodo.7879590  

5 Backend 

5.1 Architecture 

The backend uses object-oriented programming and abstracts laboratory devices on multiple 

levels to generalize most aspects of their communication and their logic. The core (base) classes 

are presented in the simplified UML diagram (Figure 2). The central piece of the backend is given 

by the setup class. It holds devices, channels and experiments, queues of experiments and handles 

the device startup as well as configuration import. Not shown here, are the several base classes, 

that define common functionality of a certain type of laboratory equipment (e. g. thermostat_base 

or pump_base). These allow a generalization of the respective type of equipment that, if applied 

carefully, allows a relatively simple exchange of equipment within the same type, i. e. no major 

changes in the configuration are necessary. Besides the shown core components, the backend 

implements many structures handling the flow of command objects through the different layers 

(Experiment, Device, Protocol). The explanation of every single class and their interactions goes 
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far beyond the scope of this supporting information. We refer you to the published source code 

and included comments for deeper insight. 
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Figure 2: Simplified UML diagram to explain core components of the backend. Deferred is a class commonly 

used in Twisted based projects to realize asynchronous operations.[4] 
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5.2 Configuration 

The following is an example of a configuration file, as used in our experiments. It makes use of all 

functions implemented in our configuration logic. Examples of the implemented mechanisms are 

discussed here. First of all, the multichannel pump reglo_icc is imported as four devices (pump1 – 

4). The experiment empty_dosing_tube is used in several other experiments. In purge_and_temper, 

the temperature is set as a user definable variable, in other words, it must be given a value from 

the frontend during experiment initialization. In drying, a condition of the type TimeCondition is 

used to define the duration the drying step. In main_continuous_electrolysis, a stopcondition of type 

ObservableGreaterOrEqualValueCondition is used, to end the run if the voltage passes the given 

threshold. Note that the voltage limit is handled as a user definable variable again, demonstrating 

how this is possible inside of condition arguments as well. In cyclic_flow_electrolysis, all the 

previously defined experiments are used, highlighting the great potential of code reusage and 

flexibility due to the possibility to hand parameter settings to encapsulated experiments. 

listen port: 11123 

log_level: info 

 

devices: 

  pump1: 

    driver: reglo_icc 

    address: COM5 

    channel: 1 

  pump2: 

    driver: reglo_icc 

    address: COM5 

    channel: 2 

  pump3: 

    driver: reglo_icc 

    address: COM5 

    channel: 3 

  pump4: 

    driver: reglo_icc 

    address: COM5 

    channel: 4 

  valve1: 

    driver: azura_vu 

    address: 169.254.220.3:10123 

  valve2: 

    driver: azura_vu 

    address: 169.254.220.2:10123 

  fractioncollector: 
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    driver: omnicoll 

    address: COM3 

  psu: 

    driver: tdk_lambda_zplus 

    address: COM4 

  thermostat: 

    driver: julabo_presto_a40 

    address: COM7 

  airvalve: 

    driver: airvalve 

    address: COM12 

 

experiments: 

  # Experimentname: 

  #   conditions: 

  #     name as used in commands: [ type of the condition, [ args ], { kwargs } ] 

  #   stopconditions: 

  #     - [ type of the condition, [ args ], { kwargs } ] 

  #   parameters: 

  #     name as used in commands: [ accepted datatype (see below), unit (use '' if no unit) ] 

  #     ... 

  #   observables: 

  #     - [ device, observable name, datatype (e. g. str or float), unit ] 

  #     - ... 

  #   commands: 

  #     - [ device, function, [ args ], { kwargs } ] 

  #     - [ other_experiment_inside_this_one, { keywordarguments for subexperiment } ] 

  #     - ...   

 

  empty_dosing_tube: 

    conditions: 

 

    stopconditions: 

 

    parameters: 

 

    observables: 

      - [ pump1, remaining_time, int, s ] 

      - [ valve1, position, int, "" ] 

    commands: 

      - [ valve1, set_position, [ 6 ], { } ] 

      - [ pump1, dispense, [ ], { rate: '0.1', volume: '0.05' } ] 

 

  purge_and_temper: 

    conditions: 

       

    stopconditions: 
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    parameters: 

      rate: [float, mL/min] 

      volume: [float, mL] 

      temperature: [float, °C] 

    observables: 

      - [ pump2, remaining_time, int, s ] 

      - [ thermostat, current_temperature, float, °C ] 

    commands: 

      - [ thermostat, set_temperature, [ '{temperature}', 1.5, 30 ], { } ] 

      - [ pump2, dispense, [ ], { rate: '{rate}', volume: '{volume}' } ] 

 

  drying: 

    conditions: 

       drying: [TimeCondition, [drying_interval, 60], {}] 

    stopconditions: 

 

    parameters: 

       

    observables: 

     

    commands: 

      - [ airvalve, open, [ ], { } ] 

      - [ airvalve, wait, [ drying ], { } ] 

      - [ airvalve, close, [ ], { } ] 

 

  add_component: 

    conditions: 

       

    stopconditions: 

 

    parameters: 

      rate: [float, mL/min] 

      volume: [float, mL] 

      valve_position: [int, ""] 

    observables: 

      - [ pump1, remaining_time, int, s ] 

      - [ valve1, position, int, "" ] 

    commands: 

      - [ valve1, set_position, [ '{valve_position}' ], { } ] 

      - [ pump1, dispense, [ ], { rate: '{rate}', volume: '{volume}' } ] 

      - [ empty_dosing_tube, { } ] 

 

  add_so2: 

    conditions: 

 

    stopconditions: 

 

    parameters: 
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      rate: [float, mL/min] 

      volume: [float, mL] 

    observables: 

      - [ pump3, remaining_time, int, s ] 

    commands: 

      - [ pump3, dispense, [ ], { rate: '{rate}', volume: '{volume}' } ] 

 

  purge: 

    conditions: 

       

    stopconditions: 

 

    parameters: 

      rate: [float, mL/min] 

      volume: [float, mL] 

    observables: 

      - [ pump2, remaining_time, int, s ] 

    commands: 

      - [ pump2, dispense, [ ], { rate: '{rate}', volume: '{volume}' } ] 

 

  prerun: 

    conditions: 

      dispense_finished_condition: [DevicesWaitingCondition, [wait_for_pump, [pump2]], {}] 

 

    stopconditions: 

 

    parameters: 

      volume: [float, mL] 

      rate: [float, mL/min] 

      current: [float, A] 

    observables: 

      - [ psu, current, float, A ] 

      - [ psu, voltage, float, V ] 

      - [ psu, amount of charge, float, C ] 

      - [ pump2, remaining_time, int, s ] 

    commands: 

      - [ psu, output_constant_current, [ '{current}' ], { } ] 

      - [ pump2, dispense, [ ], { rate: '{rate}', volume: '{volume}' } ] 

      - [ psu, busy, [ dispense_finished_condition ] , { } ] 

      - [ pump2, wait, [ dispense_finished_condition ] , { } ] 

 

  main_continuous_electrolysis: 

    conditions: 

       

    stopconditions: 

      - [ObservableGreaterOrEqualValueCondition, [max_voltage, psu, voltage, "{voltage_limit}"], {}] 

    parameters: 

      current: [float, A] 
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      amount_of_charge: [float, C] 

      rate: [float, mL/min] 

      voltage_limit: [float, V] 

    observables: 

      - [ psu, current, float, A ] 

      - [ psu, voltage, float, V ] 

      - [ psu, amount of charge, float, C ] 

    commands: 

      - [ fractioncollector, next_fraction, [ ], { } ] 

      - [ pump2, continuous_flow, [ ], { rate: '{rate}' } ] 

      - [ psu, output_constant_current, [ ], { amount_of_charge: '{amount_of_charge}', current: '{current}' } ] 

 

  stop: 

    conditions: 

       

    stopconditions: 

 

    parameters: 

 

    observables: 

 

    commands: 

      - [ pump2, stop_pumping, [ ] , { } ] 

      - [ thermostat, stop_tempering, [ ], { } ] 

      - [ fractioncollector, next_fraction, [ ], { } ] 

 

  continuous_flow_electrolysis: 

    conditions: 

       

    stopconditions: 

 

    parameters: 

      temperature: [float, °C] 

      acetone_purge_rate: [float, mL/min] 

      acetone_purge_volume: [float, mL] 

      so2_purge_rate: [float, mL/min] 

      so2_purge_volume: [float, mL] 

      hfip_purge_rate: [float, mL/min] 

      hfip_purge_volume: [float, mL] 

      aryl_rate: [float, mL/min] 

      aryl_volume: [float, mL] 

      ethanol_rate: [float, mL/min] 

      ethanol_volume: [float, mL] 

      base_rate: [float, mL/min] 

      base_volume: [float, mL] 

      so2_rate: [float, mL/min] 

      so2_volume: [float, mL] 

      hfip_rate: [float, mL/min] 
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      hfip_volume: [float, mL] 

      acetonitrile_rate: [float, mL/min] 

      acetonitrile_volume: [float, mL] 

      purgerate: [float, mL/min] 

      purgevolume: [float, mL] 

      fill_rate: [float, mL/min] 

      fill_volume: [float, mL] 

      prerunvolume: [float, mL] 

      current: [float, mA] 

      flowrate: [float, mL/min] 

      amount_of_charge: [float, C] 

      voltage_limit: [float, V] 

    observables: 

      - [ valve2, position, int, "" ] 

    commands: 

      - [ valve2, set_position, [ 3 ], { } ] 

      - [ purge_and_temper, { rate: '{purgerate}', volume: '{purgevolume}', temperature: '{temperature}' } ] 

      - [ add_component, { rate: '{acetone_purge_rate}', volume: '{acetone_purge_volume}', valve_position: 1 } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ drying, { } ] 

      - [ add_so2, { rate: '{so2_purge_rate}', volume: '{so2_purge_volume}' } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ add_component, { rate: '{hfip_purge_rate}', volume: '{hfip_purge_volume}', valve_position: 6 } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ drying, { } ] 

      - [ add_component, { rate: '{aryl_rate}', volume: '{aryl_volume}', valve_position: 2 } ] 

      - [ add_component, { rate: '{ethanol_rate}', volume: '{ethanol_volume}', valve_position: 9 } ] 

      - [ add_component, { rate: '{base_rate}', volume: '{base_volume}', valve_position: 4 } ] 

      - [ add_so2, { rate: '{so2_rate}', volume: '{so2_volume}' } ] 

      - [ add_component, { rate: '{hfip_rate}', volume: '{hfip_volume}', valve_position: 6 } ] 

      - [ add_component, { rate: '{acetonitrile_rate}', volume: '{acetonitrile_volume}', valve_position: 7 } ] 

      - [ valve2, set_position, [ 2 ], { } ] 

      - [ purge, { rate: '{fill_rate}', volume: '{fill_volume}' } ] 

      - [ prerun, { volume: '{prerunvolume}', rate: '{flowrate}', current: '{current}' }] 

      - [ main_continuous_electrolysis, { current: '{current}', amount_of_charge: '{amount_of_charge}', rate: 

'{flowrate}', voltage_limit: '{voltage_limit}' }] 

      - [ stop, { } ] 

   

  collect_solution: 

    conditions: 

       

    stopconditions: 

 

    parameters: 

      rate: [float, mL/min] 

      volume: [float, mL] 

    observables: 

      - [ pump2, remaining_time, int, s ] 
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    commands: 

      - [ pump2, dispense, [ ], { rate: '{rate}', volume: '{volume}' } ] 

 

  main_cyclic_electrolysis: 

    conditions: 

       

    stopconditions: 

      - [ObservableGreaterOrEqualValueCondition, [max_voltage, psu, voltage, "{voltage_limit}"], {}] 

    parameters: 

      current: [float, A] 

      amount_of_charge: [float, C] 

      rate: [float, mL/min] 

      voltage_limit: [float, V] 

    observables: 

      - [ psu, current, float, A ] 

      - [ psu, voltage, float, V ] 

      - [ psu, amount of charge, float, C ] 

    commands: 

      - [ pump2, continuous_flow, [ ], { rate: '{rate}' } ] 

      - [ psu, output_constant_current, [ ], { amount_of_charge: '{amount_of_charge}', current: '{current}' } ] 

 

  cyclic_flow_electrolysis: 

    conditions: 

       

    stopconditions: 

 

    parameters: 

      acetone_purge_rate: [float, mL/min] 

      acetone_purge_volume: [float, mL] 

      purgerate: [float, mL/min] 

      purgevolume: [float, mL] 

      reversepurgerate: [float, mL/min] 

      reversepurgevolume: [float, mL] 

      so2_purge_rate: [float, mL/min] 

      so2_purge_volume: [float, mL] 

      aryl_rate: [float, mL/min] 

      aryl_volume: [float, mL] 

      ethanol_rate: [float, mL/min] 

      ethanol_volume: [float, mL] 

      base_rate: [float, mL/min] 

      base_volume: [float, mL] 

      so2_rate: [float, mL/min] 

      so2_volume: [float, mL] 

      hfip_rate: [float, mL/min] 

      hfip_volume: [float, mL] 

      acetonitrile_rate: [float, mL/min] 

      acetonitrile_volume: [float, mL] 

      fill_loop_rate: [float, mL/min] 
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      fill_loop_volume: [float, mL] 

      current: [float, A] 

      amount_of_charge: [float, C] 

      flowrate: [float, mL/min] 

      voltage_limit: [float, V] 

      collection_rate: [float, mL/min] 

      collection_volume: [float, mL] 

    observables: 

      - [ valve2, position, int, "" ] 

    commands: 

      - [ valve2, set_position, [ 3 ], { } ] 

      - [ purge_and_temper, { } ] 

      - [ add_component, { rate: '{acetone_purge_rate}', volume: '{acetone_purge_volume}', valve_position: 1 } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ add_component, { rate: '{acetone_purge_rate}', volume: '{acetone_purge_volume}', valve_position: 1 } ] 

      - [ valve2, set_position, [ 1 ], { } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ purge, { rate: '-{purgerate}', volume: '{purgevolume}' } ] 

      - [ valve2, set_position, [ 3 ], { } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ drying, { } ] 

      - [ add_so2, { rate: '{so2_purge_rate}', volume: '{so2_purge_volume}' } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ add_component, { rate: '{hfip_purge_rate}', volume: '{hfip_purge_volume}', valve_position: 6 } ] 

      - [ valve2, set_position, [ 1 ], { } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ purge, { rate: '-{purgerate}', volume: '{purgevolume}' } ] 

      - [ valve2, set_position, [ 3 ], { } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ drying, { } ] 

      - [ add_component, { rate: '{aryl_rate}', volume: '{aryl_volume}', valve_position: 2 } ] 

      - [ add_component, { rate: '{ethanol_rate}', volume: '{ethanol_volume}', valve_position: 9 } ] 

      - [ add_component, { rate: '{base_rate}', volume: '{base_volume}', valve_position: 4 } ] 

      - [ add_so2, { rate: '{so2_rate}', volume: '{so2_volume}' } ] 

      - [ add_component, { rate: '{hfip_rate}', volume: '{hfip_volume}', valve_position: 6 } ] 

      - [ add_component, { rate: '{acetonitrile_rate}', volume: '{acetonitrile_volume}', valve_position: 7 } ]     

      - [ valve2, set_position, [ 1 ], { } ] 

      - [ purge, { rate: '{fill_loop_rate}', volume: '{fill_loop_volume}' } ] 

      - [ main_cyclic_electrolysis, { current: '{current}', amount_of_charge: '{amount_of_charge}', flowrate: 

'{flowrate}', voltag_limit: '{voltage_limit}' } ] 

      - [ stop, { } ] 

      - [ purge, { rate: '-{purgerate}', volume: '{purgevolume}' } ] 

      - [ valve2, set_position, [ 2 ], { } ]  

      - [ collect_solution, { rate: '{collection_rate}', volume: '{collection_volume}' } ] 

      - [ add_component, { rate: '{hfip_purge_rate}', volume: '{hfip_purge_volume}', valve_position: 6 } ] 

      - [ valve2, set_position, [ 1 ], { } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 

      - [ purge, { rate: '-{purgerate}', volume: '{purgevolume}' } ] 
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      - [ valve2, set_position, [ 2 ], { } ] 

      - [ purge, { rate: '{purgerate}', volume: '{purgevolume}' } ] 
 

 

5.3 Implementing new drivers 

The following is an example of a device driver (for the valve drive Knauer Azura Valve Unifier 

VU4.1). Implementing new devices, unfortunately requires a deeper understanding of python, 

Twisted[4], regular expressions and the presented software. Therefore, we are not able to provide 

a full tutorial explaining the process of implementation. Nonetheless, this may give the reader a 

brief overview and good idea of what is needed to provide new device drivers. 

In the first lines, the baseclasses are imported for the respective type of laboratory equipment (in 

this case multipos_valve_base). Every driver must implement a Device class that inherits from the 

imported BaseDevice and SinglechannelBaseDevice or MultichannelBaseDevice.  

Inside the class scope, some class variables defined in the base class may be overridden to suit the 

characteristics and communication protocol of the device. Expected is a set of replies that lead 

directly to a given commandstate (e. g. commandstate.Success). Furthermore, complex 

errormessages may be defined as regular expressions to be caught and trigger the according 

commandstate. Also necessary is a log_name. Using the CommandParameterFactory class, the user 

may change a set of available command parameters, that influence how commands act and how 

long they take to be executed by the device. The commands dictionary contains the actual 

commands provided by the manufacturer of the device. The structure is described on the 

following example: 

"GET_POS": ["POSITION", r"POSITION:(?P<position>.*)"] 

“Name used in the driver”: [“Command as expected by the device”, expected reply as regular 

expression with observable parameters as named groups] 

The following functions need to be implemented for all devices: 

- cmd_string: returns the command string expected by the device, consisting of the command 

itself (as defined in the command dictionary above), a value and possibly a query sign. 

- initial_commands: this is executed on software startup to get the device in a defined 

condition. 

- final_commands: this is executed on errors, stop or shutdown the setup to turn off the devices 

or end possible actions. 

241



 

S16 

 

- handle_event: this handles incoming messages if the device supports it (for an example see 

the driver of the ismatec reglo ICC). 

The other functions included in the Device class, are either expected by the BaseDevice for 

multipos_valve_base (next_position, previous_position) or implement special or internal 

functionality for the given device. 

from .multipos_valve_base import BaseDevice, SinglechannelBaseDevice, commandstate, CommandParameterFactory 

import re 

 

class Device(SinglechannelBaseDevice, BaseDevice): 

    reply_to_state = {"OK": commandstate.Success} 

    error_patterns = [r"ERROR:(?P<code>.*),(?P<message>.*)"] 

    replies_commands = True 

    log_name = "Knauer AzuraVU" 

 

    command_parameter_factory = CommandParameterFactory(inter_command_time=1) 

 

    commands = { 

        ### COMMON COMMANDS ### 

        "GET_IDN": ["IDENTIFY", 

                    r"IDENTIFY:(?P<device_type>.*),(?P<manufacturer>.*),(?P<model_name>.*),(?P<serial_number>.*),(?P<

firmware_version>.*),(?P<position_count>.*),(?P<ports_number>.*)"], 

        "SET_POS": ["POSITION"], 

        "GET_POS": ["POSITION", r"POSITION:(?P<position>.*)"], 

        "GET_STATUS": ["STATUS", 

r"STATUS:(?P<system_tick_count>.*),(?P<instrument_state>.*),(?P<current_error_code>.*),(?P<last_warning_code>.*),(?P<

current_position>.*),(?P<run_time_ms>.*),(?P<home_in_state>.*),(?P<backward_in_state>.*),(?P<forward_in_state>.*),(?P

<start_in_state>.*),(?P<event_out_state>.*),(?P<encoder_position>.*),(?P<encoder_angle>.*),(?P<valve_shaft_position>.

*),(?P<last_reposition_diagnostic>.*),(?P<interface_state>.*),(?P<CPU_temperature>.*)"], 

        "GET_VALVE": ["VALVE", r"VALVE:(?P<serial_number>[0-9A-Za-z]*),(?P<valve_type>-?[0-

9]*),(?P<position_count>[0-9]*),(?P<port_count>[0-9]*),(?P<home_angle>[0-9]*),(?P<maximum_pressure>[0-

9]*),(?P<velocity_factor>[0-9]*),(?P<maximum_seal_cycles>[0-9]*),(?P<switch_cycle_amount>[0-

9]*),(?P<global_scaler_override>[0-9]*),(?P<torque_range>[0-9]*),(?P<reserved_4>[0-

9]*),(?P<part_number>[^,]*),(?P<position_info>.*)"], 

    } 

 

    def cmd_string(self, command_parameters: CommandParameterFactory) -> str: 

        if command_parameters.query: 

            query = "?" 

        else: 

            query = "" 

        try: 

            value = command_parameters.command_values["value"] 

        except KeyError: 

            sep = "" 
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            value = "" 

        else: 

            sep = ":" 

        value = str(value) 

        command = command_parameters.commandstring 

        return f"{command}{sep}{value}{query}" 

 

    def set_position(self, position, **kwargs): 

        with self.commandseries as series: 

            result = self.write("SET_POS", command_values={"value": int(float(position))}, **kwargs) 

            self.query("GET_POS") 

        return result 

 

    def initial_commands(self): 

        self.query("GET_IDN", inter_command_time=0) 

        self.set_position(1) 

        super().initial_commands() 

 

    def final_commands(self): 

        self.set_position(1) 

 

    def handle_event(self, match: re.Match) -> None: 

        pass 

 

    def _get_valve_positions(self): 

        return self.query("GET_VALVE", inter_command_time=0) 

 

    def _move_position(self, result, step): 

        pos = int(result.parameters["position"]) + step 

        if pos > self.positions: 

            pos -= self.positions 

        elif pos < 1: 

            pos += self.positions 

        self.set_position(pos, urgent=True) 

 

    def next_position(self): 

        return self.query("GET_POS").deferred_result.addCallback(self._move_position, +1) 

 

    def previous_position(self): 

        return self.query("GET_POS").deferred_result.addCallback(self._move_position, -1) 
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6 Frontend 

The station overview offers the possibility to add new stations or to change or remove existing 

stations. 

 

In the routine administration, adjustments can be made in the parameters of the individual 

routines. If a parameter is set as a static parameter in a routine, it does not have to be explicitly 

specified by the user. In this case it overwrites the user input. 

 

In the experimental designs overview, new experimental designs can be added and assigned to an 

experimental station. this results in the selection of experiment types that can be added to the 
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design.

 

Within an experimental design, multiple stages can be added. To add a stage, its name and a 

method case must be specified. 

 

Within a stage, different runs can be added, deleted, and selected. The user can download the run-

table as an excel-file. He can choose if he wants to export all parameters in this table (including 

the static parameters or only the active parameters without static parameters). The user can also 

upload an excel-sheet which contains the values for the experimental runs. These are then stored 

in the database of the frontend, or already existing runs (assigned via an ID column) are updated. 

The user can submit the runs of a stage to the experimental station from here. 
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The monitoring overview provides an overview of all experimental stations registered in the 

frontend. The current state and the length of the queue of the respective station is displayed. A 

detailed view can be called up by clicking on a button. 

 

The detailed view shows live data of all parameters defined as observables in the backends 

configuration file. 
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Used Software Packages for the framework:  

Bootstrap is released under the MIT license and is copyright 2018 Twitter.  

https://getbootstrap.com/docs/5.0/getting-started/introduction/ 

Flask: The BSD-3-Clause license applies to all files in the Flask repository and source distribution. 

This includes Flask’s source code, the examples, and tests, as well as the documentation. 

https://flask.palletsprojects.com/en/2.3.x/ 

Plotly JS is free and open-source software, licensed under the MIT license. 

https://plotly.com/graphing-libraries/ 

Grid JS is released under the MIT license. https://gridjs.io/docs  

The code for the frontend was published at the GitLab server of JGU Mainz: 

https://gitlab.rlp.net/hielscher/labs-frontend 

7 General protocol for dehydrating coupling reactions 

Automated experiments: The experiments were performed according to the configuration file. 

Acetone or isopropanol was used as the rinsing solvent. The rinsing volume was set to 3 mL higher 

than the preparation volume. Before each electrolysis, the cell was primed with 2 mL HFIP. The 
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HFIP-pyridine system was used as the supporting electrolyte. Before starting electrolysis, the cell 

was flooded and, in the case of single-pass experiments, a first fraction of 2 mL electrolyzed 

mixture was discarded to allow the system to reach an equilibrium state. After each experiment, 

the electrolyte was collected with the fraction collector and the reservoir was purged with 3 mL 

of HFIP.  

Yield determination: As internal standard, n-octylbenzene (145.2 mg, 0.762 mmol) was added 

into a 20 mL glass vial. The reaction solution was transferred from the fraction collector’s test 

tube into the vial and rinsed with HFIP (2x5 mL). The vial was closed, and its contents 

homogenized by shaking. Using a pipette, 10 drops of this solution were filtered through a plug of 

silica into a GC vial using ethyl acetate. The sample was measured with a Shimadzu GC-2025. The 

yield was determined by a calibration of the product. 

Pump calibration: Isopropanol or Acetone was used for calibrations. Each channel of the pump 

was calibrated separately by measuring the mass of isopropanol which was pumped into a glass 

vial in a defined time. To calculate the volume of isopropanol, a density of 0.786 g/mL was 

assumed. The dosing channel was calibrated using 5 mL/5 min and the channel for cyclic flow 

(through the flow cell and back into the reservoir) was calibrated using 6 mL/1 min. Each channel 

was calibrated threefold. 
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Optimization Data 

7.1 Control Experiments with BPT Pharmed Tubing 

 

 

 

Figure 3: Dehydrodimerization yield (%) versus run number of the control experiment. The annotated number 

is the station wide run number for this control experiment. The area further investigated by a 26-2 design is 

highlighted brown, here only the control experiments in between the DoE series are plotted.  

The voltage curves for the control tests show a general increase in cell voltage with increasing run 

number. Nevertheless, the general features of a short increase at the beginning of the electrolysis 

with a decrease of the voltage during the electrolysis remain. Only the last two control 

experiments reach a plateau at the end of electrolysis. We attribute the initial higher cell voltage 

to insufficient substrate dosing and thus lower concentrations in the electrolyte mixing step. An 

additional contribution to the higher cell voltage results from a lower flow rate due to the abrasion 

of the tubing. This increases the residence time of the electrolyte in the cell, since the current 

density, the flow rate and the applied charge are coupled in flow electrolysis. 
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Figure 4: Cell voltage plots for the control experiments series. Total electrolysis time at top, first 200 seconds 

at bottom left, and first 800 seconds at bottom right. 

Table 1: Experimental conditions of the Control Experiments: j = 10mA/cm², Q = 0.9 F, v = 1.99 mL/min (15 × 

single pass rate), c(1) = 1.25 mol/L, vol.%(pyridine) = 5%, T = 25°C. 

Run 2-4-
Dimethyl

phenol 
(mmol) 

n-Octylbenzene  FID Area (2-4-
Dimethylphenol) 

FID area 
(n-octyl-

benzene) 

FID area 
(3.3’5.5’-

tetramethyl-
1.1’-

biphenol) 

Yield of 
3.3’5.5’-

tetramethyl-
1.1’-

biphenol (%) 

1 7.5 146.00 147168 187015 390459 45.5% 

2 7.5 145.40 145531 206180 467186 49.2% 

3 7.5 144.70 231312 218128 600185 59.4% 
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4 7.5 146.50 310415 299791 816950 59.6% 

5 7.5 144.70 178773 161525 443793 59.3% 

6 7.5 144.80 254240 226452 657804 62.8% 

7 7.5 144.10 280968 282959 738621 56.1% 

8 7.5 144.10 235373 247686 659710 57.3% 

9 7.5 148.20 244835 243023 644037 58.6% 

10 7.5 145.70 292471 271556 750247 60.1% 

12 7.5 145.40 104546 77420 188361 52.8% 

13 7.5 145.50 127588 97543 260786 58.0% 

14 7.5 143.90 160721 121292 339742 60.1% 

15 7.5 144.90 101024 88577 238299 58.2% 

16 7.5 147.10 388127 202979 520727 56.3% 

17 7.5 145.10 268165 140449 400414 61.7% 

18 7.5 146.10 295612 155564 440280 61.7% 

19 7.5 148.10 308682 183919 503939 60.5% 

20 7.5 144.30 412544 227767 648950 61.3% 

21 7.5 144.40 42926 28869 77192 57.6% 

22 7.5 144.00 44308 33625 90094 57.6% 

23 7.5 150.30 49163 42043 97171 51.8% 

24 7.5 145.60 61573 42852 116343 59.0% 

25 7.5 146.30 112874 77214 166337 47.0% 

26 7.5 146.50 111617 76572 193789 55.3% 

27 7.5 145.00 143412 123166 323834 56.9% 

28 7.5 145.60 134733 114531 305945 58.0% 

29 7.5 145.70 41562 50117 103079 44.7% 

30 7.5 148.50 32963 47373 90572 42.4% 

31 7.5 145.20 164896 87956 150766 37.1% 

32 7.5 147.30 114774 90585 207864 50.4% 

33 7.5 145.00 118363 86438 209068 52.3% 

34 7.5 146.20 59347 61350 133825 47.6% 

35 7.5 147.00 107240 102281 236937 50.8% 

36 7.5 144.70 252335 116341 203438 37.8% 

37 7.5 145.10 126129 110135 245524 48.3% 

38 7.5 146.70 171873 112969 244018 47.3% 

39 7.5 144.80 113587 107042 138809 28.0% 

40 7.5 144.70 100464 79298 129853 35.4% 

41 7.5 145.70 73485 81196 109989 29.5% 

 

7.2 Fractional Factorial Design (Tubing: Pharmed®) 

We have included the data from the first Design of Experiments with the Pharmed® tubes here. 

The reliability of the data is hardly given due to the continuous change of the flow rates during 
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dosing. Nevertheless, it can be concluded that higher phenol concentrations lead to significantly 

higher yields. 

Model Summary 

S R² R²(adj.) R²(pred.) 

0,0885599 57,1% 41,2% 13,3% 

Graphical visualisation of the model 

Figure 5: Pareto chart for the effects of the yield model (right) and histogram of residuals (left). 

Figure 6: Main effect plots regarding the yield model of 2. 
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Figure 7: Interaction plots regarding the yield model of 2. 

 

7.3 Repetition of the experimental design 

For the fit of the estimated flow rate, a linear fit was applied between the calibration and test 

points. 

Table 2: Experimental conditions of the Control Experiments: j = 10mA/cm², Q = 0.9 F, v = 1.99 mL/min (15 × 

Single pass rate), C(1) = 1.25 mol/L, vol.%(Pyridine) = 5%, T = 25°C. 

ID  Current 
density 

Applied 
charge 
(F) 

Flowrat
e 
Multipli
er 

Concent
ration 
phenol 
(mol/l) 

Concent
ration 
pyridine 
(vol.%) 

Temper
ature 
(°C) 

Flowrate 
fit 

Estima
ted 
total 
volume 
(mL) 

Yield 
(%) 

1 30 0,8 7,5 0,50 0,075 17,5 1,028 7,2 26% 

2 30 0,8 7,5 0,50 0,075 17,5 1,026 7,2 25% 

3 30 0,8 7,5 0,50 0,075 17,5 1,024 7,2 24% 

4 20 0,9 5,0 0,63 0,100 10,0 1,021 7,2 20% 

5 20 0,9 5,0 0,38 0,100 25,0 1,019 7,1 25% 

6 40 0,7 10,0 0,63 0,050 10,0 1,017 7,1 25% 

7 40 0,9 5,0 0,38 0,050 25,0 1,015 7,1 31% 

8 40 0,9 5,0 0,38 0,050 25,0 1,012 7,1 32% 

9 40 0,7 5,0 0,38 0,100 10,0 1,010 7,1 18% 

10 40 0,7 5,0 0,38 0,100 10,0 1,008 7,1 19% 

11 20 0,7 5,0 0,63 0,050 25,0 1,006 7,0 43% 
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12 30 0,8 7,5 0,50 0,075 17,5 1,003 7,0 26% 

13 30 0,8 7,5 0,50 0,075 17,5 1,001 7,0 43% 

14 30 0,8 7,5 0,50 0,075 17,5 0,999 7,0 37% 

15 40 0,9 10,0 0,63 0,100 25,0 0,960 6,7 35% 

16 20 0,9 5,0 0,38 0,100 25,0 0,922 6,5 31% 

17 40 0,7 5,0 0,63 0,100 25,0 0,883 6,2 28% 

18 40 0,9 5,0 0,63 0,050 10,0 0,845 5,9 33% 

19 20 0,7 10,0 0,38 0,100 25,0 0,806 5,6 42% 

20 20 0,9 10,0 0,63 0,050 25,0 0,768 5,4 48% 

21 40 0,9 5,0 0,63 0,050 10,0 0,729 5,1 43% 

22 20 0,7 10,0 0,38 0,100 25,0 1,011 7,1 30% 

23 30 0,8 7,5 0,50 0,075 17,5 0,991 6,9 31% 

24 30 0,8 7,5 0,50 0,075 17,5 1,021 7,1 33% 

25 30 0,8 7,5 0,50 0,075 17,5 1,050 7,4 33% 

26 20 0,9 5,0 0,63 0,100 10,0 1,080 7,6 16% 

27 40 0,7 10,0 0,38 0,050 25,0 1,110 7,8 27% 

28 40 0,7 5,0 0,63 0,100 25,0 1,140 8,0 12% 

29 40 0,9 10,0 0,38 0,100 10,0 1,169 8,2 13% 

30 20 0,7 5,0 0,63 0,050 25,0 1,199 8,4 33% 

31 40 0,9 10,0 0,63 0,100 25,0 1,229 8,6 25% 

32 20 0,7 10,0 0,63 0,100 10,0 1,258 8,8 18% 

33 20 0,9 10,0 0,63 0,050 25,0 1,288 9,0 30% 

34 30 0,8 7,5 0,50 0,075 17,5 1,027 7,2 22% 

35 30 0,8 7,5 0,50 0,075 17,5 1,022 7,2 22% 

36 30 0,8 7,5 0,50 0,075 17,5 1,017 7,1 22% 

37 20 0,7 10,0 0,63 0,100 10,0 1,012 7,1 16% 

38 20 0,9 10,0 0,38 0,050 10,0 1,007 7,1 21% 

39 20 0,7 5,0 0,38 0,050 10,0 1,002 7,0 20% 

40 20 0,7 5,0 0,38 0,050 10,0 1,022 7,2 17% 

41 40 0,7 10,0 0,63 0,050 10,0 1,042 7,3 22% 

42 40 0,7 10,0 0,38 0,050 25,0 1,062 7,4 24% 

43 20 0,9 10,0 0,38 0,050 10,0 1,083 7,6 25% 

44 40 0,9 10,0 0,38 0,100 10,0 1,103 7,7 19% 

45 30 0,8 7,5 0,50 0,075 17,5 1,123 7,9 33% 

46 30 0,8 7,5 0,50 0,075 17,5 1,143 8,0 26% 

47 30 0,8 7,5 0,50 0,075 17,5 1,163 8,1 25% 

 

We carried out ANOVA with backward elimination (α = 0.1) for the calculated regression  

model that derives the following reduced model: 
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Coded Coefficients 

Term Effect Coef SE Coef T-Value P-Value VIF 

Constant   0,6967 0,0822 8,48 0,000   

Calibration   -0,4173 0,0783 -5,33 0,000 1,53 

Current density -
0,01982 

-
0,00991 

0,00843 -1,18 0,247 1,00 

Applied charge (F) 0,02608 0,01304 0,00844 1,54 0,131 1,01 

Flowrate multiplier 0,02154 0,01077 0,00868 1,24 0,223 1,07 

Concentration phenol (mol/l) 0,0725 0,0362 0,0165 2,20 0,034 1,39 

Concentration pyridine (vol.%) -
0,05871 

-
0,02936 

0,00846 -3,47 0,001 1,01 

Temperature (°C) 0,09184 0,04592 0,00842 5,46 0,000 1,00 

Current density*Applied charge 
(F) 

0,03588 0,01794 0,00841 2,13 0,040 1,00 

Current density*Temperature 
(°C) 

-
0,04842 

-
0,02421 

0,00865 -2,80 0,008 1,06 

Ct Pt   0,0271 0,0149 1,81 0,078 1,01 

 

 

Model Summary 

S R² R²(adj.) R²(pred.) 

0,0885599 74.2% 66.9% 61.9% 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 10 0,233503 0,023350 10,31 0,000 

  Covariates 1 0,064271 0,064271 28,38 0,000 

    Calibration 1 0,064271 0,064271 28,38 0,000 

  Linear 6 0,119119 0,019853 8,77 0,000 

    Current density 1 0,003133 0,003133 1,38 0,247 

    Applied charge (F) 1 0,005398 0,005398 2,38 0,131 

    Flowrate multiplier 1 0,003486 0,003486 1,54 0,223 

    Concentration phenol (mol/l) 1 0,010964 0,010964 4,84 0,034 

    Concentration pyridine (vol.%) 1 0,027254 0,027254 12,03 0,001 

    Temperature (°C) 1 0,067425 0,067425 29,77 0,000 

  2-Way Interactions 2 0,027891 0,013945 6,16 0,005 

    Current density*Applied charge 
(F) 

1 0,010293 0,010293 4,54 0,040 

    Current density*Temperature 
(°C) 

1 0,017729 0,017729 7,83 0,008 

  Curvature 1 0,007441 0,007441 3,29 0,078 

Error 36 0,081527 0,002265     

Total 46 0,315031       

 

Graphical visualisation of the model 
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Figure 8: Pareto chart for the effects of the yield model (right) and histogram of residuals (left). 

It should be mentioned that the parameters current density, applied charge and flowate multiplier 

are not significant in the actual model with an α = 0.1  but they occur in significant two factor 

interactions and therefore cannot be excluded from the model. 

Figure 9: Main effect plots regarding the yield model. 
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1. General Information 

All solvents and reagents used were obtained from commercial suppliers. If required, they were purified 

according to standard methods.[1] Glassy carbon electrodes (SIGRADUR™ G) were purchased from HTW 

Hochtemperatur-Werkstoffe GmbH (Tierhaupten, Germany). Boron-doped diamond electrodes (DIACHEM™, 

15 µm BDD on 3 mm silicon wafer as supporting material) were bought from CONDIAS GmbH (Itzehoe, Germany). 

For electrolysis, a Rohde & Schwarz HMP4040 programmable power supply 384W was used (Rohde & Schwarz 

GmbH & Co. KG, Munich, Germany). Flow chemistry was carried out using an Ismatec REGLO Digital ISM597D 

peristaltic pump (IKA-Werke GmbH & CO. KG, Staufen, Germany). A modular flow cell system, which was 

developed in our group, has been used.[2] Gasket material for the large flow cell (FFKM/FFPM CKD900) was 

obtained from CKD Dichtungstechnik GmbH (Dreieich, Germany). Sulfur dioxide (purity 99.98%) was purchased 

from Linde in a 10 L steel bottle (Linde Gas GmbH, Stadl-Paura, Austria). 

Column Chromatography was carried out using a preparative column chromatography system: Büchi Control 

Unit C-620, 2x Büchi Pump Modules C-605, Büchi Fraction Collector C-660, and Büchi UV Photometer C-635 

(λ = 254 nm). Büchi SeparateControl 1.4.30000.18063 Standard Edition was used (Büchi Labortechnik AG, Flawil, 

Switzerland). As stationary phase, silica (60 M, 0.04 – 0.063 mm) was utilized (Mancherey-Nagel GmbH & Co. KG, 

Düren, Germany). As eluent, mixtures of cyclohexane and ethyl acetate in a gradient 95:5 → 50:50 were utilized. 

Thin-layer chromatography was carried out using Supelco silica gel 60 F254 aluminium TLC plates (Merck KGaA, 

Darmstadt, Germany) with 5 µL micropipettes (Blaubrand intraMARK, BRAND GmbH + CO KG, Wertheim, 

Germany). 

Gas Chromatography was performed using a Shimadzu GC-2025 (Shimadzu, Japan) with a HP-5MS column 

(Agilent Technologies Deutschland GmbH, Waldbronn, 30 m length, 0.25 mm diameter, 0.25 µm film). 

High-resolution mass spectra (HRMS) were recorded using a G6545A Q-ToF (Agilent GmbH, Waldbronn) with 

Electron Spray Ionization (ESI). For sample injection, a 1260 Infinity II HPLC-System (Agilent GmbH, Waldbronn) 

with a G7111B 1260 Quaternary Pump, G7129A 1260 vial sampler and G7116A 1260 Multicolumn thermostat 

was used. 

NMR spectra of 1H (400 MHz), 13C{1H} (101 MHz), and 19F (376 MHz) were recorded at 23 °C using a Bruker Avance 

II 400 spectrometer (400 MHz, 5 mm BBFO-SmartProbe with z gradient and ATM, SampleXPress 60 sample 

changer, Analytische Messtechnik, Karlsruhe, Germany). Chemical shifts are reported in parts per million (ppm) 

relative to CDCl3 (7.26 ppm in 1H NMR spectra, 77.16 ppm in 13C NMR spectra).[3] 

Melting Points were determined using a Melting Point apparatus B-656 (Büchi, Flawil, Switzerland) and are 

uncorrected. Heating rate: 1°C/min. 
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2. Experimental setup 

Small flow cell (anode surface: 2 cm x 6 cm) 

A modular flow cell setup which was developed in our group has been used in all reactions.[2] The flow cell 

depicted in Figure 1 was used for optimization of reaction conditions, scope, and the first of the two scale-up 

experiments. The Teflon frame can hold electrodes of the size 2 cm x 6 cm x 0.3 cm. As anode material, either a 

BDD electrode (shown here) or a glassy carbon electrode can be utilized. The Teflon holder acts as the in- and 

outlet of the reaction solution in the flow cell, and the anode cable can be contacted to the back of it. As cathode 

material, a stainless-steel (VA 1.4571) cathode block was used in all experiments.[4] This has one side which is flat 

(shown here) and one side with holes for in- and outlet of a reaction solution. Note that the flat side was used, 

so in- and outlet of the reaction solution is exclusively carried out through the Teflon frame. The cathode also 

has attachments for a temperature control unit, which were used in the experiments where the influence of 

temperature was investigated. As separator material, a Teflon spacer of thickness 0.25 mm was used. To 

assemble the flow cell, stainless steel front and back plates and stainless-steel screws (DIN 921 A2 M4X55) were 

used. The back plates have matching gears for the screws. 

 

Figure 1. Modular flow cell used for optimization of reaction conditions, scope, and scale-up experiment 1. A 
one Euro coin is placed next to the electrolysis cell for size comparison. 

261



5 

 

Larger flow cell (anode surface: 4 cm x 12 cm) 

For the second scale-up experiment, a larger flow cell as shown in Figure 2 was used.[2,5] For this flow cell size, 

the design of the Teflon holder for the anode is different: because of the high thermal expansion in large pieces 

of Teflon, two gaskets (FFKM/FFPM CKD900) are installed to prevent reaction solution to leak underneath the 

BDD electrode. This also prevents damage of the BDD anode due to thermal expansion and contraction of the 

Teflon frame. Just as the small flow cell, the cathode is a flat stainless-steel block, so the in- and outlet of the 

reaction solution through the cell is carried out through the anode Teflon frame exclusively. A Teflon spacer of 

thickness 0.25 mm is used here as well. To assemble the cell, the stainless-steel screws are put from the cathode 

through the Teflon spacer, anode, and into a stainless-steel backing plate with threads. 

 

Figure 2. Large modular flow cell used for scale-up experiment 2. A one Euro coin is placed next to the 
electrolysis cell for size comparison. 
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3. Experimental procedures 

General Procedure for the preparation of SO2 stock solutions 

For the preparation of the SO2 stock solutions, the following apparatus was used: 

 

Figure 3. Experimental setup for the preparation of SO2 stock solutions. 

 

The entire apparatus as shown in Figure 3 was kept in a fume hood. The solvent (HFIP, MeCN, or a mixture of 

HFIP and MeCN) was transferred into a 500 mL two-neck round bottom flask. The round bottom flask was cooled 

to 0 °C with an ice bath on a magnetic stirrer. While being stirred slowly, the solvent was flushed with 

sulfur dioxide at 0 °C for 20 min. Excess SO2 gas is neutralized with aqueous NaOH (20 wt%). At the end, the gas 

inlet apparatus is flushed with argon. The SO2 concentration of the stock solution is determined using iodometry. 

The SO2 stock solution was stored at +4 °C. 

 

General procedure for the determination of SO2 concentration in sulfur dioxide stock solutions 

The concentration of SO2 stock solutions can be determined by iodometry.[6] To prepare the titrant solution, 

sodium thiosulfate pentahydrate (Na2S2O3 · 5 H2O, 4.964 g, 0.02 mol) is dissolved in distilled water (100.0 mL) in 

a volumetric flask at 25 °C. In a 250 mL Erlenmeyer flask, Iodine (I2, 1.269 g, 5.00 mmol) was dissolved together 

with potassium iodide (KI, 2.209 g, 13.3 mmol) in distilled water (100 mL). To promote the dissolution of iodine, 

it’s recommended to pre-grind it in a mortar before weighing it out. A stirring bar is added to the solution of I2 

and KI. The solution is stirred at 25 °C until the iodine is completely dissolved. An aliquot of the SO2 stock solution 

(1.0 mL at 4 °C) is injected slowly into the solution of iodine and potassium iodide. The aliquot of SO2 stock 

solution must be injected under the liquid surface to prevent the evaporation of SO2. While being stirred, the 

solution is back titrated using the freshly prepared Na2S2O3 solution as titrant. A few drops of freshly prepared 

starch solution can be added to better identify the end point of titration.[6] 
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Iodine is being reduced according to the following equations: 

SO2 + 2 H2O + I2 → H2SO4 + 2 HI 

2 Na2S2O3 + I2 → Na2S4O6 + 2 NaI 

The concentration of the SO2 stock solution c(SO2) can be calculated as follows: 

𝑐(SO2) =
𝑛0(I2) −

1
2
(𝑉(Na2S2O3) ∙ 𝑐(Na2S2O3))

𝑉(SO2 aliquot)
 

 

General procedure 1 for the optimization of reaction conditions 

Standard reaction conditions: 1,4-dimethoxybenzene (124 mg, 0.9 mmol, 0.15 mol L-1) was dissolved in MeCN 

(1.12 mL) and HFIP (1.10 mL). Then, morpholine (3.0 equiv., 2.7 mmol, 0.24 mL) and DIPEA (4.0 equiv., 3.6 mmol, 

0.61 mL) was added. To this, a stock solution of SO2 in HFIP/MeCN 1:1 (15.0 equiv. SO2, 13.5 mmol, 2.25 mol L-1 

SO2 in solution) was added. During addition the reaction solution was cooled, as some heat-up is expected. The 

peristaltic pump was calibrated with acetonitrile before every experiment. BDD was used as anode material and 

stainless steel as cathode material. A Teflon spacer of thickness 0.25 mm was used. The reaction solution is 

pumped through the electrolysis cell and the electrolysis was started (4.0 F, 149 µL min-1, 12.0 mA cm-2). The 

pump speed in single-pass flow is calculated as follows: 

𝑣pump =
𝑉reaction solution

𝑡reaction
=
𝑉reaction solution

(
𝑄reaction

𝐼
)

 

After the electrolysis at room temperature, the flow cell was rinsed by pumping acetonitrile (5 mL) through it. 

1,3,5-trimethoxybenzene (101 mg, 0.60 mmol) was added to the reaction solution as internal standard. The 

solvents were removed by distillation using a rotary evaporator and the yield was determined by measuring a 

1H NMR spectrum. For isolation of the product, a saturated NaHCO3 (50 mL) was added and the aqueous layer 

was extracted with ethyl acetate (5x50 mL). The combined organic fractions were dried over MgSO4 and the 

solvent was removed using a rotary evaporator. The crude extract was adsorbed on silica and the product(s) 

were isolated using flash column chromatography. 

 

General procedure 2 for reaction scope: 

Deviations from general procedure 1: DIPEA (6.0 equiv.), HFIP/MeCN 2:1 (vol%). 

General procedure 3 for reaction scope: 

Deviations from general procedure 1: starting material concentration: 0.10 mol L-1, amount of applied charge 

Q = 3.5 F. 
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4. Optimization of reaction conditions 

In Table 1, the data for the optimization of the test reaction is shown, which refers to the optimization table in 

the publication. The experiments were carried out according to general procedure 1 and the yields were 

determined by using 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as internal standard. The yield is 

calculated as follows, where I is the integral in the 1H NMR spectrum and N is the number of protons associated 

to that integral: 

%NMR yield =
𝑛product ∙ 100

𝑛starting material
=

𝑛internal standard ∙
(
𝐼product
𝑁product

)

(
𝐼internal standard
𝑁internal standard

)
∙ 100

𝑛starting material
  

 

Table 1. Data of the optimization of the test reaction. 

# NMR-Yield% I(STD) m(STD)/mg n(STD)/mmol I(product) n(product)/mmol m(SM)/mg n(SM)/mmol 

1 72 1 100.0 0.595 0.37 0.660 127.3 0.921 

2 71 1 102.6 0.610 0.35 0.641 124.6 0.902 

3 35 1 103.5 0.615 0.17 0.314 125.0 0.905 

4 0 1 198.6 1.181 0.00 0.000 128.9 0.933 

5 45 1 151.4 0.900 0.15 0.405 125.3 0.907 

6 55 1 105.4 0.627 0.27 0.508 126.9 0.918 

7 34 1 117.6 0.699 0.15 0.315 127.1 0.920 

8 14 1 123.8 0.736 0.06 0.132 126.3 0.914 

9 53 1 104.3 0.620 0.26 0.484 127.1 0.920 

10 55 1 105.0 0.624 0.27 0.506 126.1 0.913 

11 59 1 107.0 0.636 0.29 0.553 129.6 0.938 

12 61 1 129.1 0.768 0.24 0.553 126.1 0.913 

13 64 1 96.8 0.576 0.34 0.587 127.7 0.924 

14 25 1 106.8 0.635 0.12 0.229 126.0 0.912 

15 48 1 105.1 0.625 0.24 0.450 128.4 0.929 

16 72 1 99.1 0.589 0.37 0.654 125.0 0.905 

17 75 1 102.7 0.611 0.37 0.678 125.0 0.905 

18  88 (84% isolated) 1 106.5 0.663 0.86 1.634 255.6 1.850 

19  88 (86% isolated) 1 101.1 0.601 0.89 1.605 250.7 1.814 

20 70 1 102.8 0.611 0.36 0.66 131.2 0.950 

21 60 1 133.7 0.795 0.23 0.549 126.1 0.913 

22 46 1 117.9 0.701 0.20 0.421 125.8 0.910 

23 10 1 99.3 0.590 0.05 0.089 126.3 0.914 

24 0 1 102.4 0.609 0.00 0.000 127.5 0.910 
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5. Analytical data 

1. 4-((2,5-Dimethoxyphenyl)sulfonyl)morpholine (1) 

 

According to the general procedure 2, 1,4-dimethoxybenzene (258 mg, 1.8 mmol) was employed as substrate. 

After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), 

sulfonamide 1 (464 mg, 1.6 mmol, 86%) was obtained as a yellow oil. 

Scale-up experiment 1 in small flow cell: According to the general procedure 2, 1,4-dimethoxybenzene (1.999 g, 

14.4 mmol) was employed as substrate. All other solvents and reagents used in the reaction were scaled up by a 

factor of 8 as well. The electrolysis was started (4.0 F, 149 µL/min, 12.0 mA cm-2, 10 h 43 min). After purification 

of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), sulfonamide 1 (3.557 g, 

12.4 mmol, 86%) was obtained as a yellow oil. The unconsumed starting material 1,4-dimethoxybenzene 

(290 mg, 2.0 mmol, 14%) could be recovered. Dividing the mass of product by the electrolysis time yields a 

productivity of: 

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦1 =
3.557 g

10 h 43 min
≈ 0.33 

g

h
 

Scale-up experiment 2 in large flow cell: According to the general procedure 2, 1,4-dimethoxybenzene (2.008 g, 

14.5 mmol) was employed as substrate using the large flow cell depicted in Figure 2. All other solvents and 

reagents used in the reaction were scaled up by a factor of 8 as well. The electrolysis was started (4.0 F, 

597 µL/min, 12.0 mA cm-2, 2 h 41 min). After the reaction, a mixture of HFIP (40 mL) and MeCN (20 mL) was 

pumped through the flow cell to clean it. Using vacuum distillation and a cold trap, 84 vol% of the HFIP/MeCN 

2:1 solvent mixture used in the reaction could be recovered: 

𝑣𝑜𝑙%recovered =
100 ∙ 𝑉recovered

𝑉used
=

100 ∙ 115.0 mL

(28.8 + 3.5 + 45.3⏟            
used in reaction

+ 40.0 + 20.0⏟        
rinsing of cell

)  mL

= 84 𝑣𝑜𝑙% 

After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), 

sulfonamide 1 (3.838 g, 13.4 mmol, 92%) was obtained as a yellow oil. The unconsumed starting material 1,4-

dimethoxybenzene (159 mg, 1.1 mmol, 8%) could be recovered.  Dividing the mass of product by the electrolysis 

time yields a productivity of: 

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦2 =
3.838 g

2 h 41 min
≈ 1.43 

g

h
 

 

Reusing the recovered HFIP/MeCN solvent from Scale-up experiment 2: The HFIP/MeCN 2:1 (vol%) solvent 

mixture which was recovered in the cold trap did contain 0.8 M sulfur dioxide. It was purged again with SO2 

according to the general procedure, and a 4.77 M SO2 stock solution was obtained. This stock solution based on 

the recovered HFIP/MeCN solvent mixture was then used again in the following reaction: According to the 

general procedure, 1,4-dimethoxybenzene (252.7 mg, 1.8 mmol) was dissolved in MeCN (0.60 mL) and HFIP 

(1.10 mL). Morpholine (3.0 equiv., 5.4 mmol, 0.47 mL) and DIPEA (6.0 equiv., 10.8 mmol, 1.84 mL) were added. 

The SO2 stock solution which was created using the recovered solvent mixture was then added (15 equiv. SO2, 

13.5 mmol SO2, 8.00 mL of the 4.77 M SO2 stock solution in HFIP/MeCN 2:1 vol%). In total, this gives 12.0 mL of 

reaction solution which has HFIP/MeCN 2:1 vol%. After purification of the product via column chromatography 

(cyclohexane:ethyl acetate 95:5 → 50:50), sulfonamide 1 (450 mg, 1.6 mmol, 86%) was obtained as a yellow oil. 
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1H NMR (400 MHz, CDCl3) δ [ppm] = 7.32 (d, J = 3.2 Hz, 1H), 6.99 (m, 1H), 6.91 (d, J = 9.0 Hz, 1H), 3.80 (s, 3H), 

3.71 (s, 3H), 3.66–3.58 (m, 4H), 3.19–3.10 (m, 4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 153.1, 151.1, 126.4, 

120.5, 116.3, 114.1, 66.8, 56.7, 56.1, 46.1; mP: 98 °C; HRMS for C12H18NO5S+ (ESI+) [M+H]+: calc: 288.0900, 

found: 288.0897; Rf (cyclohexane:ethyl acetate = 95:5) = 0.11. 

2. 4-((2,3-Dimethoxyphenyl)sulfonyl)morpholine (2a) & 4-((3,4-Dimethoxyphenyl)sulfonyl)-

morpholine (2b) 

 

According to the general procedure 3, 1,2-dimethoxybenzene (332 mg, 2.4 mmol) was employed as substrate. 

After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), 

sulfonamides 2a (293 mg, 1.02 mmol, 41%) and 2b (102 mg, 0.35 mmol, 14%) were obtained as colorless solids. 

According to the general procedure 1, 1,2-dimethoxybenzene (250 mg, 1.8 mmol) was employed as substrate. 

After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), 

sulfonamides 2a (56 mg, 0.20 mmol, 12%) and 2b (43 mg, 0.15 mmol, 9%) were obtained as colorless solids. 

2a: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.42 (dd, J = 6.5, 3.0 Hz, 1H), 7.15 (s, 2H), 3.93 (d, J = 2.9 Hz, 6H), 3.74–

3.68 (m, 4H), 3.23–3.18 (m, 4H); 13C NMR (101 MHz, CD3CN) δ [ppm] = 154.1, 147.3, 131.6, 124.4, 122.1, 117.0, 

66.7, 61.5, 56.3, 46.2; mR: 162–164 °C; HRMS for C12H17NO5S+ (ESI+) [M+H]+: calc: 288.0900, found: 288.0900. 

Rf (cyclohexane:ethyl acetate = 1:1) = 0.36. 

2b: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.35 (dd, J = 8.4, 2.1 Hz, 1H), 7.19 (d, J = 2.1 Hz, 1H), 6.97 (d, J = 8.5 Hz, 

1H), 3.93 (d, J = 8.4 Hz, 6H), 3.76–3.68 (m, 4H), 3.02–2.93 (m, 4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 152.9, 

149.1, 126.7, 121.8, 110.7, 110.2, 66.1, 56.3, 56.2, 46.0; mR: 96–97 °C; HRMS for C12H17NO5S+ (ESI+) [M+H]+: 

calc: 288.0900, found: 288.0902; Rf (cyclohexane:ethyl acetate = 1:1) = 0.20. 

3. 4-((4-Bromo-2,5-dimethoxyphenyl)sulfonyl)morpholine (3a),  4-((3-Bromo-2,5-

dimethoxy-phenyl)sulfonyl)morpholine (3b) 

 

According to the general procedure 2, 1-bromo-2,5-dimethoxybenzene (398 mg, 1.8 mmol) was employed as 

substrate. After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 

50:50), sulfonamides 3a (357 mg, 0.98 mmol, 53%) and 3b (129 mg, 0.35 mmol, 19%) were obtained as colorless 

solids. 

3a: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.39 (s, 1H), 7.23 (s, 1H), 3.85 (s, 6H), 3.72–3.66 (m, 4H), 3.22–3.13 (m, 

4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 150.9, 149.8, 125.6, 118.3, 117.9, 114.3, 66.7, 57.1, 56.9, 46.0; mR: 89–

90 °C; HRMS for C12H17
79BrNO5S+ (ESI+) [M+H]+: calc: 366.0005, found: 366.0000. Rf (cyclohexane:ethyl acetate = 

95:5) = 0.20. 

3b: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.30 (dd, J = 8 Hz, 2H), 3.91 (s, 3H), 3.80 (s, 3H), 3.73–3.65 (m, 4H), 3.25–

3.17 (m, 4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 155.6, 148.5, 132.9, 123.8, 119.8, 115.5, 66.5, 62.3, 56.2, 46.1; 

mR: 82–83 °C; HRMS for C12H17
79BrNO5S+ (ESI+) [M+H]+: calc: 366.0005, found: 366.0001. Rf (cyclohexane:ethyl 

acetate = 95:5) = 0.31. 

 

267



11 

 

4. 4-((2,5-Dimethoxy-3,4-dimethylphenyl)sulfonyl)morpholine (4) 

 

According to the general procedure 2, 1,4-dimethoxy-2,3-dimethylbenzene (258 mg, 1.5 mmol) was employed 

as substrate. After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 

50:50), sulfonamide 4 (125 mg, 0.39 mmol, 26%) was obtained as colorless oil. 

According to the general procedure 1, 1,4-dimethoxy-2,3-dimethylbenzene (302 mg, 1.8 mmol) was employed 

as substrate. After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 

50:50), sulfonamide 4 (126 mg, mmol, 25%) was obtained as colorless oil. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.12 (s, 1H), 3.80 (s, 3H), 3.75 (s, 3H), 3.69-3.67 (m, 4H), 3.15-3.13 (m, 4H), 

2.22 (s, 3H), 2.16 (s, 3H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 153.3, 150.0, 133.4, 133.2, 127.2, 109.5, 66.5, 62.0, 

56.0, 46.2, 12.9, 12.7; HRMS for C14H22NO5S+ (ESI+) [M+H]+: calc: 316.1213, found: 316.1214; 

Rf (cyclohexane:ethyl acetate = 95:5) = 0.26. 

5. 4-((4-Chloro-2,5-dimethoxyphenyl)sulfonyl)morpholine (5a) & 4-((3-Chloro-2,5-

dimethoxy-phenyl)sulfonyl)morpholine (5b) 

 

According to the general procedure 2, 1-chloro-2,5-dimethoxybenzene (312 mg, 1.8 mmol) was employed as 

substrate. After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 

50:50), sulfonamides 5a (289 mg, 0.90 mmol, 51%) and 5b (63 mg, 0.19 mmol, 11%) were obtained as colorless 

solids. 

5a: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.37 (s, 1H), 7.03 (s, 1H), 3.82 (s, 6H), 3.68–3.56 (m, 4H), 3.21–3.09 (m, 

4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 150.8, 148.7, 128.4, 124.8, 115.2, 115.7, 66.6, 56.9, 56.8, 46.0; mP: 

151 °C; HRMS for C12H17
35ClNO5S+ (ESI+) [M+H]+: calc: 322.0510, found: 322.0507; Rf (cyclohexane:ethyl acetate 

= 95:5) = 0.14. 

5b: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.27 (d, J = 3.1 Hz, 1H), 7.13 (d, J = 3.1 Hz, 1H), 3.91 (s, 3H), 3.80 (s, 3H), 

3.73–3.67 (m, 4H), 3.25–3.15 (m, 4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 155.3, 147.5, 133.0, 130.7, 120.9, 

114.6, 66.5, 62.1, 56.1, 46.1; HRMS for C12H17
35ClNO5S+ (ESI+) [M+H]+: calc: 322.0510, found: 322.0508; 

Rf (cyclohexane:ethyl acetate = 95:5) = 0.27. 

6. 4-((4-Fluoro-2,5-dimethoxyphenyl)sulfonyl)morpholine (6a) & 4-((3-Fluoro-2,5-

dimethoxy-phenyl)sulfonyl)morpholine (6b) 

 

According to general procedure 3, 1-fluoro-2,5-dimethoxybenzene (375 mg, 2.4 mmol) was employed as 

substrate. After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 

50:50), sulfonamides 6a (426 mg, 1.39 mmol, 56%) and 6b (85 mg, 0.28 mmol, 11%) were obtained as colorless 

solids. 
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According to general procedure 1, 1-fluoro-2,5-dimethoxybenzene (281 mg, 1.8 mmol) was employed as 

substrate. After purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 

50:50), sulfonamides 6a (73 mg, 0.23 mmol, 13%) and 6b (18 mg, 0.06 mmol, 8%) were obtained as colorless 

solids. 

6a: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.52 (d, J = 9.2 Hz, 1H), 6.82 (d, J = 12.2 Hz, 1H), 3.87 (s, 6H), 3.75–3.69 

(m, 4H), 3.25–3.19 (m, 4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 155.8 (d, J = 254.1 Hz), 151.8 (d, J = 9.0 Hz), 

141.2 (d, J = 11.3 Hz), 121.3 (d, J = 3.8 Hz), 117.1 (d, J = 4.3 Hz), 102.5 (d, J = 30.3 Hz) , 66.8, 57.2, 56.9, 46.1; 
19F NMR (376 MHz, CDCl3) δ [ppm] = -123.85 (dd, J = 11.3, 7.5 Hz); HRMS for C12H17FNO5S+ (ESI+) [M+H]+: 

calc: 306.0806, found: 306.0803; Rf (cyclohexane:ethyl acetate = 95:5) = 0.13. 

6b: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.12 (m, 1H), 6.86 (d, J = 12.2 Hz, 1H), 3.91 (s 3H), 3.79 (s, 3H), 3.75–3.69 

(m, 4H), 3.25–3.19 (m, 4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 156.8 (d, J = 252.1 Hz), 155.2 (d, J = 10.2 Hz), 

139.5 (d, J = 13.9 Hz), 132.6 (d, J = 2.0 Hz), 110.5 (d, J = 2.9 Hz), 108.3 (d, J = 22.5 Hz), 66.5, 62.3 (d, J = 5.0 Hz), 

56.1, 46.1;19F NMR (376 MHz, CDCl3) δ [ppm] = -126.23 (d, J = 11.9 Hz); HRMS for C12H17FNO5S+ (ESI+) [M+H]+: 

calc: 306.0806, found: 306.0806; Rf (cyclohexane:ethyl acetate = 95:5) = 0.20. 

 

7. 4-((2,3-Dihydro-benzo[b][1,4]dioxin-5-yl) sulfonyl)morpholine (7a) & 4-((2,3-

Dihydrobenzo[b][1,4]dioxin-6-yl) sulfonyl)morpholine (7b) 

 

According to general procedure 3, 1,4-benzodioxane (327 mg, 2.4 mmol) was employed as substrate. After 

purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), sulfonamides 

7a (88 mg, 0.31 mmol, 13%) and 7b (461 mg, 1.61 mmol, 65%) were obtained as colorless solids. 

According to general procedure 1, 1,4-benzodioxane (254 mg, 1.8 mmol) was employed as substrate. After 

purification of the product via column chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), sulfonamides 

7a (43 mg, 0.15 mmol, 9%) and 7b (56 mg, 0.20 mmol, 12%) were obtained as colorless solids. 

7a: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.40 (dd, J = 7.9, 1.6 Hz, 1H), 7.08 (dd, J = 8.1, 1.6 Hz, 1H), 6.91 (t, J = 

8.0 Hz, 1H), 4.34 (d, J = 8.5 Hz, 4H), 3.82–3.65 (m, 4H), 3.26–3.16 (m, 4H); 13C NMR (101 MHz, CDCl3) 

δ [ppm] = 144.5, 141.8, 125.5, 123.6, 122.5, 120.8, 66.7, 64.6, 63.9, 46.1; mR: 162–163 °C; HRMS for C12H15NO5S+ 

(ESI+) [M+H]+: calc: 286.0744, found: 286.0742; Rf (cyclohexane:ethyl acetate = 1:1) = 0.20. 

7b: 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.22 (dd, J = 8.4, 2.2 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 4.31 (s, 4H), 3.77–

3.68 (m, 4H), 3.01–2.92 (m, 4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 147.8, 143.6, 127.4, 121.6, 117.8, 117.4, 

66.1, 64.6, 64.2, 46.0; HRMS for C12H15NO5S+ (ESI+) [M+H]+: calc: 286.0744, found: 286.0745; 

Rf (cyclohexane:ethyl acetate = 1:1) = 0.30. 
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8. 1-((2,5-Dimethoxyphenyl)sulfonyl)azepane (8) 

 

According to general procedure 3, 1,4-dimethoxybenzene (254 mg, 1.8 mmol) was employed as substrate with 

azepane (536 mg, 5.4 mmol, 3.0 equiv.) as amine component. After purification of the product via column 

chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), sulfonamide 8 (236 mg, 0.79 mmol, 43%) was 

obtained as yellow oil. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.45 (d, J = 4.0 Hz, 1H), 7.00 (dd, J = 4.0, 8.0 Hz, 1H), 3.85 (s, 3H), 3.77 (s, 3H), 

4.00 (t, J = 4.0 Hz, 4H), 1.70 (m, 4H), 1.60 (m, 4H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 152.9, 150.8, 128.6, 119.8, 

116.1, 113.6, 56.5, 56.1, 48.5, 29.6, 27.1; HRMS for C14H15NNaO5S+ (ESI+) [M+Na]+: calc: 322.1083, found: 

322.1084; Rf (cyclohexane:ethyl acetate = 1:1) = 0.58. 

9. N,N-Dibutyl-2,5-dimethoxybenzenesulfonamide (9) 

 

According to general procedure 3, 1,4-dimethoxybenzene (257 mg, 1.8 mmol) was employed as substrate with 

dibutylamine (697 mg, 5.4 mmol, 3.0 equiv.) as amine component. After purification of the product via column 

chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), sulfonamide 9 (189 mg, 0.57 mmol, 31%) was 

obtained as yellow oil. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.48 (d, J = 4.0 Hz), 7.02 (dd, J = 4.0, 8.0 Hz, 1H), 6.91 (d, J = 8.0 Hz), 3.86 (s, 

3H), 3.80 (s, 3H), 3.22 (t, J = 8.0 Hz, 4H), 1.48 (m, 4H), 1.27 (m, 4H), 0.87 (t, J = 8.0 Hz, 6H); 13C NMR (101 MHz, 

CDCl3) δ [ppm] = 153.0, 150.9, 129.6, 119.9, 116.0, 113.7, 56.6, 56.2, 47.7, 30.9, 20.1, 13.9; HRMS for 

C16H27NNaO4S+ (ESI+) [M+Na]+: calc: 352.1553, found: 352.1542; Rf (cyclohexane:ethyl acetate = 1:1) = 0.67. 

10. N,N-Diisobutyl-2,5-dimethoxybenzenesulfonamide (10) 

 

According to general procedure 3, 1,4-dimethoxybenzene (250 mg, 1.8 mmol) was employed as substrate with 

diisobutylamine (697 mg, 5.4 mmol, 3.0 equiv.) as amine component. After purification of the product via column 

chromatography (cyclohexane:ethyl acetate 95:5 → 50:50), sulfonamide 9 (396 mg, 1.20 mmol, 66%) was 

obtained as yellow oil. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.43 (d, J = 2.0 Hz, 1H), 6.96 (dd, J = 4.0, 8.0 Hz, 1H), 6.86 (d, J = 4.0 Hz, 1H), 

3.82 (s, 3H), 3.75 (s, 1H), 2.99 (d, J = 8.0 Hz, 2H), 1.80 (sept, J = 4.0 Hz, 2H), 0.79 (d, J = 8.0 Hz, 12H); 13C NMR (101 

MHz, CDCl3) δ [ppm] = 152.8, 150.6, 129.2, 119.5, 116.1, 113.3, 56.3, 56.0, 55.8, 26.8, 20.0; HRMS for 

C16H27NNaO4S+ (ESI+) [M+Na]+: calc: 352.1553, found: 352.1551; Rf (cyclohexane:ethyl acetate = 1:1) = 0.83. 
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6. NMR spectra 
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1. General Information 

All solvents and reagents were obtained from commercial suppliers, and if necessary, purification was carried out 

according to standard methods.[1] Cyclohexane and ethyl acetate used in flash column chromatography were distilled prior 

to use. Boron-doped diamond (BDD) electrodes (DIACHEM™, 20 mm x 60 mm x 3 mm with 15 μm BDD on silicon as 

supporting material) were purchased from CONDIAS GmbH (Itzehoe, Germany). A modular flow cell system, which was 

developed in our group, was used for flow electrolysis.[2,3] It is commercially available as ElectraSyn Flow 

(https://www.ikaprocess.com/en/Products/Electro-Organic-Synthesis-Systems-cph-45/, 2024.06.05)  from IKA-Werke 

GmbH & CO. KG (Staufen, Germany). Gasket polymer foil (FFKM/FFPM CKD900) for the construction of SO2 resistant 

flow cells was purchased from CDK Dichtungstechnik GmbH (Dreieich, Germany). Sulfur dioxide (purity 99.98%) was 

purchased in a 10 L steel bottle form Linde Gas GmbH (Stadl- Paura, Austria). 

Thin-layer chromatography (TLC) was carried out using Supelco silica gel 60 F254 aluminium TLC places (Merck KGaA, 

Darmstadt, Germany) with 5 µL micro pipettes (Blaubrand intraMARK, BRAND GmbH + CO KG, Wertheim, Germany) for 

sample location. 

Preparative column chromatography was performed using an Interchim puriFlash™ XS520Plus flash column 

chromatography system using pre-packed 30 µm puriFlash™ PF-30SIHP-F0025 silica columns (Interchim, Montlucon 

Cedex, France). 

Nuclear magnetic resonance (NMR) spectra of 1H (400 MHz), and 13C{1H} (101 MHz) were measured at 23°C using a 

Bruker Avance II 400, 400 MHz field strength, 5 mm BBFO probe with z gradient and ATM, SampleXPress 60 sample 

changer (Bruker BioSpin, Ettlingen, Germany). 

High-resolution mass spectra (HRMS) were recorded using a G6545A Q-ToF (Agilent GmbH, Waldbronn, Germany) 

with Electron Spray Ionization (ESI). For sample injection, a 1260 Infinity II HPLC-System with a G7111B 1260 quaternary 

pump, G7129A 1260 vial sampler and G7116A 1260 multicolumn thermostat was used (Agilent GmbH, Waldbronn, 

Germany). 

2. Experimental Setup 

Table S1: The devices used in the experimental setup. 

 

2.1. Computer Hardware and LABS Software 

To run frontend and backend, a PC with Microsoft Windows 11 Education (10.0.22000) was used, which was built using 

the following components: MSI X570-A PRO (MS-7C37), AMD Ryzen 5 3600, Intel SSDPEKNW010T8 (1.0 TB), 16 GB 

RAM, NVidia GeForce GTX 1650, 2x Realtek PCIe GbE Family Controller. The software used in this work is listed in the 

following Table S2. Details about the architecture of LABS can be found in the initial LABS publication.[4] 

Table S2. The open-source software used in this work. 

 

 

Device Model Manufacturer Note 

Power 
supply 

Z60-3.5-L2 TDK-Lambda GmbH, Achern, 
Germany 

210 W, 0 – 60 V DC (±0.01 V), 0 – 3.5 V (±1 mA) 

Fraction 
collector 

OMNICOLL Fraction 
Collector and 
Sampler 

LAMBDA Laboratory 
Instruments, Baar, Switzerland 

– 

Temperature 
control 

F33-MA refrigerated 
circulator 

Julabo GmbH, Seelbach, 
Germany 

Working temperature: –30 °C to 200 °C, heating power: 2 kW, 
cooling power (ethanol): 0.50 kW (0 °C), 0.12 kW (–20 °C), 0.03 kW 
(–30 °C), flow rate: 11 – 16 L/min 

Peristaltic 
pump 

ISM 4408 Ismatec 
Reglo ICC 

VWR International, Darmstadt, 
Germany 

Tubing: Pharmed BPT™ (Saint-Grobain, France) 

Software GitHub DOI (Zenodo) 

LABS-Frontend https://github.com/Waldvogel-Group/LABS-Backend https://doi.org/10.5281/zenodo.7879588 

LABS-Backend https://github.com/Waldvogel-Group/LABS-User-Interface https://doi.org/10.5281/zenodo.7879586 
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2.2. Flow Electrolysis Cells 

Small flow cell (both anode and cathode: 2.0 cm x 6.0 cm) 

A modular flow cell which was developed in our group was utilized in this work.[3] The flow cell depicted in Figure S1 was 

used for all reactions except the scale-up reaction. Boron-doped diamond (BDD, 6.0 cm x 2.0 cm x 0.3 cm) was used as 

anode material, which is put into the Teflon frame, and a stainless-steel block (VA 1.4571; AISI 316TI, temperature control 

attachment) with cooling circuit as cathode. As separator material within the cell, Teflon spacers of thickness 0.25 mm 

were used. To assemble the flow cell, stainless-steel front and back plates and stainless-steel screws (DIN 921 A2 M4X55) 

were used. The back plates have matching threads for the screws. 

 

Figure S1. The small flow electrolysis cell, both anode and cathode surface: 2.0 cm x 6.0 cm. The pictures taken from Supporting Information of 

reference [5] (CC BY 4.0). A one Euro coin is placed next to the electrolysis cell for size comparison. 
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Large flow cell (both anode and cathode: 4.0 cm x 12.0 cm) 

For scale-up experiments, a larger flow cell (4.0 cm x 12.0 cm BDD electrode) was used, as depicted in Figure S2. The 

cell design is different from the small flow cell. Due to the thermally induced expansion and contraction of Teflon, the 

shrinking of the Teflon holder for the large flow cell could potentially result in damage to the BDD electrode. To mitigate 

this, the flow cell comprises two gaskets (FFKM/FFPM CKD900), which act as a buffer between Teflon and the BDD 

electrode along the long axis. Additionally, the gaskets serve to prevent the reaction solution from percolating under the 

electrode. FFKM/FFPM is highly (electro)chemically resistant. As cathode, a solid block of stainless-steel is used, which 

does not require any gaskets. A Teflon spacer of thickness 0.25 mm is used. The assembly of the cell is conducted using 

stainless-steel screws and back plates with matching threads. The stainless-steel screws are put through the cathode, 

Teflon spacer, Teflon holder of the anode, and into the back plate. Note that there is no short circuit resulting from the 

screws, because the cathode cable is directly connected to the stainless-steel block, while anode cable is attached to the 

back of the Teflon holder, which has a copper plug that is attached to the bottom of the BDD electrode. Also, in each hole 

in the cathode, there is a piece of plastic which places the screw in the center of the hole, so the screws do not even have 

contact to the cathode itself. 

 

Figure S2. The large flow electrolysis cell, both anode and cathode surface: 4.0 cm x 12.0 cm. The pictures taken from Supporting Information of 

reference [5] (CC BY 4.0). A one Euro coin is placed next to the electrolysis cell for size comparison. 
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3. General Protocols 

3.1. General protocol for the preparation of sulfur dioxide stock solutions 

To prepare stock solutions of sulfur dioxide, the apparatus depicted in Figure S3 was used: 

 

Figure S3. Schematic illustration of the apparatus used to prepare sulfur dioxide stock solutions. 

 

This apparatus was assembled in a well-ventilated fume hood. The solvent (MeCN, HFIP, or a mixture of those) was 

transferred into a two neck round bottom flask that is cooled with an ice bath on a magnetic stirrer. Under slight stirring 

and under continuous cooling, the solvent was flushed with sulfur dioxide at 0 °C for 20 min. Excess SO2 is neutralized 

with aqueous NaOH (20 wt%) in the downstream gas washing bottles. Upon completion, the apparatus was flushed with 

argon. The SO2 concentration of the stock solution is determined using iodometry, and the stock solution is stored at +4 °C. 

 

3.2. General protocol for iodometric titration of SO2 stock solutions 

The SO2 concentration in the stock solution is determined by iodometric titration.[6] The titrant solution was prepared by 

dissolving sodium thiosulfate pentahydrate (Na2S2O3·5H2O, 4.964 g, 0.02 mol) in distilled water (100.0 mL) in a volumetric 

flask at 25 °C. In an Erlenmeyer flask, iodine (I2, 1.269 g, 5.00 mmol) was dissolved together with potassium iodide (KI, 

2.209 g, 13.3 mmol) in distilled water (100 mL) at 25 °C. To facilitate the dissolution of I2, it is recommended to pre-grind it 

in a mortar prior to weighing. A stirring bar is added to the solution of I2 and KI, and the solution is stirred at 25 °C until the 

iodine is completely dissolved. An aliquot of the SO2 stock solution (1.0 mL at +4 °C) is injected slowly into the solution of 

I2 and KI. This aliquot of SO2 stock solution must be injected under the liquid surface to prevent the evaporation of SO2. 

While being stirred, the solution is titrated using the freshly prepared Na2S2O3 solution as titrant. Do not store the Na2S2O3 

titrant solution because it decomposes.[6] The addition of a small quantity of a freshly prepared starch solution can enhance 

the ability to identify the endpoint of the titration.[6]  

 

Iodine is reduced according to the following equations: 

 

SO2 + 2 H2O + I2 → H2SO4 + 2 HI 

 

2 Na2S2O3 + I2 → Na2S4O6 + 2 NaI 

 

The concentration of the SO2 stock solution c(SO2) is calculated as follows: 

 

𝑐(SO2) =
𝑛0(I2) −

1
2

(𝑉(Na2S2O3) ∙ 𝑐(Na2S2O3))

𝑉(SO2 aliquot)
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3.3. General protocol for electrochemical synthesis of alkyl arenesulfonates in flow 

The pump is calibrated with acetonitrile before the experiment. In a 50 mL round bottom flask with a stirring bar, 

1,4- dimethoxybenzene (138.17 g mol–1, 1.2 mmol, 166 mg) is dissolved in acetonitrile (MeCN, 4.15 mL) and 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP, 4.15 mL). Pyridine (8.0 equiv., 79.10 g mol–1, 9.6 mmol, 759 mg, 0.98 g mL–1, 

0.77 mL) and ethanol (8.0 equiv., 46.07 g mol–1, 9.6 mmol, 422 mg, 0.79 g mL–1, 0.56 mL), and SO2 stock solution (SO2 in 

HFIP/MeCN 7:3 (vol%), c(stock solution) = 2.0 mol L–1, 10. equiv. SO2, 6.15 mL) is added. The flow electrolysis cell is filled 

with electrolyte, and the electrolysis is started in recirculating (cyclic) mode. The pump speed 𝑣 is calculated by multiplying 

a flow multiplier constant 𝑓flow with the pump rate which is theoretically required 𝑣theory 

 

𝑣 = 𝑓flow ∙ 𝑣theory = 𝑓flow ∙
𝑉solution

𝑡electrolysis

 

 

The electrolysis time 𝑡electrolysis is calculated by dividing the required amount of applied charge Q by the electric current 𝐼 

 

𝑡electrolysis =
𝑄applied

𝐼
 

 

Electric current 𝐼 is the product of current density 𝑗 with the anode surface 𝐴anode 

  

𝑗 =
𝐼

𝐴anode

   ⇒    𝐼 = 𝑗 ∙ 𝐴anode 

 

The amount of applied charge, for example with 𝑄Faraday = 6.0 𝐹 with 𝑛starting material = 1.2 mmol is calculated as follows:  

 

𝑄applied = 6.0 ∙ 96486 
C

mol
∙ 1.2 ∙ 10−3 mol ≈ 695 C. 

 

Note that the unit of 𝑄Faraday is F, not F/mol, as this would result in an incorrect unit: (F/mol)/mol. The electric current I and 

the amount of applied charge in the unit of Coulomb Qapplied are set in the coulometer of the DC power source. After the 

electrolysis is finished, the flow electrolysis cell is flushed with acetonitrile. To quantify the reactions outcome using 

qNMR spectroscopy, 1,3,5-trimethoxybenzene (0.60 mmol) is added as internal standard. The solvent is removed using a 

rotary evaporator (40°C water bath, 280 mbar to 50 mbar in 30 min) and an NMR sample in CDCl3 is prepared from the 

crude solid. To isolate the reaction product, no internal standard is added, and the solvent is removed using a rotary 

evaporator. The crude residue is adsorbed in silica and purified using flash column chromatography (cyclohexane : ethyl 

acetate = 10:0 → 1:1 vol%). 

 

General considerations for experiments which use SO2 stock solutions 

1) Stock solutions of SO2 with concentrations higher than 2.0 mol L–1 tend to degas when being pumped using a piston 

pump or peristaltic pump, which can lead to unprecise dosing. Therefore, concentrations higher than this are not 

desirable in an automated flow setup where the stock solution is being dosed by a pump. 

2) The volume ratio of HFIP/MeCN in the reaction solution must be considered once all components have been added, 

including the amount of HFIP and MeCN which was added by the SO2 stock solution. This means the amount of HFIP 

and MeCN in the final reaction solution depends on the volume of SO2 stock solution that was added (which itself 

depends on the concentration of the SO2 stock solution) and the HFIP/MeCN ratio in the stock solution. When adding 

HFIP or MeCN to the reaction solution to adjust this ratio, the starting material must not be diluted (0.10 mol L– 1). This 

means you can’t add as much HFIP or MeCN as you want afterwards to reach the desired HFIP/MeCN volume ratio. 

3) These principles for HFIP/MeCN ratio in the final reaction solution also apply for other stock solutions of reagents and 

additives in HFIP, MeCN, or mixtures of them. For example, if a high amount of HFIP is desired in the reaction solution, 

but a reagent is added using a very dilute stock solution in pure MeCN, the desired equivalents of the reagent can 

only be achieved by diluting the reaction through addition of more HFIP to counter the MeCN addition of by the 

reagent stock solution. Therefore, the HFIP/MeCN volume ratio must be considered for reagents as well. 

4) When handling SO2 stock solutions manually using a syringe, degassing can also occur at SO2 concentrations higher 

than 2 mol L–1. 

5) The solubility of SO2 is higher in pure MeCN than in pure HFIP. Stock solutions with HFIP/MeCN 1:1 typically reach 

a saturation of 2.0 mol L–1 at +4 °C. For pure MeCN, concentrations up to >3 mol L–1 at +4 °C can be reached, but 

these concentrations complicate handling of the stock solution because of degassing. 
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4. NMR yield, conversion, and selectivity

NMR yield is calculated using the following equation, where 𝐼 is the integral of the signal in the 1H NMR spectrum, and 𝑁 

is the number of protons corresponding to that signal.[7] Because 1,3,5-trimethoxybenzene was used as internal standard 

and its three aromatic protons around 6.0 ppm are used for integration, 𝑁internal standard = 3. 

%yieldNMR =
𝑛product ∙ 100

𝑛starting material

=

𝑛internal standard ∙
(

𝐼product

𝑁product
)

(
𝐼internal standard

𝑁internal standard
)

∙ 100

𝑛starting material

Conversion is calculated as follows: 

%conversionNMR = 100 − (
𝑛remaining starting material ∙ 100

𝑛starting material

) = 100 −

(
𝐼remaining starting material

𝑁remaining starting material
)

(
𝐼internal standard

𝑁internal standard
)

∙ 100

𝑛starting material

Selectivity is determined by: 

%selectivityNMR =
%yieldNMR

% conversionNMR

The following abbreviations will be used in indices: SM for starting material, STD for internal standard. 

4.1. Initial Experiments with Single-Pass Flow Electrolysis 

At the beginning, the single-pass flow experiments listed in Table S3 were carried out according to general protocol 3. 

Note that of the total reaction volume of 12.00 mL, a pre-run of 4.00 mL was discarded, and a fraction of 6.00 mL after the 

pre-run was collected and analyzed. The volume was collected by measuring the time it takes for this volume to be pumped 

at the set pump speed. The NMR yield, conversion, and selectivity was calculated accordingly: 

𝑛product =
12.00 mL

6.00 mL
∙ 𝑛product,fraction = 2 ∙ 𝑛product,fraction

𝑛SM,remaining = 2 ∙ 𝑛SM,remaining,fraction 

Table S3. Data for single-pass experiments. 𝑛STD = 0.61 mmol, 𝐼STD,NMR = 3.00, 𝑁STD = 3, 𝑁product = 1, 𝑁SM = 4. 
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1 7.0 25.0 8.0 8.0 4.44 0.26 5.74 0.17 22 86 25 

2 6.0 25.0 6.0 6.0 4.15 0.25 8.31 0.25 20 80 25 

3 6.0 20.0 6.0 6.0 4.70 0.28 10.50 0.31 23 74 31 

4 6.0 20.0 4.0 4.0 3.14 0.19 12.27 0.36 15 70 22 

5 6.0 15.0 6.0 6.0 2.68 0.16 13.68 0.41 13 66 20 

6 4.0 15.0 6.0 6.0 2.04 0.12 15.33 0.46 10 62 16 

7 6.0 10.0 4.0 4.0 2.37 0.14 16.73 0.50 12 59 20 
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4.2. Investigation of the Flow Multiplier 

Table S4. Data for flow multiplier experiments. 𝑛STD = 0.61 mmol, 𝐼STD,NMR = 1.00, 𝑁STD = 3, 𝑁product = 1, 𝑁SM = 4. 

 

Entry Multiplier Iproduct,NMR nproduct / 

mmol 

ISM,remaining,NM

R 

nSM,remaining / 

mmol 

NMR yield% Conversion

% 

Selectivity% 

1 1.0 0.27 0.49 0.69 0.31 41 74 55 

2 1.0 0.29 0.53 0.83 0.38 44 69 64 

3 2.0 0.34 0.62 0.53 0.24 52 80 65 

4 2.0 0.33 0.60 0.44 0.20 50 83 60 

5 3.0 0.32 0.58 0.56 0.25 49 79 62 

6 3.0 0.31 0.56 0.65 0.30 47 75 62 

7 4.0 0.35 0.64 0.41 0.19 53 84 63 

8 4.0 0.34 0.62 0.57 0.26 52 78 66 

9 5.0 0.32 0.58 0.29 0.13 49 89 55 

10 5.0 0.36 0.65 0.28 0.13 55 89 61 

 

 

4.3. System Stability Analysis 

Table S5. System stability analysis. 𝑛STD = 0.61 mmol, 𝐼STD,NMR = 1.00, 𝑁STD = 3, 𝑁product = 1, 𝑁SM = 4. The highlighted entry is an outlier. 

 

Entry Iproduct,NMR nproduct / mmol ISM,remaining,NMR nSM,remaining / 

mmol 

NMR yield% Conversion% Selectivity% 

1 0.35 0.64 0.13 0.06 53 95 56 

2 0.32 0.58 0.24 0.11 49 91 53 

3[a] 0.40 0.73 0.10 0.05 61 96 63 

4 0.35 0.64 0.20 0.09 53 92 57 

5 0.33 0.60 0.29 0.13 50 89 56 

6 0.33 0.60 0.33 0.15 50 87 57 

7 0.35 0.64 0.36 0.16 53 86 61 

8 0.36 0.65 0.36 0.16 55 86 63 

9 0.35 0.64 0.30 0.14 53 89 60 

10 0.34 0.62 0.42 0.19 52 84 61 

[a] To test if entry 3 (61% NMR yield) is an outlier, a q-test was performed.[8] For an α of 0.05, entry 3 is a significant outlier with p < 0.05, and was 

therefore excluded from the calculation of the average NMR yield. 
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4.4. Initial Fractional Factorial Design in Cyclic Flow 

Table S6. Data for the initial factorial design. The entries highlighted in blue are central points. 

𝑛STD = 0.61 mmol, 𝐼STD,NMR = 1.00, 𝑁STD = 3, 𝑁product = 1, 𝑁SM = 4 
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1 6.0 20.0 5.0 6.0 0.25 0.45 0.74 0.34 38 72 53 

2 7.0 15.0 4.0 8.0 0.27 0.49 0.65 0.30 41 75 54 

3 7.0 25.0 4.0 4.0 0.09 0.16 0.89 0.40 14 66 21 

4 5.0 25.0 4.0 8.0 0.14 0.25 1.26 0.57 21 52 41 

5 7.0 15.0 6.0 4.0 0.25 0.45 0.76 0.35 38 71 53 

6 6.0 20.0 5.0 6.0 0.27 0.49 0.83 0.38 41 69 60 

7 5.0 25.0 4.0 4.0 0.28 0.51 1.03 0.47 42 61 70 

8 5.0 15.0 6.0 8.0 0.27 0.49 0.97 0.44 41 63 65 

9 5.0 15.0 4.0 8.0 0.26 0.47 1.00 0.45 39 62 63 

10 7.0 15.0 6.0 8.0 0.31 0.56 0.59 0.27 47 78 61 

11 6.0 20.0 5.0 6.0 0.25 0.45 0.92 0.42 38 65 58 

12 7.0 25.0 6.0 8.0 0.25 0.45 0.28 0.13 38 89 42 

13 

 

5.0 15.0 4.0 4.0 0.38 0.69 0.25 0.11 58 91 64 

14 7.0 25.0 6.0 4.0 0.22 0.40 0.16 0.07 33 94 36 

15 7.0 25.0 4.0 8.0 0.31 0.56 0.25 0.11 47 91 52 

16 6.0 20.0 5.0 6.0 0.35 0.64 0.27 0.12 53 90 59 

17 5.0 15.0 6.0 4.0 0.36 0.65 0.53 0.24 55 80 68 

18 5.0 25.0 6.0 4.0 0.20 0.36 0.52 0.24 30 80 38 

19 7.0 15.0 4.0 4.0 0.42 0.76 0.20 0.09 64 92 69 

20 5.0 25.0 6.0 8.0 0.31 0.56 0.67 0.30 47 75 63 

21 6.0 20.0 5.0 6.0 0.38 0.69 0.34 0.15 58 87 66 
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4.5. Second Fractional Factorial Design 

Table S7. Data for the fractional factorial design. The entries highlighted in blue are central points. 

𝑛STD = 0.61 mmol, 𝐼STD,NMR = 1.00, 𝑁STD = 3, 𝑁product = 1, 𝑁SM = 4 
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1 5.0 15.0 4.0 4.0 50 0.42 0.76 0.27 0.12 64 90 71 

2 6.0 10.0 5.0 5.0 40 0.42 0.76 0.36 0.16 64 86 74 

3 6.0 10.0 3.0 3.0 40 0.46 0.84 0.43 0.20 70 84 83 

4 4.0 20.0 3.0 3.0 40 0.37 0.67 0.47 0.21 56 82 68 

5 4.0 10.0 5.0 5.0 60 0.34 0.62 0.73 0.33 52 72 71 

6 5.0 15.0 4.0 4.0 50 0.44 0.80 0.32 0.15 67 88 76 

7 6.0 10.0 5.0 3.0 60 0.25 0.45 0.98 0.45 38 63 60 

8 4.0 10.0 3.0 3.0 60 0.35 0.64 0.52 0.24 53 80 66 

9 4.0 10.0 5.0 3.0 40 0.43 0.78 0.35 0.16 65 87 75 

10 4.0 10.0 3.0 5.0 40 0.44 0.80 0.20 0.09 67 92 72 

11 5.0 15.0 4.0 4.0 50 0.42 0.76 0.41 0.19 64 84 75 

12 4.0 20.0 5.0 3.0 60 0.33 0.60 0.57 0.26 50 78 64 

13 
 

6.0 10.0 3.0 5.0 60 0.44 0.80 0.23 0.10 67 91 73 

14 4.0 20.0 5.0 5.0 40 0.37 0.67 0.84 0.38 56 68 82 

15 4.0 20.0 3.0 5.0 60 0.41 0.75 0.68 0.31 62 74 84 

16 5.0 15.0 4.0 4.0 50 0.47 0.86 0.55 0.25 71 79 90 

17 6.0 20.0 5.0 5.0 60 0.33 0.60 0.35 0.16 50 87 58 

18 6.0 20.0 3.0 5.0 40 0.42 0.76 0.46 0.21 64 83 77 

19 6.0 20.0 3.0 3.0 60 0.23 0.42 0.32 0.15 35 88 40 

20 6.0 20.0 5.0 3.0 40 0.35 0.64 0.34 0.15 53 87 61 

21 5.0 15.0 4.0 4.0 50 0.42 0.76 0.45 0.20 64 83 77 

22 5.0 15.0 4.0 4.0 50 0.42 0.76 0.26 0.12 64 90 71 

23 6.0 10.0 5.0 5.0 40 0.38 0.69 0.47 0.21 58 82 70 

24 6.0 10.0 3.0 3.0 40 0.46 0.84 0.34 0.15 70 87 80 

25 4.0 20.0 3.0 3.0 40 0.39 0.71 0.30 0.14 59 89 67 

26 4.0 10.0 5.0 5.0 60 0.37 0.67 0.65 0.30 56 75 74 

27 5.0 15.0 4.0 4.0 50 0.43 0.78 0.23 0.10 65 91 71 

28 6.0 10.0 5.0 3.0 60 0.27 0.49 0.83 0.38 41 69 60 

29 4.0 10.0 3.0 3.0 60 0.38 0.69 0.37 0.17 58 86 67 

30 4.0 10.0 5.0 3.0 40 0.47 0.86 0.26 0.12 71 90 79 

31 4.0 10.0 3.0 5.0 40 0.38 0.69 0.15 0.07 58 94 61 

32 5.0 15.0 4.0 4.0 50 0.40 0.73 0.26 0.12 61 90 67 

33 4.0 20.0 5.0 3.0 60 0.30 0.55 0.34 0.15 45 87 52 

34 6.0 10.0 3.0 5.0 60 0.44 0.80 0.13 0.06 67 95 70 

35 4.0 20.0 5.0 5.0 40 0.31 0.56 0.74 0.34 47 72 65 

36 4.0 20.0 3.0 5.0 60 0.38 0.69 0.57 0.26 58 78 73 

37 5.0 15.0 4.0 4.0 50 0.40 0.73 0.36 0.16 61 86 70 

38 6.0 20.0 5.0 5.0 60 0.30 0.55 0.32 0.15 45 88 52 

39 6.0 20.0 3.0 5.0 40 0.44 0.80 0.35 0.16 67 87 77 

40 6.0 20.0 3.0 3.0 60 0.26 0.47 0.31 0.14 39 88 45 

41 6.0 20.0 5.0 3.0 40 0.35 0.64 0.28 0.13 53 89 59 

42 5.0 15.0 4.0 4.0 50 0.41 0.75 0.37 0.17 62 86 72 
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Factorial Regression: NMR yield (%) (p > α = 0.1) 

Coded Coefficients 

Term Effect Coef SE Coef T Value P Value VIF 

Constant   56.003 0.605 92.54 0.000   

Q -2.085 -1.042 0.605 -1.72 0.096 1.00 

j -7.012 -3.506 0.605 -5.79 0.000 1.00 

vol% HFIP -10.044 -5.022 0.605 -8.30 0.000 1.00 

eq. EtOH -6.444 -3.222 0.605 -5.32 0.000 1.00 

eq. pyridine 4.927 2.464 0.605 4.07 0.000 1.00 

Q*vol% HFIP -4.359 -2.179 0.605 -3.60 0.001 1.00 

Q*eq. EtOH -3.032 -1.516 0.605 -2.51 0.018 1.00 

Q*eq. pyridine 5.306 2.653 0.605 4.38 0.000 1.00 

j*eq. pyridine 2.274 1.137 0.605 1.88 0.070 1.00 

vol% HFIP*eq. pyridine 7.202 3.601 0.605 5.95 0.000 1.00 

eq. EtOH*eq. pyridine -3.601 -1.800 0.605 -2.98 0.006 1.00 

Ct Pt   8.13 1.24 6.56 0.000 1.00 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 
3.42 90.6% 86.7% 79.2% 

Analysis of Variance 

Source DF Adj SS Adj MS F Value PValue 

Model 12 3276.14 273.01 23.30 0.000 

  Linear 5 1761.66 352.33 30.06 0.000 

    Q 1 34.77 34.77 2.97 0.096 

    j 1 393.36 393.36 33.57 0.000 

    vol% HFIP 1 807.13 807.13 68.87 0.000 

    eq. EtOH 1 332.16 332.16 28.34 0.000 

    eq. pyridine 1 194.24 194.24 16.57 0.000 

  2-Way Interactions 6 1010.85 168.47 14.38 0.000 

    Q*vol% HFIP 1 152.00 152.00 12.97 0.001 

    Q*eq. EtOH 1 73.56 73.56 6.28 0.018 

    Q*eq. pyridine 1 225.27 225.27 19.22 0.000 

    j*eq. pyridine 1 41.38 41.38 3.53 0.070 

    vol% HFIP*eq. pyridine 1 414.91 414.91 35.40 0.000 

    eq. EtOH*eq. pyridine 1 103.73 103.73 8.85 0.006 

  Curvature 1 503.63 503.63 42.97 0.000 

Error 29 339.86 11.72     

  Lack-of-Fit 4 56.89 14.22 1.26 0.313 

    Pure Error 25 282.97 11.32     

Total 41 3616.00       

 

Regression Equation in Uncoded Units 

NMR yield% = 125.0 + 5.31 Q - 1.611 j - 0.853 vol% HFIP + 11.56 eq. EtOH 
- 25.02 eq. pyridine 
- 0.2179 Q*vol% HFIP - 1.516 Q*eq. EtOH + 2.653 Q*eq. pyridine 
+ 0.227 j*eq. pyridine + 0.3601 vol% HFIP*eq. pyridine 
- 1.800 eq. EtOH*eq. pyridine + 8.13 Ct Pt 
 
 
 

Fits and Diagnostics for Unusual Observations 

Obs NMR yield% Fit Resid Std Resid  
14 56.10 50.22 5.88 2.17  

16 71.26 64.13 7.13 2.19  
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Alias Structure 

Factor Name 
A Q 

B j 

C vol% HFIP 

D eq. EtOH 

E eq. 
pyridine 

Aliases 
I + ABCDE 

A + BCDE 

B + ACDE 

C + ABDE 

D + ABCE 

E + ABCD 

AC + BDE 

AD + BCE 

AE + BCD 

BE + ACD 

CE + ABD 

DE + ABC 

Pareto Chart and Residual Plots 

  

Effect and Interaction Plots 
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Factorial Regression: Conversion (%) (p > α = 0.1) 

Backward Elimination of Terms 

α to remove = 0.1 

Coded Coefficients 

Term Effect Coef SE Coef T Value P Value VIF 

Constant   83.133 0.621 133.97 0.000   

Q 2.938 1.469 0.621 2.37 0.025 1.00 

j -0.569 -0.284 0.621 -0.46 0.650 1.00 

vol% HFIP -3.696 -1.848 0.621 -2.98 0.006 1.00 

eq. EtOH -6.112 -3.056 0.621 -4.92 0.000 1.00 

eq. pyridine -0.521 -0.261 0.621 -0.42 0.678 1.00 

Q*j 5.496 2.748 0.621 4.43 0.000 1.00 

Q*eq. pyridine 6.017 3.009 0.621 4.85 0.000 1.00 

j*vol% HFIP 5.212 2.606 0.621 4.20 0.000 1.00 

j*eq. EtOH 4.596 2.298 0.621 3.70 0.001 1.00 

j*eq. pyridine -6.017 -3.009 0.621 -4.85 0.000 1.00 

vol% HFIP*eq. pyridine 3.269 1.635 0.621 2.63 0.013 1.00 

Ct Pt   3.68 1.27 2.89 0.007 1.00 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

3.51034 84.01% 77.39% 66.90% 

Analysis of Variance 

Source DF Adj SS Adj MS F Value P Value 

Model 12 1877.62 156.468 12.70 0.000 

  Linear 5 481.90 96.380 7.82 0.000 

    Q 1 69.03 69.032 5.60 0.025 

    j 1 2.59 2.586 0.21 0.650 

    vol% HFIP 1 109.26 109.260 8.87 0.006 

    eq. EtOH 1 298.85 298.847 24.25 0.000 

    eq. pyridine 1 2.17 2.173 0.18 0.678 

  2-Way Interactions 6 1292.72 215.454 17.48 0.000 

    Q*j 1 241.65 241.650 19.61 0.000 

    Q*eq. pyridine 1 289.65 289.653 23.51 0.000 

    j*vol% HFIP 1 217.30 217.298 17.63 0.000 

    j*eq. EtOH 1 168.97 168.972 13.71 0.001 

    j*eq. pyridine 1 289.65 289.653 23.51 0.000 

    vol% HFIP*eq. pyridine 1 85.50 85.500 6.94 0.013 

  Curvature 1 102.99 102.992 8.36 0.007 

Error 29 357.35 12.323     

  Lack-of-Fit 4 72.37 18.093 1.59 0.209 

    Pure Error 25 284.98 11.399     

Total 41 2234.97       

 

Regression Equation in Uncoded Units 

Conversion/% = 263.8 - 18.81 Q - 4.84 j - 1.620 vol% HFIP - 9.95 eq. EtOH 
- 14.45 eq. pyridine 
+ 0.550 Q*j + 3.009 Q*eq. pyridine + 0.0521 j*vol% HFIP + 0.460 j*eq. EtOH 
- 0.602 j*eq. pyridine + 0.1635 vol% HFIP*eq. pyridine + 3.68 Ct Pt 

 

Fits and Diagnostics for Unusual Observations 

Obs conversion% Fit Resid Std Resid  

16 79.15 86.81 -7.66 -2.30  
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Alias Structure 

Factor Name 

A Q 

B j 
C vol% HFIP 

D eq. EtOH 
E eq. pyridine 

Aliases 

I + ABCDE 
A + BCDE 

B + ACDE 
C + ABDE 

D + ABCE 
E + ABCD 

AB + CDE 
AE + BCD 

BC + ADE 
BD + ACE 

BE + ACD 
CE + ABD 

Pareto Chart and Residual Plots 

  

Effect and Interaction Plots 
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Factorial Regression: Selectivity (%) (p > α = 0.1) 

Backward Elimination of Terms 

α to remove = 0.1 

Coded Coefficients 

Term Effect Coef SE Coef T Value P Value VIF 

Constant   67.525 0.950 71.10 0.000   

Q -5.221 -2.611 0.950 -2.75 0.010 1.00 

j -7.050 -3.525 0.950 -3.71 0.001 1.00 

vol% HFIP -8.904 -4.452 0.950 -4.69 0.000 1.00 

eq. EtOH -2.902 -1.451 0.950 -1.53 0.137 1.00 

eq. pyridine 6.753 3.376 0.950 3.56 0.001 1.00 

Q*j -5.748 -2.874 0.950 -3.03 0.005 1.00 

Q*vol% HFIP -6.654 -3.327 0.950 -3.50 0.001 1.00 

Q*eq. EtOH -3.526 -1.763 0.950 -1.86 0.073 1.00 

j*eq. pyridine 7.336 3.668 0.950 3.86 0.001 1.00 

vol% HFIP*eq. pyridine 6.012 3.006 0.950 3.17 0.004 1.00 

Ct Pt   6.57 1.95 3.37 0.002 1.00 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 
5.37220 79.93% 72.57% 62.47% 

Analysis of Variance 

Source DF Adj SS Adj MS F Value P Value 

Model 11 3448.40 313.49 10.86 0.000 

  Linear 5 1682.14 336.43 11.66 0.000 

    Q 1 218.07 218.07 7.56 0.010 

    j 1 397.65 397.65 13.78 0.001 

    vol% HFIP 1 634.26 634.26 21.98 0.000 

    eq. EtOH 1 67.37 67.37 2.33 0.137 

    eq. pyridine 1 364.79 364.79 12.64 0.001 

  2-Way Interactions 5 1437.68 287.54 9.96 0.000 

    Q*j 1 264.27 264.27 9.16 0.005 

    Q*vol% HFIP 1 354.22 354.22 12.27 0.001 

    Q*eq. EtOH 1 99.47 99.47 3.45 0.073 

    j*eq. pyridine 1 430.51 430.51 14.92 0.001 

    vol% HFIP*eq. pyridine 1 289.20 289.20 10.02 0.004 

  Curvature 1 328.58 328.58 11.39 0.002 

Error 30 865.82 28.86     

  Lack-of-Fit 5 118.72 23.74 0.79 0.564 

    Pure Error 25 747.09 29.88     

Total 41 4314.22       

 

Regression Equation in Uncoded Units 

Selectivity/% = 48.3 + 29.70 Q - 0.77 j + 0.016 vol% HFIP + 7.36 eq. EtOH 
- 22.66 eq. pyridine 
- 0.575 Q*j - 0.3327 Q*vol% HFIP - 1.763 Q*eq. EtOH 
+ 0.734 j*eq. pyridine 
+ 0.3006 vol% HFIP*eq. pyridine + 6.57 Ct Pt 

Fits and Diagnostics for Unusual Observations 

Obs Selectivity/% Fit Resid Std Resid  
16 90.03 74.09 15.93 3.13  

35 65.32 74.96 -9.64 -2.21  
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Alias Structure 

Factor Name 
A Q 

B j 

C vol% HFIP 

D eq. EtOH 

E eq. pyridine 

Aliases 
I + ABCDE 

A + BCDE 

B + ACDE 

C + ABDE 

D + ABCE 

E + ABCD 

AB + CDE 

AC + BDE 

AD + BCE 

BE + ACD 

CE + ABD 

Pareto Chart and Residual Plots 

  

Effect and Interaction Plots 
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4.6. Extension to a Central Composite Design 

Table S8. Extension of the 25-1 fractional factorial design to a central composite design. The entries highlighted in blue are central points. 

𝑛STD = 0.61 mmol, 𝐼STD,NMR = 1.00, 𝑁STD = 3, 𝑁product = 1, 𝑁SM = 4 
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1 5.0 15.0 4.0 4.0 50 0.40 0.73 0.46 0.21 61 83 73 

2 5.0 15.0 4.0 4.0 50 0.40 0.73 0.46 0.21 61 83 73 

3 4.0 15.0 4.0 4.0 50 0.39 0.71 0.66 0.30 59 75 79 

4 6.0 15.0 4.0 4.0 50 0.38 0.69 0.32 0.15 58 88 66 

5 5.0 10.0 4.0 4.0 50 0.47 0.86 0.59 0.27 71 78 92 

6 5.0 20.0 4.0 4.0 50 0.35 0.64 0.49 0.22 53 81 65 

7 5.0 15.0 4.0 4.0 50 0.42 0.76 0.48 0.22 64 82 78 

8 5.0 15.0 4.0 4.0 40 0.41 0.75 0.60 0.27 62 77 80 

9 5.0 15.0 4.0 4.0 60 0.36 0.65 0.51 0.23 55 81 68 

10 5.0 15.0 3.0 4.0 50 0.44 0.80 0.61 0.28 67 77 87 

11 5.0 15.0 5.0 4.0 50 0.43 0.78 0.48 0.22 65 82 80 

12 5.0 15.0 4.0 4.0 50 0.41 0.75 0.52 0.24 62 80 77 

13 

 

5.0 15.0 4.0 3.0 50 0.40 0.73 0.48 0.22 61 82 74 

14 5.0 15.0 4.0 5.0 50 0.39 0.71 0.49 0.22 59 81 73 

15 4.0 15.0 4.0 4.0 50 0.37 0.67 0.69 0.31 56 74 76 

16 6.0 15.0 4.0 4.0 50 0.40 0.73 0.42 0.19 61 84 72 

17 5.0 15.0 4.0 4.0 50 0.43 0.78 0.55 0.25 65 79 82 

18 5.0 10.0 4.0 4.0 50 0.43 0.78 0.66 0.30 65 75 87 

19 5.0 20.0 4.0 4.0 50 0.34 0.62 0.55 0.25 52 79 65 

20 5.0 15.0 4.0 4.0 40 0.42 0.76 0.66 0.30 64 75 85 

21 5.0 15.0 4.0 4.0 60 0.34 0.62 0.51 0.23 52 81 64 

22 5.0 15.0 4.0 4.0 50 0.44 0.80 0.65 0.30 67 75 89 

23 5.0 15.0 3.0 4.0 50 0.43 0.78 0.60 0.27 65 77 84 

24 5.0 15.0 5.0 4.0 50 0.46 0.84 0.57 0.26 70 78 89 

25 5.0 15.0 4.0 3.0 50 0.40 0.73 0.51 0.23 61 81 75 

26 5.0 15.0 4.0 5.0 50 0.41 0.75 0.57 0.26 62 78 79 

27 5.0 15.0 4.0 4.0 50 0.42 0.76 0.56 0.25 64 79 81 
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Response Surface Regression: NMR yield (%) (p > α = 0.1) 

Backward Elimination of Terms 

α to remove = 0.1 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 62.848 0.631 99.62 0.000   

Q -0.842 0.577 -1.46 0.150 1.00 

j -4.001 0.577 -6.93 0.000 1.00 

vol% HFIP -5.012 0.577 -8.68 0.000 1.00 

eq. EtOH -2.780 0.577 -4.82 0.000 1.00 

eq. pyridine 2.190 0.577 3.80 0.000 1.00 

Q*Q -4.92 1.45 -3.40 0.001 3.00 

vol% HFIP*vol% HFIP -5.30 1.45 -3.66 0.001 3.00 

eq. EtOH*eq. EtOH 3.42 1.45 2.37 0.022 3.00 

Q*vol% HFIP -2.179 0.612 -3.56 0.001 1.00 

Q*eq. EtOH -1.516 0.612 -2.48 0.016 1.00 

Q*eq. pyridine 2.653 0.612 4.33 0.000 1.00 

j*eq. pyridine 1.137 0.612 1.86 0.069 1.00 

vol% HFIP*eq. pyridine 3.601 0.612 5.88 0.000 1.00 

eq. EtOH*eq. pyridine -1.800 0.612 -2.94 0.005 1.00 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 
3.46241 85.55% 81.80% 75.14% 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 14 3832.94 273.781 22.84 0.000 

  Linear 5 1956.82 391.364 32.65 0.000 

    Q 1 25.54 25.541 2.13 0.150 

    j 1 576.27 576.268 48.07 0.000 

    vol% HFIP 1 904.21 904.214 75.42 0.000 

    eq. EtOH 1 278.14 278.141 23.20 0.000 

    eq. pyridine 1 172.66 172.657 14.40 0.000 

  Square 3 865.27 288.424 24.06 0.000 

    Q*Q 1 138.70 138.700 11.57 0.001 

    vol% HFIP*vol% HFIP 1 160.91 160.909 13.42 0.001 

    eq. EtOH*eq. EtOH 1 67.18 67.178 5.60 0.022 

  2-Way Interaction 6 1010.85 168.475 14.05 0.000 

    Q*vol% HFIP 1 152.00 152.001 12.68 0.001 

    Q*eq. EtOH 1 73.56 73.558 6.14 0.016 

    Q*eq. pyridine 1 225.27 225.271 18.79 0.000 

    j*eq. pyridine 1 41.38 41.376 3.45 0.069 

    vol% HFIP*eq. pyridine 1 414.91 414.913 34.61 0.000 

    eq. EtOH*eq. pyridine 1 103.73 103.728 8.65 0.005 

Error 54 647.37 11.988     

  Lack-of-Fit 13 282.96 21.766 2.45 0.015 

  Pure Error 41 364.41 8.888     

Total 68 4480.31       

 

Regression Equation in Uncoded Units 

NMR yield% = -69.0 + 54.7 Q - 1.710 j + 4.44 vol% HFIP - 15.4 eq. EtOH 
- 25.29 eq. pyridine 
- 4.92 Q*Q - 0.0530 vol% HFIP*vol% HFIP + 3.42 eq. EtOH*eq. EtOH 
- 0.2179 Q*vol% HFIP - 1.516 Q*eq. EtOH + 2.653 Q*eq. pyridine 
+ 0.227 j*eq. pyridine + 0.3601 vol% HFIP*eq. pyridine 
- 1.800 eq. EtOH*eq. Pyridine 
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Fits and Diagnostics for Unusual Observations 

Obs NMR yield% Fit Resid Std Resid  
14 56.10 49.74 6.36 2.29  

16 71.26 62.85 8.41 2.47  

61 51.55 58.85 -7.30 -2.18  

66 69.74 63.49 6.25 2.03  

 

Pareto Chart and Residual Plots 

  

 

Effect and Interaction Plots 
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Response Surface Regression: Conversion (%) (p > α = 0.1) 

Backward Elimination of Terms 

α to remove = 0.1 

Coded Coefficients 

Term Coef SE Coef T Value P Value VIF 

Constant 83.064 0.646 128.64 0.000   

Blocks           

  1 3.193 0.540 5.92 0.000 1.56 

Q 1.948 0.584 3.34 0.002 1.00 

j -0.032 0.584 -0.05 0.957 1.00 

vol% HFIP -1.390 0.584 -2.38 0.021 1.00 

eq. EtOH -2.548 0.584 -4.37 0.000 1.00 

eq. pyridine -0.305 0.584 -0.52 0.603 1.00 

j*j -2.95 1.05 -2.80 0.007 1.56 

Q*j 2.748 0.619 4.44 0.000 1.00 

Q*eq. pyridine 3.009 0.619 4.86 0.000 1.00 

j*vol% HFIP 2.606 0.619 4.21 0.000 1.00 

j*eq. EtOH 2.298 0.619 3.71 0.000 1.00 

j*eq. pyridine -3.009 0.619 -4.86 0.000 1.00 

vol% HFIP*eq. pyridine 1.635 0.619 2.64 0.011 1.00 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 
3.50233 76.33% 70.74% 61.56% 

Analysis of Variance 

Source DF Adj SS Adj MS F Value P Value 

Model 13 2175.94 167.380 13.65 0.000 

  Blocks 1 429.25 429.248 34.99 0.000 

  Linear 5 443.23 88.646 7.23 0.000 

    Q 1 136.58 136.584 11.13 0.002 

    j 1 0.04 0.036 0.00 0.957 

    vol% HFIP 1 69.54 69.535 5.67 0.021 

    eq. EtOH 1 233.72 233.716 19.05 0.000 

    eq. pyridine 1 3.36 3.356 0.27 0.603 

  Square 1 96.07 96.069 7.83 0.007 

    j*j 1 96.07 96.069 7.83 0.007 

  2-Way Interaction 6 1292.72 215.454 17.56 0.000 

    Q*j 1 241.65 241.650 19.70 0.000 

    Q*eq. pyridine 1 289.65 289.653 23.61 0.000 

    j*vol% HFIP 1 217.30 217.298 17.71 0.000 

    j*eq. EtOH 1 168.97 168.972 13.78 0.000 

    j*eq. pyridine 1 289.65 289.653 23.61 0.000 

    vol% HFIP*eq. pyridine 1 85.50 85.500 6.97 0.011 

Error 55 674.65 12.266     

  Lack-of-Fit 14 321.83 22.988 2.67 0.007 

  Pure Error 41 352.82 8.605     

Total 68 2850.59       

Regression Equation in Uncoded Units 

Conversion/% = 229.9 - 18.33 Q - 1.25 j - 1.575 vol% HFIP - 9.44 eq. EtOH 
- 14.50 eq. pyridine 
- 0.1181 j*j + 0.550 Q*j + 3.009 Q*eq. pyridine + 0.0521 j*vol% HFIP 
+ 0.460 j*eq. EtOH - 0.602 j*eq. pyridine 
+ 0.1635 vol% HFIP*eq. pyridine 

Equation averaged over blocks. 
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Fits and Diagnostics for Unusual Observations 

Obs Conversion/% Fit Resid Std Resid  
12 78.39 84.23 -5.84 -2.08

16 79.15 86.26 -7.10 -2.11

Pareto Chart and Residual Plots 

Effect and Interaction Plots 
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Response Surface Regression: Selectivity (%) (p > α = 0.1) 

Backward Elimination of Terms 

α to remove = 0.1 

Coded Coefficients 

Term Coef SE Coef T Value P Value VIF 

Constant 76.05 1.08 70.32 0.000   

Blocks           

  1 -2.372 0.880 -2.70 0.009 1.74 

Q -2.796 0.901 -3.10 0.003 1.00 

j -4.479 0.901 -4.97 0.000 1.00 

vol% HFIP -4.897 0.901 -5.43 0.000 1.00 

eq. EtOH -1.359 0.901 -1.51 0.137 1.00 

eq. pyridine 3.073 0.901 3.41 0.001 1.00 

Q*Q -6.32 2.29 -2.75 0.008 3.10 

vol% HFIP*vol% HFIP -5.21 2.29 -2.27 0.027 3.10 

eq. EtOH*eq. EtOH 5.50 2.29 2.40 0.020 3.10 

Q*j -2.874 0.956 -3.01 0.004 1.00 

Q*vol% HFIP -3.327 0.956 -3.48 0.001 1.00 

Q*eq. EtOH -1.763 0.956 -1.84 0.071 1.00 

j*eq. pyridine 3.668 0.956 3.84 0.000 1.00 

vol% HFIP*eq. pyridine 3.006 0.956 3.14 0.003 1.00 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 
5.40895 77.77% 72.01% 64.91% 

 

Analysis of Variance 

Source DF Adj SS Adj MS F Value P Value 

Model 14 5528.54 394.90 13.50 0.000 

  Blocks 1 212.54 212.54 7.26 0.009 

  Linear 5 2273.43 454.69 15.54 0.000 

    Q 1 281.48 281.48 9.62 0.003 

    j 1 722.17 722.17 24.68 0.000 

    vol% HFIP 1 863.24 863.24 29.51 0.000 

    eq. EtOH 1 66.51 66.51 2.27 0.137 

    eq. pyridine 1 340.04 340.04 11.62 0.001 

  Square 3 645.21 215.07 7.35 0.000 

    Q*Q 1 222.01 222.01 7.59 0.008 

    vol% HFIP*vol% HFIP 1 151.04 151.04 5.16 0.027 

    eq. EtOH*eq. EtOH 1 168.34 168.34 5.75 0.020 

  2-Way Interaction 5 1437.68 287.54 9.83 0.000 

    Q*j 1 264.27 264.27 9.03 0.004 

    Q*vol% HFIP 1 354.22 354.22 12.11 0.001 

    Q*eq. EtOH 1 99.47 99.47 3.40 0.071 

    j*eq. pyridine 1 430.51 430.51 14.72 0.000 

    vol% HFIP*eq. pyridine 1 289.20 289.20 9.88 0.003 

Error 54 1579.87 29.26     

  Lack-of-Fit 13 539.10 41.47 1.63 0.115 

  Pure Error 41 1040.77 25.38     

Total 68 7108.40       

 

Regression Equation in Uncoded Units 

Selectivity/% = -136.6 + 92.7 Q - 0.96 j + 5.18 vol% HFIP - 36.6 eq. EtOH - 22.96 eq. pyridine 
- 6.32 Q*Q - 0.0521 vol% HFIP*vol% HFIP + 5.50 eq. EtOH*eq. EtOH 
- 0.575 Q*j 
- 0.3327 Q*vol% HFIP - 1.763 Q*eq. EtOH + 0.734 j*eq. pyridine 
+ 0.3006 vol% HFIP*eq. pyridine 

Equation averaged over blocks. 

311



S24 

 

Fits and Diagnostics for Unusual Observations 

Obs Selectivity/% Fit Resid Std Resid  
16 90.03 73.68 16.34 3.17  

35 65.32 74.55 -9.23 -2.08  

 

Pareto Chart and Residual Plots 

  

 

Effect and Interaction Plots 
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4.7. Response Optimization of NMR yield 

Parameters 

Response Goal Lower Target Upper Weight Importance 
NMR yield% Maximum 34.8713 71.2587   1 1 

 

Solution 

Solution Q j vol% HFIP eq. EtOH eq. pyridine 
NMR yield% 

Fit 
Composite 
Desirability 

1 5.39394 10 47.8788 3 5 76.6949 1 

 

Multiple Response Prediction 

Variable Setting 
Q 5.39394 

j 10 

vol% HFIP 47.8788 

eq. EtOH 3 

eq. 
pyridine 

5 

Response Fit SE Fit 95% CI 95% PI 
NMR-yield% 76.69 1.94 (72.80; 

80.59) 
(68.74; 
84.65) 

 

 
 

Table S9. Response optimization of NMR yield. 

𝑛STD = 0.61 mmol, 𝐼STD,NMR = 1.00, 𝑁STD = 3, 𝑁product = 1, 𝑁SM = 4 

 

 

Entry Iproduct,NMR nproduct / mmol ISM,remaining,NMR nSM,remaining / mmol NMR yield% Conversion% Selectivity% 

1 0.39 0.71 0.72 0.33 59 73 81 

2 0.39 0.71 0.69 0.31 59 74 80 

3 0.40 0.74 0.61 0.28 61 77 80 

4 0.40 0.72 0.74 0.33 60 72 83 
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5. Analytical Data of Products 

Ethyl 2,5-dimethoxybenzenesulfonate, 1 

 

According to general protocol 3, 1,4-dimethoxybenzene (166 mg, 1.2 mmol) and ethanol were employed. After purification 

using flash column chromatography, ethyl 2,5-dimethoxybenzenesulfonate 1 (198 mg, 0.80 mmol, 67%) was obtained. 
1H NMR (400 MHz, CDCl3) δ [ppm] = 7.37 (d, J = 4.0 Hz, 1H), 7.08 (dd, J = 12.0, 4.0 Hz, 1H), 6.96 (d, J = 12.0 Hz, 1H), 

4.15 (q, J = 8.0 Hz, 2H), 3.86 (s, 1H), 3.75 (s, 1H), 1.28 (t, J = 2.0 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 152.6, 

151.2, 124.2, 120.9, 115.5, 114.0, 67.4, 56.5, 55.7, 14.6; HRMS for C10H18O5NS+ (ESI+) [M+NH4]+: calc.: 264.0900, 

found: 264.0894; Rf (cyclohexane/EtOAc 9:1 vol%) = 0.50. 

 

Methyl 2,5-dimethoxybenzenesulfonate, 2 

 

According to general protocol 3, 1,4-dimethoxybenzene (166 mg, 1.2 mmol) and methanol were employed. After 

purification using flash column chromatography, methyl 2,5-dimethoxybenzenesulfonate 2 (117 mg, 0.50 mmol, 42%) was 

obtained. 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.41 (d, J = 4.0 Hz, 1H), 7.11 (dd, J = 12.0, 4.0 Hz, 1H), 6.98 (d, J = 4.0 Hz, 

1H), 3.89 (s, 1H), 3.80 (s, 3H), 3.78 (s. 3H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 152.9, 151.6, 123.6, 121.7, 115.8, 

114.2, 56.9, 56.9, 56.1; HRMS for C9H12NaO5S+ (ESI+) [M+Na]+: calc.: 255.0298, found: 255.0296; 

Rf (cyclohexane/EtOAc 9:1 vol%) = 0.45. 

 

Isopropyl 2,5-dimethoxybenzenesulfonate, 3 

 

According to general protocol 3, 1,4-dimethoxybenzene (166 mg, 1.2 mmol) and isopropanol were employed. After 

purification using flash column chromatography, isopropyl 2,5-dimethoxybenzenesulfonate 3 (77 mg, 0.30 mmol, 25%) 

was obtained. 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.45 (d, J = 4.0 Hz, 1H), 7.11 (dd, J = 8.0 Hz, J = 4.0 Hz, 1H), 6.97 

(d, J = 4.0 Hz, 1H), 4.82 (sept, J = 8.0 Hz, 1H), 3.91 (s, 3H), 3.80 (s, 3H), 1.31 (d, J = 4.0 Hz, 6H); 13C NMR (101 MHz, 

CDCl3) δ [ppm] = 152.9, 151.6, 125.7, 121.5, 115.5, 114.0, 77.9, 56.8, 56.2, 29.8, 22.9; HRMS for C11H16NaO5S+ (ESI+) 

[M+Na]+: calc.: 283.0611, found: 283.0604; Rf (cyclohexane/EtOAc 9:1) = 0.52. 

 

 

 

 

314



S27 

 

 

(2-Methyl-1-propyl) 2,5-dimethoxybenzenesulfonate, 4 

 

According to general protocol 3, 1,4-dimethoxybenzene (166 mg, 1.20 mmol) and 2-methylpropan-1-ol were employed. 

After purification using flash column chromatography, (2-methyl-1-propyl) 2,5-dimethoxybenzenesulfonate 4 (238 mg, 

0.87 mmol, 72%) was obtained. 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.43 (d, J = 4.0 Hz, 1H), 7.13 (dd, J = 12.0 Hz, 

J = 4.0 Hz, 1H), 6.97 (d, J = 8.0 Hz, 1H), 3.89 (s, 3H), 3.85 (d, J = 8.0 Hz, 2H), 3.79 (s, 3H), 1.96 (sept, J = 8.0 Hz, 1H), 

0.90 (d, J = 4.0 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 153.0, 151.7, 124.4, 121.7, 115.8, 114.0, 77.2, 56.8, 56.2, 

28.2, 18.8; HRMS for C12H22O5SN+ (ESI+) [M+NH4]+: calc.: 292.1213, found: 292.1204; 

Rf (cyclohexane/EtOAc 9:1 vol%) = 0.80. 

 

2,2-Dimethylpropyl 2,5-dimethoxybenzenesulfonate, 5 

 

According to general protocol 3, 1,4-dimethoxybenzene (166 mg, 1.20 mmol) and 2,2-dimethylpropan-1-ol were 

employed. After purification using flash column chromatography, 2,2-dimethylpropyl-2,5-dimethoxybenzenesulfonate 5 

(215 mg, 0.75 mmol, 62%) was obtained. 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.38 (s, 1H), 7.09 (d, J = 8.0 Hz, 1H), 

6.96 (d, J = 8.0 Hz, 1H), 3.85 (s, 3H) 3.75 (s, 3H), 3.67 (s, 2H), 0.88 (s, 9H); 13C NMR (101 MHz, CDCl3) δ [ppm] = 152.7, 

151.4, 123.9, 121.3, 115.8, 113.8, 80.2, 56.5, 56.0, 31.6, 26.0; HRMS for C13H20NaO5S+ (ESI+) [M+Na]+: calc.: 311.0924, 

found: 311.0919; Rf (cyclohexane/EtOAc 9:1 vol%) = 0.90. 

 

Pentyl 2,5-dimethoxybenzenesulfonate, 6 

 

According to general protocol 3, 1,4-dimethoxybenzene (166 mg, 1.20 mmol) and pentanol were employed. After 

purification using flash column chromatography, pentyl 2,5-dimethoxybenzenesulfonate 6 (255 mg, 0.89 mmol, 74%) was 

obtained. Dividing the product mass by electrolysis time results in a productivity of 0.255 g / (1 h 36 min) ≈ 0.159 g h–1. 

Scale-up: According to general protocol 3, 1,4-dimethoxybenzene (1.659 g, 12.00 mmol) and pentanol were employed. 

After purification using flash column chromatography, pentyl 2,5-dimethoxybenzenesulfonate 6 (2.652 g, 9.74 mmol, 81%) 

was obtained. Dividing the product mass by electrolysis time gives a productivity of 2.652 g / 4 h ≈ 0.663 g h–1. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.34 (d, J = 4.0 Hz, 1H), 7.05 (dd, J = 8.0 Hz, 4.0 Hz, 1H), 6.93 (d, J = 8.0 Hz, 1H), 

4.02 (t, J = 4.0 Hz, 2H), 3.82 (s, 3H) ,3.70 (s, 3H), 1.58 (quint, J = 8.0 Hz, 2H), 1.22 (m, 4H), 0.77 (t, J = 8.0 Hz, 3H); 
13C NMR (101 MHz, CDCl3) δ [ppm] = 152.7, 151.3, 124.1, 121.1, 115.6, 113.9, 71.3, 56.5, 55.8, 28.5, 27.3, 21.8, 13.7; 

HRMS for C13H20O5S+ (ESI+) [M+Na]+: calc.: 311.0924, found: 311.0918; Rf (cyclohexane/EtOAc 9:1 vol%) = 0.40. 

 

315



S28 

 

6. Proposed Mechanism 

A postulated reaction mechanism is shown in  

Figure S4. Details on this can be found in an initial publication.[9] The alcohol I reacts with SO2 and pyridine as base to 

monoalkyl sulfite II. This formation of II is promoted by the hydrogen bonding power of HFIP.[10] The anodic oxidation of 

arene III forms electrophilic cationic species IV, followed by nucleophilic attack of II. Because of the solvation shell by 

hydrogen bonding of HFIP, II reacts as a sulfur-centered nucleophile. The subsequent anodic oxidation results in the 

formation of the sulfonate V as terminal product. At the cathode, sulfur dioxide is reduced serving as counter reaction.[11] 

Note that HFIP is very (electro)chemically stable, and it is not oxidized by SO2. If no other alcohol is present in the reaction 

solution during the electrolysis in our reaction, HFIP can react as nucleophile to a sulfonate, but this reaction proceeds in 

traces only. 

 

 

 
 

Figure S4. Proposed reaction mechanism. 
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7. NMR Spectra of Products

Figure S5. 1H NMR spectrum of ethyl 2,5-dimethoxybenzenesulfonate 1. 

Figure S6. 13C NMR spectrum of ethyl 2,5-dimethoxybenzenesulfonate 1. 
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Figure S7. 1H NMR spectrum of methyl 2,5-dimethoxybenzenesulfonate 2. 

Figure S8. 13C NMR spectrum of methyl 2,5-dimethoxybenzenesulfonate 2. 
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Figure S9. 1H NMR spectrum of isopropyl 2,5-dimethoxybenzenesulfonate 3. 

Figure S10. 13C NMR spectrum of isopropyl 2,5-dimethoxybenzenesulfonate 3. 
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Figure S11. 1H NMR spectrum of (2-methylprop-1-yl) 2,5-dimethoxybenzenesulfonate 4. 

 

 
Figure S12. 13C NMR spectrum of (2-methylprop-1-yl) 2,5-dimethoxybenzenesulfonate 4. 
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Figure S13. 1H NMR spectrum of neopentyl 2,5-dimethoxybenzenesulfonate 5. 

 

 
Figure S14. 13C NMR spectrum of neopentyl 2,5-dimethoxybenzenesulfonate 5. 
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Figure S15. 1H NMR spectrum of pentyl 2,5-dimethoxybenzenesulfonate 6. 

 

 
Figure S16. 13C NMR spectrum of pentyl 2,5-dimethoxybenzenesulfonate 6. 
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1. General Information 
All solvents, reagents, and starting materials were purchased from commercial suppliers. If necessary, they were 

purified according to standard methods.[1] Boron-doped diamond (BDD) electrodes (DIACHEM™, 15 µm BDD on 3 mm 

silicon wafer as supporting material) were purchased from CONDIAS GmbH (Itzehoe, Germany). For electrolysis, a 

Rohde & Schwarz HMP4040 programmable power supply 384 W was used (4 channels, max. output current per channel: 

10 A, max. output power per channel: 160 W, total output power: 384 W, output voltage per channel: 0 V to 32 V, 

Rohde & Schwarz GmbH & Co. KG, Munich, Germany). Undivided Teflon electrolysis cells (IKA Screening System 

Package with 8 cells) were purchased from IKA (IKA-Werke GmbH & Co. KG, Staufen, Germany). 

Gas Chromatography was carried out using a Shimadzu Nexus GC-2025 (Shimadzu Europa GmbH, Duisburg, Germany) 

with a barrier ionization discharge (BID) detector using helium as carrier gas. For sample collection, a 100 µL Hamilton™ 

Gastight™ SampleLock™ twist-valve syringe was used (Hamilton Bonaduz AG, Bonaduz, Switzerland). 

Cyclic Voltammetry was measured with a Metrohm PGSTAT101 (Deutsche METROHM GmbH & Co. KG, Filderstadt, 

Germany). A Metrohm Ag/AgCl 6.0726.100 reference electrode was utilized. All cyclic voltammograms are referenced 

against ferrocene. 

Flash column chromatography for isolation of amides was carried out using a Büchi Control Unit C-620, 2x Büchi Pump 

Modules C-605, Büchi Fraction Collector C-660, and Büchi UV-Photometer C-635 (λ = 254 mm). As eluent, mixtures of 

dichloromethane and ethyl acetate in a gradient 95:5 → 50:50 were utilized. Glacial acetic acid was used as eluent additive. 

NMR spectra of 1H were recorded at 23 °C using a Bruker Avance II 400 spectrometer (400 MHz, 5 mm BBFO-

SmartProbe with z gradient and ATM, SampleXPress 60 sample changer (Analytische Messtechnik, Karlsruhe, Germany). 

High-resolution mass spectra (HRMS) were recorded using a G6545A Q-ToF (Agilent GmbH, Waldbronn, Germany) 

with Electron Spray Ionization (ESI). For sample injection, a 1260 Infinity II HPLC-System (Agilent GmbH, Waldbronn, 

Germany) with a G7111B 1260 quaternary pump, G7129A 1260 vial sampler and G7116A 1260 multicolumn thermostat 

was used. 

2. Experimental Setup 

 

Figure S1: The electrolysis setup: A Teflon cell (1) with a stirring bar inside (2) was used for small-scale reactions (5 mL 

reaction solution). A Teflon holder with Teflon screws (3) was used to hold the stainless-steel cathode (4) and the BDD 

anode (5). The size of both (4) and (5) is 1 cm x 7 cm x 3 mm. Under (6), the assembled electrode setup is depicted inside 

of the holder. For large-scale reaction (50 mL, 10x scale-up), (7) was used with a stirring bar (8). A Teflon holder (9) was 

used to hold the electrodes (10, 11). In (12), the assembled setup is shown. 
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3. General Procedures 

3.1. General procedure for electrolysis of dicarboxylic acids to their cyclic anhydrides 
Into an undivided Teflon electrolysis cell with a stirring bar, acetonitrile (5.0 mL) was added. Tetrabutylammonium 

thiocyanate (NBu4SCN, C17H36N2S, 300.55 g mol–1, 0.5 equiv., 1.0 mmol, 301 mg, 0.2 mol L–1) was added. After it 

dissolved by stirring, succinic acid (C4H6O4, 118.09 g mol–1, 240 mg, 2.0 mmol, 0.4 mol L–1) was added. Upon dissolution, 

the electrodes were put into the electrolyte and the galvanostatic electrolysis was started (2.7 F, 50 mA cm– 2, room 

temperature, under air, BDD (anode), stainless steel (cathode), both electrodes 1.0 cm x 7.0 cm, 5 mm interelectrode gap, 

2.0 cm immersion depth, medium stirring). After the electrolysis completed, 1,3,5-trimethoxybenzene (100 mg, 0.60 mmol) 

was added as internal standard. The reaction solution was transferred into a 50 mL round-bottom flask, the solvent was 

removed using a rotary evaporator, dry CDCl3 (0.5 mL) was added, and the sample was analyzed using 1H NMR 

spectroscopy. 

 

3.2. General procedure for amidation reaction 
Into an undivided Teflon electrolysis cell with a stirring bar (depicted in the right of Figure S1), acetonitrile (5.0 mL) and 

tetrabutylammonium thiocyanate (NBu4SCN, C17H36N2S, 300.55 g mol–1, 1.0 equiv., 1.0 mmol, 602 mg, 0.4 mol L–1) were 

added. After it dissolved by stirring, succinic acid (C4H6O4, 118.09 g mol–1, 240 mg, 2.0 mmol, 0.4 mol L–1) was added. 

After everything dissolved, the electrodes were put into the reaction solution and the galvanostatic electrolysis was started 

(2.7 F, 50 mA cm– 2, room temperature, under air, BDD || stainless steel, both electrodes 1.0 cm x 7.0 cm, 5 mm 

interelectrode gap, 2.0 cm immersion depth, medium stirring). After the electrolysis completed, benzylamine (C7H9N, 

107.15 g mol–1, 5.0 equiv., 1.09 mL) and DMAP (4-(dimethylamino)pyridine, C7H10N2, 122.17 g mol–1, 12 mg, 0.1 mmol, 

0.05 equiv.) was added, and the reaction was heated to 80°C for 2 h. 1,3,5-trimethoxybenzene (100 mg, 0.60 mmol) was 

added as internal standard. The reaction solution was transferred into a 50 mL round-bottom flask, the solvent was 

removed using a rotary evaporator, dry CDCl3 (0.5 mL) was added, and the sample was analyzed using 1H NMR 

spectroscopy. 

 

3.3. General procedure for scaled-up amidation reaction 
Into the reaction container with a stirring bar (depicted in the right of Figure S1), acetonitrile (50.0 mL) and 

tetrabutylammonium thiocyanate (NBu4SCN, C17H36N2S, 300.55 g mol–1, 1.0 equiv., 20.0 mmol, 6.011 g, 0.4 mol L–1) were 

added. After it dissolved by stirring, succinic acid (C4H6O4, 118.09 g mol–1, 2.363 g, 20.0 mmol, 0.4 mol L–1) was added. 

After everything dissolved, the electrodes were put into the reaction solution and the galvanostatic electrolysis was started 

(2.7 F, 50 mA cm– 2, room temperature, under air, BDD || stainless steel, both electrodes 2.0 cm x 7.0 cm, 5 mm 

interelectrode gap, 4.5 cm immersion depth, medium stirring). After the electrolysis completed, benzylamine (C7H9N, 

107.15 g mol–1, 5.0 equiv., 10.92 mL) and DMAP (4-(dimethylamino)pyridine, C7H10N2, 122.17 g mol–1, 122 mg, 1.0 mmol, 

0.05 equiv.) was added, and the reaction was heated to 80°C for 2 h. 1,3,5-Trimethoxybenzene (486 mg, 2.89 mmol) was 

added as internal standard. An aliquot of 10 mL was taken, the solvent was removed using a rotary evaporator, CDCl3 

(0.5 mL) was added, and the sample was analyzed using 1H NMR spectroscopy. For workup, crude product was adsorbed 

on silica and the amide was isolated using flash column chromatography. Eluent component A: DCM (1000 mL) + glacial 

acetic acid (50 mL). Eluent component B: ethyl acetate (1000 mL) + glacial acetic acid (50 mL). Gradient: 

A:B 95:5 → 50:50. 4-Oxo-4-((phenylmethyl)amino)butanoic acid (2.836 g, 13.68 mmol, 58% over 2 steps) was obtained. 

Rf (DCM/EtOAc/HOAc 1:1:0.1) = 0.19. 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.3-7.2 (m, 5H, Ar), 4.42 (d, J = 4.0 Hz, 2H, 

CH2NH), 2.74 (m, 2H, CH2), 2.54 (m, 2H, CH2). 
 

4. NMR yields 

The NMR yield is calculated as follows, where 𝐼 denotes the integral of the 1H NMR signal, and 𝑁 is the number of protons 

corresponding to that signal (because 1,3,5-trimethoxybenzene was used as internal standard, 𝑁std = 3, as the 3 aromatic 

protons around 6.0 ppm are used for integration): 

%yieldNMR =
𝑛product ∙ 100

𝑛starting material
=

𝑛std ∙

(
𝐼product

𝑁product
)

(
𝐼std

𝑁std
)

∙ 100

𝑛starting material
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4.1. Reaction optimization 

In the following Table S1, the data of the reaction optimization experiments shown in Figure S2 are shown. This is the 

data shown in the main manuscript’s Table 1. For succinic anhydride, 𝑁product = 4. 

 

Figure S2: The standard reaction conditions of the test reaction: electrochemical dehydrative reaction of succinic acid to 

succinic anhydride. 

Table S1: Data for the calculation of NMR yields of the reaction optimization experiments. The standard reaction conditions 

are depicted in Figure S2. This is the data for Table 1 in the main manuscript. 

# 

Deviation from standard 

conditions[a] NMR yield%[b] I(STD) 

m(STD) 

[mg] 

n(STD) 

[mmol] I(product) 

n(product) 

[mmol] 

m(SM) 

[mg] 

n(SM) 

[mmol] 

1 
 

none 70 3.00 109 0.65 8.84 1.43 239.7 2.03 

2 2.4 F 45 3.00 109 0.65 5.59 0.90 237.8 2.01 

3 3.0 F 69 3.00 109 0.65 8,68 1.40 241.7 2.05 

4 3.3 F 66 3.00 109 0.65 8,01 1.30 236.1 2.00 

5 30 mA cm–2 58 3.00 109 0.65 7,28 1.18 238.3 2.02 

6 60 mA cm–2 59 3.00 109 0.65 7,46 1.21 240.9 2.04 

7 70 mA cm–2, 3.0 F 64 3.00 109 0.65 8,07 1.31 241.6 2.05 

8 glassy carbon || stainless steel 50 3.00 109 0.65 6,29 1.02 238.9 2.02 

9 graphite || stainless steel 50[b] 3.00 109 0.65 6,42 1.04 244.6 2.07 

10 BDD || BDD 16 3.00 109 0.65 2,03 0.33 244.6 2.07 

11 0 °C 58 3.00 109 0.65 7.24 1.17 239.1 2.02 

12 60 °C 55 3.00 109 0.65 6.95 1.12 241.5 2.05 

13 1.5 mmol SM, c(SM) = 0.3 mol L–1 44 3.00 109 0.65 4.13 0.67 179.0 1.52 

14 2.5 mmol SM, c(SM) = 0.5 mol L–1 59 3.00 109 0.65 9.25 1.50 298.3 2.53 

15 0.3 equiv. NBu4SCN 31 3.00 109 0.65 3.80 0.61 236.2 2.00 

16 1.0 equiv. NBu4SCN 71 3.00 109 0.65 8.94 1.45 239.4 2.03 

17 1.5 equiv. NBu4SCN 70 3.00 109 0.65 8.96 1.45 246.0 2.08 

18 no NBu4SCN, 0.5 equiv. EMIMSCN 36 3.00 109 0.65 4.48 0.72 239.1 2.02 

19 no NBu4SCN, 0.5 equiv. BMIMSCN 19 3.00 109 0.65 2.44 0.39 239.6 2.03 

20 no NBu4SCN, 1.0 equiv. NH4SCN 3[c] 3.00 109 0.65 0.36 0.06 239.7 2.03 

21 no NBu4SCN 0[d] 3.00 109 0.65 0.00 0.00 238.2 2.02 

22 no electricity 0 3.00 109 0.65 0.00 0.00 238.6 2.02 

SM: starting material (dicarboxylic acid). BDD: boron-doped diamond. EMIMSCN: 1-ethyl-3-methylimidazolium thiocyanate. BMIMSCN: 1-butyl-3-

methylimidazolium thiocyanate. [a] The yields were determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. 

[b] The upper terminal voltage limit of the power supply was reached during electrolysis, nonetheless 2.7 F was fully applied. [c] The reaction had to 

be stopped after 2.1 F because of the formation of a precipitate inside of the electrolysis cell, which resulted in blocking of the electrodes. [d] The 

electrolysis can’t be carried out without NBu4SCN, because the upper terminal voltage limit of the power supply is reached, demonstrating that the 

thiocyanate supporting electrolyte is indispensable for the reaction. 
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4.2. Anhydride Scope 
 

Table S2: Data for calculation of the NMR yields for the anhydride scope. 

# Anhydride Name NMR yield% I(STD) 

m(STD) 

[mg] 

n(STD) 

[mmol] I(product) 

product 

signal [ppm] 

n(prod) 

[mmol] 

m(SM) 

[mg] 

n(SM) 

[mmol] 

1 

 
succinic anhydride 71 3.00 109 0.65 8.94 2.90 (s, 4H) 1.45 239.4 2.03 

2 

 

methylsuccinic anhydride 56 3.00 109 0.65 1.75 2.60 (m, 1H) 1.13 266.5 2.02 

3 

 

2,2-dimethylsuccinic 

anhydride 
66 3.00 109 0.65 4.12 2.61 (s, 2H) 1.33 294.9 2.02 

4 

 

phenylsuccinic anhydride 16 3.00 109 0.65 0.51 2.61 (m, 1H) 0.33 390.4 2.01 

5 
 

maleic anhydride 2 3.00 109 0.65 0.12 7.40 (s, 2H) 0.04 233.7 2.01 

6 

 

cis-cyclopentane-1,2-

dicarboxylic anhydride 
62 3.00 109 0.65 4.23 3.40 (s, 2H) 1.37 346.4 2.19 

7 

 

cis-1,2-cyclohexane-

dicarboxylic anhydride 
57 3.00 109 0.65 3.56 3.08 (s, 2H) 1.15 346.1 2.01 

8 

 

cis-4-cyclohexene-1,2-

dicarboxylic anhydride 
17 3.00 109 0.65 1.06 5.88 (s, 2H) 0.34 344.7 2.03 

9 

 

(+)-camphoric anhydride 67 3.00 109 0.65 2.11 2.72 (d, 1H) 1.37 409.8 2.05 

10 

 

cis-5-norbornene-endo-2,3-

dicarboxylic anhydride 
60 3.00 109 0.65 3.77 3.36 (s, 2H) 1.22 369.6 2.03 

11 

 

glutaric anhydride 59 3.00 109 0.65 7.28 2.30 (t, 4H) 1.18 264.0 2.00 

12 

 

2,2-dimethylglutaric 

anhydride 
52 3.00 109 0.65 3.38 2.16 (t, 2H) 1.09 339.9 2.12 

13 

 

3,3-dimethylglutaric 

anhydride 
46 3.00 109 0.65 6.26 2.28 (t, 4H) 1.01 350.0 2.19 

14 

 

1,1-cyclopentanediacetic 

anhydride 
57 3.00 109 0.65 7.06 2.53 (s, 4H) 1.14 376.1 2.02 

15 

 

1,1-cyclohexanediacetic 

anhydride 
64 3.00 109 0.65 8.02 2.56 (s, 4H) 1.30 403.0 2.01 

16 

 

adipic anhydride 30 3.00 109 0.65 3.86 2.32 (t, 4H) 0.62 304.5 2.08 

17 

 

pimelic anhydride 36 3.00 109 0.65 4.53 2.31 (t, 4H) 0.73 325.6 2.03 

18 

 
suberic anhydride 33 3.00 109 0.65 4.03 2.22 (t, 4H) 0.65 348.0 2.00 

19 

 
azelaic anhydride 32 3.00 109 0.65 3.96 2.19 (t, 4H) 0.64 380.8 2.02 

20 

 
sebacic anhydride 19 3.00 109 0.65 2.41 2.22 (t, 4H) 0.39 423.5 2.09 
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4.3. Amidation reactions 

 

Figure S3: Amidation test reaction. [a] electrolysis reaction conditions: acetonitrile, succinic acid (0.4 mol L–1), NBu4SCN 

(1.0 equiv.) constant current electrolysis, current density j = 50 mA cm–2, amount of applied charge Q = 3.0 F, 

BDD || stainless steel, 5 mm interelectrode gap, under air, moderate stirring. 

Table S3: Data for calculation of the NMR yields for the amidation reactions. 

# Deviation from standard conditions[a] 

NMR 

yield[b] I(STD) 

m(STD) 

[mg] 

n(STD) 

[mmol] I(product) N(product) 

n(product) 

[mmol] 

m(SM) 

[mg] 

n(SM) 

[mmol] 

1 benzylamine (5.0 equiv.), no imidazole  68 3.00 109 0.65 4.26 2 1.38 240.1 2.03 

2 benzylamine (5.0 equiv.)  71 3.00 109 0.65 4.42 2 1.43 238.0 2.02 

3 benzylamine (5.0 equiv.), no imidazole, 

DMAP (0.05 equiv.) 

73 3.00 109 0.65 4.54 2 1.47 238.9 2.02 

4 benzylamine (5.0 equiv.), DMAP (0.05 equiv.) 72 3.00 109 0.65 4.56 2 1.48 241.2 2.04 

5 morpholine (5.0 equiv.), no imidazole 36 3.00 109 0.65 4.53 4 0.73 237.1 2.01 

6 morpholine (5.0 equiv.) 31 3.00 109 0.65 3.85 4 0.62 236.5 2.00 

7 morpholine (5.0 equiv.), no imidazole, DMAP 

(0.05 equiv.) 

38 3.00 109 0.65 4.70 4 0.76 238.1 2.02 

8 morpholine (5.0 equiv.), DMAP (0.05 equiv.) 32 3.00 109 0.65 4.04 4 0.65 237.5 2.01 

9 10-fold scale-up of entry 3 61 3.00 486 2.89 8.51 2 12.28 2364.3 20.02 

[a] The standard reaction conditions are shown in Figure S2. DMAP: 4-(dimethylamino)pyridine. [b] The amide yields were determined by 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene as internal standard. 

 

 

Reference synthesis: succinic anhydride (212 mg, 2.07 mmol) was dissolved in acetonitrile (50 mL) and benzylamine 

(5.0 equiv., 10.0 mmol, 1.07 g, 1.09 mL) was added. The reaction was heated under reflux and after purification using 

flash column chromatography (general procedure 3.2), 4-Oxo-4-((phenylmethyl)amino)butanoic acid was obtained 

(436 mg, 2.10 mmol, 99%). 
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5. Mechanistic Studies 
 

5.1.  Detection of 18O-labeled sulfate by ESI-HRMS 
The key mechanistic question of the electrochemical dehydration of dicarboxylic acids to cyclic carboxylic anhydrides is 

the remains of one equivalent of water, which is formally removed during the electrochemical dehydration reaction. To 

investigate this, 18O-labeled succinic acid was synthesized by reaction of succinic anhydride with H2
18O: 

 

Figure S4: Isotope labeling of succinic acid by hydrolysis of succinic anhydride in H2
18O. 

 

Figure S5: Mass spectrum signals of 18O labeled succinic acid. 

The 18O-labeled succinic acid was then used for electrochemical dehydration reaction under standard conditions to obtain 

succinic anhydride as reaction product again. 

 

Figure S6: Electrolysis of 18O-labeled succinic acid. 

A sample was taken from the reaction solution before and after electrolysis, and then analyzed using ESI-HRMS. It was 

found that each reaction solution did not contain any sulfate before electrolysis, while in the reaction solution from after 

electrolysis 18O-labeled sulfate was detected, as shown in Figure S7. This finding gives strong evidence that the 

electrochemical dehydration is driven by electrochemical oxidation and hydrolysis of the thiocyanate supporting electrolyte. 

 

 

Figure S7: Detection of sulfate by 18O-isotope labeling using ESI-HRMS. This isotope labeling gives strong evidence that 

the electrochemical dehydration is driven by electrochemical the oxidation and hydrolysis of the thiocyanate supporting 

electrolyte.  
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5.2. Detection of H2 by gas chromatography 
To answer the question if hydrogen evolution reaction occurs as counter reaction during electrolysis, a sample of the gas 

that is evolving from the reaction solution was analyzed using a gas chromatograph which uses helium as carried gas and 

a barrier ionization discharge (BID) detector.[2] Such an experimental setup allows for hydrogen detection by comparing 

the retention times of the signals with those of reference gases. A gas chromatogram of the gas evolving from the reaction 

can be seen in Figure S8. In this chromatogram, a peak from H2 can be found, meaning that hydrogen evolution reaction 

(HER) occurs as a counter reaction during electrolysis.[3] Also, acetonitrile can be found at 5.059. The signals of N2 and 

O2 overlap with the helium carrier gas in the signal at 2.661. The signal at 3.683 could not be assigned. 

 

 

Figure S8: Chromatogram of the gas evolving from the reaction solution. Because of the H2 peak at 2.377, it can be clearly 

seen that hydrogen evolution reaction occurs during electrolysis, which is a common counter reaction. 

 

 

 

 

 

 

 

332



S9 
 

 

Figure S9: A Shimadzu Nexis GC-2030 with helium as carrier gas and a BID (barrier ionization discharge) detector used 

for analysis, kindly provided by Dr. Simon Clausing from the group of Prof. Dr. Carsten Streb, Mainz University. 

 

Figure S10: A 100 µL Hamilton™ Gastight™ SampleLock™ twist-valve syringe used to take samples for gas 

chromatography.  

 

Figure S11: The temperature profile over time of the gas chromatograph used to analyze the samples. 
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1. General Information 

 

The numbering of substances in the main manuscript and in the Supporting Information is as follows: Terpenoid starting 

materials are designated by the number 1, followed by a letter, for example 1a. The corresponding allylic oxidation product 

of 1a has number 2 with this letter, in this example 2a. For steroidal substrates, the starting material starts with number 3 

and a letter, and their corresponding allylic oxidation product has 4 with that letter. For example, 4a is the product of the 

allylic oxidation of substrate 3a. In the case of 4-oxoisophorone 2a, three different starting materials result in the same 

reaction product (as will be discussed in the reaction mechanism). To account for this, and to keep the numbering simple, 

the starting materials corresponding to 4- oxoisophorone 2a are labelled as: β-isophorone 1a, α-isophorone 1a’, and 

2,6,6- trimethyl-2-cyclohexen-1-one 1a’’. Substrates for which allylic oxidation was not successful are labelled as u1 to u4. 

Starting materials, solvents, and reagents were purchased from commercial suppliers, and if necessary, they were 

purified according to standard methods.[1]  The following starting materials were kindly provided by dsm- firmenich AG 

(Kaiseraugst, Switzerland): ethyny l   -α-ionol 1f, ethynyl-β-ionol 1i, vinyl-α-ionol 1e, vinyl-β-ionol 1h.[2] 

Electrolysis was carried out using a Rohde & Schwarz HMP4040 programmable power supply (4 channels per device; 

max. electric current per channel: 10 A; max. power per channel: 160 W; total output power per device: 384 W; upper 

terminal voltage limit per channel: 32 V; Rohde & Schwarz GmbH & Co. KG, Munich, Germany). The electrolysis setup 

was purchased from IKA (IKA-Werke GmbH & Co. KG, Staufen, Germany). 

Preparative column chromatography was performed using an Interchim puriFlash™ XS520Plus flash column 

chromatography system using pre-packed 30 μm puriFlash™ PF-30SIHP-JP-F0080 silica columns (Interchim, Montlucon 

Cedex, France) using cyclohexane (CH) and ethyl acetate (EtOAc) as eluents. Some substrates were isolated using 

reversed-phase chromatography, for which an Interchim puriFlash™ PF-30C18HP-F0080 column was used using 

mixtures of water and acetonitrile (MeCN). Soda ash flux-calcinated (Celite 545, CAS: 68855-54-9) was purchased from 

Carl Roth GmbH + Co. KG (Karlsruhe, Germany). For filtration during work-up, folded filter papers (type 303, 5-13 µm, 

medium filtration rate, cat. no. 516-0298, VWR International, Leuven, Belgium) were used.  

Thin-layer chromatography (TLC) was performed using aluminium TLC plates (Supelco silica gel 60 F254, Merck KGaA, 

Darmstadt, Germany) and 5 µL micro pipettes (Blaubrand intraMARK, BRAND GmbH + CO KG, Wertheim, Germany). 

For staining of TLC plates, an aqueous solution of phosphomolybdic acid with cerium(IV) sulfate in sulfuric acid is 

recommended as a general-purpose staining solution (see general protocol GP3 for its preparation). Spots of allylic 

oxidation products on TLC plates were made visible using a 254 nm UV lamp (Herolab UV–4 S/L, 254 nm (4 W) + 365 nm 

(4 W), Herolab GmbH Laborgeräte, Wiesloch, Germany).  

Nuclear magnetic resonance (NMR) spectra (1H, 13C{1H}, COSY, HSQC, HMBC) were recorded at room temperature 

using a Bruker Avance II 400, 400 MHz, 5 mm BBFO probe with z gradient and ATM, SampleXPress 60 sample changer 

(Bruker BioSpin, Ettlingen, Germany). Chemical shifts are reported in parts per million (ppm) relative to CDCl3 (7.26 ppm 

in 1H NMR spectra, 77.2 ppm in 13C{1H} NMR spectra).[3] CDCl3 is used in all NMR measurements. 

Cyclic voltammetry (CV) measurements were recorded using an Autolab PGSTAT302N (Metrohm Deutschland GmbH 

& Co. KG, Filderstadt, Germany). Glassy carbon was used as electrode material. The working electrode is a glassy carbon 

slice in a Teflon holder with a diameter of 2 mm. The counter electrode is a glassy carbon rod. Every cyclic voltammogram 

was referenced against ferrocene,[4–6] and the measurement before addition of ferrocene is depicted. 

High-resolution mass spectra (HRMS) were measured using a G6545A Q-ToF (Agilent GmbH, Waldbronn, Germany) 

with electron spray ionization (ESI). Sample injection is carried out using a 1260 Infinity II HPLC-System (Agilent GmbH, 

Waldbronn, Germany) with a G7111B 1260 quaternary pump, G7129A 1260 vial sampler and G7116A 1260 multicolumn 

thermostat. 
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Figure S1.  Electrolysis setup. Left: stainless steel screening block set-up with 8 small undivided Teflon cells for 5 mL reaction 

volume. Each Teflon cell is sealed with stretch film (Parafilm). Right: Scale-up reaction using two 2x6 cm glassy carbon 

electrodes, a Teflon electrode holder, and a 100 mL glass cell. 

 

 
Figure S2. Electrolysis setup for screening and reaction optimization: stainless steel block with a Teflon cell placed in it (1), side 

view of a Teflon cell (2), top view of a Teflon cell with a stirring bar in it (3), top and side view of stirring bars (4), top and bottom 

view of a Teflon electrode holder (5), two glassy carbon electrodes in a Teflon electrode holder (6), glassy carbon electrodes (7), 

boron-doped diamond (BDD) electrodes (8), graphite electrodes (9), crocodile clips for contacting of the electrodes (10). 
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Figure S3. Electrolysis setup used for scale-up. Teflon electrode holder (1), 100 mL glass cell (2), stirring bar (3), stainless steel 

electrode holders with 2x6 cm glassy carbon electrodes (4), hex key for electrode holders (5). Middle left: electrode holders. 

Middle right: assembled cell. Bottom left: assembled electrodes. Bottom right: electrodes in the assembled cell.  
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2. General Protocols 

GP1: General Protocol for Electrochemical Allylic Oxidation of Olefins 

The starting material (0.5 mmol, 0.1 mol L–1) and the supporting electrolyte NaBF4 (109.79 g mol–1, 11 mg, 0.01 mmol, 

0.02 mol L–1) are dissolved in acetonitrile or butanone (5.0 mL) at room temperature in a small Teflon cell under medium 

stirring (500 rpm). The electrodes (1.0 cm x 7.0 cm x 0.3 cm) are assembled and put into the cell so that both electrodes 

have an immersion depth of 2.0 cm into the reaction solution. To prevent solvent evaporation, the assembled electrolysis 

cell is sealed with some stretch film (Parafilm). Pyridine (2.0 equiv., 1.0 mmol, 0.08 mL, 79.10 g mol–1) and t-BuOOH (70% 

aqueous solution, 3.5 equiv., 1.75 mmol, 0.24 mL, 90.12 g mol–1) are added through the top of the electrode holder using 

a syringe. Under continued medium stirring at room temperature, the electrolysis is started (current density 

j = 1.0 mA cm– 2, amount of applied charge Q = 4 F). 

The amount of applied charge 𝑄 in Coulomb for 0.5 mmol substrate and 4 F is calculated as follows: 

𝑄 = 4 ∙ 96485 ∙
C

mol
∙ 0.5 ∙ 10−3 mol = 193 C  

The electric current 𝐼 which is to be used in electrolysis is calculated like this: 

𝑗 =
𝐼

𝐴anode
 ⇒ 𝐼 = 𝑗 ∙ 𝐴anode 

For electrodes with a width of 1.0 cm and an immersion depth of 2.0 cm into the reaction solution this gives: 

𝐼 =  1.0 ∙
mA

cm2
∙ 1.0 cm ∙ 2.0 cm = 2.0 mA 

The electrolysis time 𝑡electrolysis is calculated as follows: 

𝑡electrolysis =
𝑄

𝐼
=

193 C

2.0 ∙ 10−3A
= 96500 s =  26 h 48 min 20 s 

To determine NMR yield, 1,3,5-trimethoxybenzene (168.19 g mol–1, 1.0 mL of a stock solution of 2.1001 g in 250.0 mL 

MeCN, 8.4 mg, 0.05 mmol) is added after electrolysis. The reaction solution is transferred into a round bottom flask, and 

the solvents are removed by distillation at reduced pressure using a rotary evaporator (40°C water bath, 50 mbar, 10 min). 

The residue is dissolved in CDCl3 (0.5 mL), and a 1H NMR spectrum is measured. 

To isolate the product, the reaction solution is transferred into a round bottom flask, and the solvents are removed using 

a rotary evaporator under reduced pressure (40°C water bath, 50 mbar, 10 min). The residue is transferred into a 

separatory funnel using a saturated aqueous solution of NaHCO3 (30 mL). The round bottom flask is rinsed once with 

ethyl acetate (30 mL), which is also added to the separatory funnel. After mixing and separation of the ethyl acetate layer, 

the aqueous layer is extracted with ethyl acetate twice more (2x30 mL). The combined ethyl acetate fractions are dried 

over MgSO4 (10 g), and the solution is filtered. The solvent was removed from the filtrate by distillation using a rotary 

evaporator at reduced pressure (40°C water bath, 50 mbar, 10 min). The crude residue is dissolved in ethyl acetate again 

(5 mL) and adsorbed on Celite 545 (10 g). Depending on the substrate, either cyclohexane with ethyl acetate (normal 

phase, linear gradient: 100:0 → 95:5 in 10 column volumes) or water and acetonitrile (reversed phase) is used for flash 

column chromatography. 

 

GP2: General Protocol for Scale-up 

The electrolysis is carried out in the setup depicted in Figure S3. At room temperature, cholesteryl acetate (428.70 g mol– 1, 

4.287 g, 10.0 mmol) is dissolved in butanone (100 mL), and the supporting electrolyte NaBF4 (109.79 g mol-1, 220 mg, 

2.0 mmol, 0.02 mol L– 1) is added. Pyridine (10 equiv.) and t-BuOOH (10 equiv.) are added. The glassy carbon electrodes 

(2.0 cm x 6.0 cm x 0.3 cm) are added with an immersion depth into the reaction solution of 4.5 cm. The electrolysis is 

started (Q = 6 F, 5789 C, j = 10.0 mA cm–2, Aanode = 9.0 cm², I = 90 mA, telectrolysis = 17 h 52 min). After electrolysis, the 

reaction solution is transferred into a round bottom flask, and the solvents are removed at reduced pressure using a rotary 

evaporator (40°C water bath, 350 → 20 mbar in 45 min). To the crude residue, acetonitrile (30 mL) is added, and the 

solution is heated up until everything dissolved, and filtered. The filtrate is cooled to room temperature, and overnight, 

crystals of 7-ketocholesteryl acetate are allowed to form. The crystals are filtered off, and the purity of the reaction product 

is determined by 1H NMR spectroscopy. Most of the cholesteryl acetate starting material stays dissolved in MeCN. 
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GP3: General Protocol for Preparation of TLC Staining Solution 

Phosphomolybdic acid hydrate (2.2 g of H3[P(Mo3O10)]·xH2O) and cerium(VI) sulfate (2.2 g of Ce(SO4)2) are dissolved in 

water (200 mL). Into this, concentrated sulfuric acid (98%, 13.3 g) is added slowly under stirring. The solution is stored at 

room temperature in glass bottle. 

 

GP4: General Protocol for Synthesis of Acetyl Protected Starting Materials 

The starting material (10 mmol) is dissolved in pyridine (50 mL), and acetic anhydride (5 equiv.) is added. The reaction is 

stirred at room temperature for 24 h. After this, The solvent is removed using a rotary evaporator at reduced pressure 

(40°C water bath, 50 mbar, 10 min). To the residue, saturated aqueous NaHCO3 solution (10 mL) is added, and the 

solution is extracted with ethyl acetate (3x50 mL). The combined ethyl acetate fractions are dried over MgSO4 (10 g) and 

filtered. The crude residue is adsorbed on Celite 545 (10 g). Cyclohexane and ethyl acetate  (gradient: 100:0 → 1:1 in 10 

column volumes) is used for flash column chromatography. 

3. Reaction Optimization 

NMR yield used for reaction optimization is calculated using the following equation, where 𝐼 is the integral of a peak in the 
1H NMR spectrum, and 𝑁 is the number of protons corresponding to that peak. 1,3,5-Trimethoxybenzene was used as 

internal standard,[7] and its three aromatic protons around 6.0 ppm are used for integration, so 𝑁internal standard = 3. 

%yieldNMR =
𝑛product ∙ 100

𝑛starting material
=

𝑛internal standard ∙

(
𝐼product

𝑁product
)

(
𝐼internal standard

𝑁internal standard
)

∙ 100

(
𝑚starting material

𝑀starting material
)

 

 

Conversion is calculated as follows: 

%conversionNMR = 100 − (
𝑛remaining starting material ∙ 100

𝑛starting material
) = 100 −

(
𝐼remaining starting material

𝑁remaining starting material
)

(
𝐼internal standard

𝑁internal standard
)

∙ 100

(
𝑚starting material

𝑀starting material
)

 

 

Selectivity is defined as yield divided by conversion: 

%selectivityNMR =
%yieldNMR

% conversionNMR
 

 

The standard reaction conditions are depicted in the following Figure S4. 
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Figure S4. The standard reaction conditions. 

 

Table S1. Data of the reaction optimization. In every reaction, 1,3,5-trimethoxybenzene (0.05 mmol) was added as internal 

standard. In each NMR spectrum, the signal of the internal standard is set to 3.00 (the three aromatic protons around 6.0 ppm, 

which means Ninternal standard = 3), and all other signals are integrated relative to this. In each NMR spectrum, the product peak 

around 2.68 ppm (Nproduct = 2) was integrated. For the starting material, the peak around 5.75 ppm (NSM,remaining = 1) was integrated. 

Using the data from this table, the yield, conversion, and selectivity can be calculated using the previously mentioned equations. 

# Deviation from standard reaction conditions[a] IPROD mSM [mg] ISM,remaining 
yield% 
(selectivity%)[b] 

1 none 7.54 75.4 4.00 35 (55) 
2 NEt4BF4 instead of NaBF4 9.12 79.9 4.01 39 (60) 
3 NBu4PF6 instead of NaBF4 7.30 77.0 3.78 33 (50) 
4 NBu4HSO4 instead of NaBF4 6.91 81.6 6.20 29 (62) 
5 ethyl acetate instead of MeCN[c] 9.88 78.1 2.82 44 (58) 
6 ethanol instead of MeCN 4.55 79.3 3.85 20 (30) 
7 acetone instead of MeCN (1.8 F)[d] 7.97 73.7 2.66 37 (50) 
8 butanone instead of MeCN 8.61 76.5 3.73 39 (59) 
9 5 equiv. pyridine, 10 equiv. t-BuOOH, 

      10 mA cm–2, 4 F 
8.01 77.1 3.35 36 (51) 

10 5 equiv. pyridine, 10 equiv. t-BuOOH, 
      10 mA cm–2, 4 F, c(1a) = 0.2 mol L–1 

21.16 142.4 5.46 51 (70) 

11 10 equiv. pyridine, 10 equiv. t-BuOOH, 
      10 mA cm–2, 4 F, c(1a) = 0.2 mol L–1 

25.89 145.0 5.66 62 (84) 

12 10 equiv. pyridine, 10 equiv. t-BuOOH, 
      10 mA cm–2, 4 F, c(1a) = 0.2 mol L–1, 
      BDD electrodes 

18.28 140.5 5.65 45 (62) 

13 10 equiv. pyridine, 10 equiv. t-BuOOH, 
      10 mA cm–2, 4 F, butanone instead of MeCN 

12.81 72.0 3.29 62 (90) 

14 10 equiv. pyridine, 10 equiv. t-BuOOH, 
      10 mA cm–2, 4 F, c(1a) = 0.3 mol L–1, 
      butanone instead of MeCN 

33.76 208.9 9.31 56 (81) 

15 10 equiv. pyridine, 10 equiv. t-BuOOH, 
      10 mA cm–2, 4 F, c(1a) = 0.2 mol L–1, 
      butanone instead of MeCN, BDD electrodes 

18.13 143.7 5.10 44 (58) 

16 10 equiv. pyridine, 10 equiv. t-BuOOH, 
      10 mA cm–2, 4 F, c(1a) = 0.2 mol L–1, 
      butanone instead of MeCN, graphite electrodes 

20.53 143.2 6.25 49 (71) 

17 no electricity 0 77.8 – 0 (–) 

[a] The standard reaction conditions are depicted in Figure S4. [b] The yield and selectivity (= yield / conversion) were 

determined using 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as internal standard. [c] The upper terminal voltage 

limit of the power supply was reached during electrolysis, but the desired amount of charge could be fully applied. [d] The 

upper terminal voltage limit of the power supply was reached during electrolysis, and only the specified amount of charge 

could be applied. 
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4. Synthesis of Non-commercially Available Starting Materials 

Synthesis of myrtenyl acetate 

According to general protocol GP4, (1R)-myrtenol (1.539 g, 10 mmol) was employed as substrate. After workup and 

purification, myrtenyl acetate (1.369 g, 7.1 mmol, 71%) was obtained as colorless oil. 

 

 

Synthesis of stigmasteryl acetate 

According to general protocol GP4, stigmasterol (1.930 g, 4.7 mmol) was employed as substrate. After workup and 

purification, stigmasteryl acetate (2.030 g, 4.5 mmol, 95%) was obtained as colorless crystals. 

 

5. Analytical Data of Allylic Oxidation Products 

5.1. Terpenoid Substrates 

The newly installed oxo functions are indicated in blue. 

 

 

 

4-Oxoisophorone, 2a, C9H12O2, CAS: 1125-21-9, M = 152.19 g mol–1. 

According to general protocol GP1, β-isophorone 1a (69 mg, 0.50 mmol), was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-‍BuOOH, 4 F, 

1 mA cm– 2), work up, and purification using flash column chromatography, 4- oxoisophorone 2a 

(43 mg, 0.28 mmol, 56%) was obtained as yellow oil. 

 

According to general protocol GP1, α-isophorone 1a’ (77 mg, 0.55 mmol) was employed as 

substrate (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-‍BuOOH, 4 F, 1 mA cm–2). After 

electrolysis, work up, and purification using flash column chromatography, 4- oxoisophorone 2a 

(23 mg, 0.15 mmol, 27%) was obtained as yellow oil. 

 

According to general protocol GP1, 2,6,6-trimethyl-2-cyclohexen-1-one 1a’’ (82 mg, 0.59 mmol) 

was employed as substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 

10 equiv. t- BuOOH, 4 F, 1 mA cm–2), work up, and purification using flash column chromatography, 

4- oxoisophorone 2a (16 mg, 0.11 mmol, 18%) was obtained as yellow oil. 

 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.55 (s, 1H), 2.71 (s, 2H), 2.00 (s, 3H), 1.24 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 203.6, 197.9, 149.1, 137.2, 52.0, 45.3, 26.2, 16.9. 

HRMS for C9H12O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 153.0910, found 153.0912. 

This NMR data agrees with the data previously reported in the literature.[8] 

Rf (VCH / VEtOAc = 4 / 1): 0.34. 

 

For reference: commercially obtained 4-oxoisophorone: 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.48 (s, 1H), 2.64 (s, 2H), 1.93 (s, 3H), 1.16 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 203.4, 197.6, 148.9, 137.0, 51.8, 45.1, 26.1, 16.8. 
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Verbenone, 2b, C10H14O, CAS: 18309-32-5, M = 150.22 g mol–1. 

According to general protocol GP1, (+)-α-pinene 1b (74 mg, 0.54 mmol) was employed as substrate. 

After electrolysis (solvent: MeCN, 2 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 4 F), workup, 

and purification using flash column chromatography, verbenone 2b (12 mg, 0.08 mmol, 15%) was 

obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.72 (s, 1H), 2.79 (dt, J = 9.1, 5.5 Hz, 1H), 2.64 (td, J = 5.9, 

1.8 Hz, 1H), 2.40 (t, J = 6.6 Hz, 1H), 2.07 (d, J = 9.2 Hz, 1H), 2.00 (d, J = 1.6 Hz, 3H), 1.49 (s, 3H), 

1.00 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 204.2, 170.3, 121.3, 57.7, 54.2, 49.8, 41.0, 

26.7, 23.7, 22.2.  Rf (VCH / VEtOAc = 9 / 1): 0.30. 

This NMR data is in agreement with the data reported in literature.[9] 

HRMS for C10H14O+ (ESI+, TOF) [M+H]+ : m/z calc. 151.1117, found 151.1110. 

 

Carvone, 2c, C10H14O, CAS: 99-49-0, M = 150.22 g mol–1. 

According to general protocol GP1, (+)-limonene 1c (76 mg, 0.58 mmol) was employed as 

substrate. After electrolysis (solvent: MeCN, 2 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 4 F), 

workup, and purification using flash column chromatography, carvone 2c (10 mg, 0.11 mmol, 19%) 

was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.75 (ddd, J = 5.9, 2.7, 1.4 Hz, 1H), 4.78 (d, J = 20.8 Hz, 2H), 

2.68 (ddt, J = 14.4, 10.4, 4.1 Hz, 1H), 2.58 (s, 1H), 2.41 (s, 1H), 2.36 – 2.30 (m, 1H), 1.78 (dt, J = 2.6, 

1.4 Hz, 3H), 1.75 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 200.0, 146.9, 144.8, 135.6, 

110.6, 43.3, 42.6, 31.4, 20.7, 15.9. 

This NMR data is in agreement with the data reported in literature.[10] 

Rf (VCH / VEtOAc = 1 / 9): 0.25. 

HRMS for C10H14O+ (ESI+, TOF) [M]+ : m/z calc. 150.1039, found 150.1032. 

 

3-Oxo-α-ionone, 2d, C13H18O2, CAS: 79734-43-3, M = 206.29 g mol–1. 

According to general protocol GP1, α-ionone 1d (99 mg, 0.51 mmol) was employed as substrate. 

After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 4 F), workup, 

and purification using flash column chromatography, 3-oxo-α-ionone 2d (50 mg, 0.24 mmol, 47%) 

as obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.63 (dd, J = 15.8, 9.6 Hz, 1H), 6.14 (d, J = 15.8 Hz, 1H), 5.93 

(s, 1H), 2.68 (d, J = 9.5 Hz, 1H), 2.32 (d, J = 16.9 Hz, 1H), 2.24 (s, 3H), 2.10 (d, J = 16.8 Hz, 1H), 

1.85 (s, 3H), 1.03 (s, 3H), 0.96 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 198.3, 197.6, 159.2, 

143.6, 133.8, 126.9, 55.4, 47.4, 36.7, 27.9, 27.6, 27.4, 23.5. 

This NMR data is in agreement with the data reported in literature.[11] 

Rf (VCH / VEtOAc = 4 / 1): 0.08. HRMS for C13H18O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 207.1380, found 

207.1380. 

 
 

3-Oxo-vinyl-α-ionol, 2e, C13H20O2, CAS: no CAS number found,[2] M = 234.34 g mol–1. 

According to general protocol GP1, vinyl-α-ionol 1e (115 mg, 0.52 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 

4 F), workup, and purification using flash column chromatography, 3-oxo-vinyl-a-ionol 2e (46 mg, 

0.20 mmol, 38%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.99 – 5.83 (m, 2H), 5.69 (d, J = 15.5 Hz, 1H), 5.56 (dd, 

J = 15.5, 9.2 Hz, 1H), 5.21 (d, J = 17.4 Hz, 1H), 5.05 (d, J = 10.6 Hz, 1H), 2.51 (d, J = 9.2 Hz, 1H), 

2.31 (d, J = 16.8 Hz, 1H), 2.05 (d, J = 16.7 Hz, 2H), 1.86 (s, 3H), 1.37 (s, 3H), 1.00 (s, 3H), 0.93 (s, 

3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.4, 162.2, 143.9, 140.0, 125.9, 125.2, 112.5, 73.2, 

55.6, 47.6, 36.3, 28.2, 28.0, 27.3, 23.6. 

Rf (VCH / VEtOAc = 4 / 1): 0.06. 

HRMS for C15H22O2
+ (ESI+, TOF) [M+Na]+ : m/z calc. 257.1512, found 257.1497. 

 

3-Oxo-ethynyl-α-ionol, 2f, C15H20O2, no CAS number found,[2] M = 232.32 g mol–1. 

According to general protocol GP1, ethynyl-α-ionol 1f (119 mg, 0.55 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 

4 F), workup, and purification using flash column chromatography, 3-oxo-ethynyl-α-ionol 2f (54 mg, 

0.23 mmol, 43%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.92 – 5.79 (m, 2H), 5.70 (d, J = 15.3 Hz, 1H), 2.53 (d, 

J = 6.9 Hz, 2H), 2.31 (d, J = 16.8 Hz, 1H), 2.06 (d, J = 16.8 Hz, 1H), 1.87 (s, 3H), 1.55 (s, 3H), 1.00 

(s, 3H), 0.94 (d, J = 3.7 Hz, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.5, 162.0, 138.0, 

126.7, 126.0, 86.1, 72.9, 67.5, 55.0, 47.5, 36.4, 30.7, 28.0, 27.2, 23.6. 

Rf (VCH / VEtOAc = 4 / 1): 0.08. 

HRMS for C15H20O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 233.1536, found 233.1530. 
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4-Oxo-β-ionone, 2g, C13H18O2, CAS: 29790-29-2, M = 206.29 g mol–1. 

According to general protocol GP1, β-ionone 1g (97 mg, 0.51 mmol) was employed as a substrate. 

After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 4 F), workup, 

and purification using flash column chromatography, 4-oxo-β-ionone 2g (19 mg, 0.09 mmol, 18%) 

was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 7.01 (d, J = 15.7 Hz, 1H), 6.28 (d, J = 15.6 Hz, 1H), 2.27 (s, 

3H), 1.14 (s, 6H), 0.92 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 197.7, 142.8, 132.6, 70.7, 

66.0, 35.6, 33.7, 29.9, 28.4, 26.0, 26.0, 21.0, 17.0. 

This NMR data is in agreement with the data reported in literature.[12] 

Rf (VCH / VEtOAc = 4 / 1): 0.08. 

HRMS for C13H18O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 207.1380, found 207.1375. 

 

4-Oxo-vinyl-β-ionol, 2h, C15H22O2, no CAS number found,[2] M = 234.34 g mol–1. 

According to general protocol GP1, vinyl-β-ionol 1h (112 mg, 0.51 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 

4 F), workup, and purification using flash column chromatography, 4-oxo-vinyl-b-ionol 2h (19 mg, 

0.08 mmol, 16%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.26 (d, J = 16.3 Hz, 1H), 6.00 (dd, J = 17.3, 10.7 Hz, 1H), 5.71 

(d, J = 16.3 Hz, 1H), 5.28 (d, J = 17.3 Hz, 1H), 5.12 (d, J = 10.7 Hz, 1H), 2.49 (s, 2H), 1.83 (s, 2H), 

1.78 (s, 3H), 1.45 (s, 3H), 1.14 (s, 6H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.5, 161.1, 143.5, 

141.6, 130.0, 124.2, 113.1, 73.7, 37.4, 35.7, 34.4, 28.2, 27.5, 13.5. 

Rf (VCH / VEtOAc = 4 / 1): 0.17. 

HRMS for C15H22O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 235.1693, found 235.1688. 

 

4-Oxo-ethynyl-β-ionol, 2i, C15H20O2, no CAS number found,[2] M = 232.32 g mol–1. 

According to general protocol GP1, ethynyl-β-ionol 1i (114 mg, 0.52 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 

4 F), workup, and purification using flash column chromatography, 4-oxo-ethynyl-β-ionol 2i (20 mg, 

0.09 mmol, 16%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.51 (dd, J = 16.1, 1.1 Hz, 1H), 5.72 (d, J = 16.1 Hz, 1H), 2.62 

(s, 1H), 2.51 – 2.47 (m, 2H), 1.84 (dd, J = 7.4, 6.3 Hz, 2H), 1.78 (d, J = 1.1 Hz, 3H), 1.63 (s, 3H), 

1.14 (s, 6H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.5, 160.2, 139.3, 130.3, 125.7, 85.6, 73.5, 

67.9, 37.3, 35.7, 34.4, 30.5, 27.4, 13.4. 

Rf (VCH / VEtOAc = 4 / 1): 0.15. 

HRMS for C15H20O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 233.1536, found 233.1533. 

 

4-Oxo-β-damascone, 2j, C13H18O2, CAS: 119207-19-1, M = 206.29 g mol–1. 

According to general protocol GP1, β-damascone 1j (104 mg, 0.50 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 

4 F), workup, and purification using flash column chromatography, 4-oxo-β-damascone 2j (51 mg, 

0.25 mmol, 46%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.72 (dq, J = 15.9, 6.9 Hz, 1H), 6.16 (dq, J = 15.9, 1.6 Hz, 1H), 

2.54 (dd, J = 7.3, 6.3 Hz, 2H), 1.95 (dd, J = 6.9, 1.7 Hz, 3H), 1.90 (t, J = 6.8 Hz, 2H), 1.59 (s, 3H), 

1.16 (s, 6H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.0, 198.0, 160.9, 148.2, 132.9, 129.5, 

38.1, 34.8, 34.3, 27.4, 18.8, 13.2. 

This NMR data is in agreement with the data reported in literature.[13] 

Rf (VCH / VEtOAc = 4 / 1): 0.43. 

HRMS for C13H18O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 207.1380, found 207.1374. 

 

3-Oxo-α-cetone, 2k, C14H20O2, CAS: 606495-56-1, M = 220.31 g mol–1. 

According to general protocol GP1, α-cetone 1k (104 mg, 0.50 mmol) was employed as substrate. 

After electrolysis (solvent: butanone, 5.0 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 4 F), 

workup, and purification using flash column chromatography, 3-oxo-α-cetone 2k (58 mg, 0.25 mmol, 

52%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.39 (dd, J = 11.0, 1.5 Hz, 1H), 5.93 (s, 1H), 3.05 (d, J = 10.9 Hz, 

1H), 2.40 (d, J = 16.9 Hz, 1H), 2.31 (s, 3H), 2.17 (d, J = 16.9 Hz, 1H), 1.87 (d, J = 24.1 Hz, 7H), 1.07 

(s, 4H), 0.94 (s, 4H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.4, 198.5, 160.6, 140.8, 139.4, 

126.5, 51.9, 47.9, 37.0, 28.2, 26.7, 25.9, 23.6, 12.2. 

Rf (VCH / VEtOAc = 4 / 1): 0.10. 

HRMS for C14H20O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 221.1536, found 221.1528. 

345



 

S12 

 

 

Nootkatone, 2l, C15H22O, CAS: 4674-50-4, M = 218.34 g mol–1. 

According to general protocol GP1, (+)-valencene 1l (105 mg, 0.51 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 

4 F), workup, and purification using flash column chromatography, nootkatone 2l (23 mg, 

0.11 mmol, 21%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.75 (s, 1H), 4.71 (d, J = 8.2 Hz, 2H), 2.50 (dddd, J = 15.6, 

13.8, 5.1, 2.0 Hz, 1H), 2.41 – 2.16 (m, 5H), 2.05 – 1.84 (m, 4H), 1.72 (s, 4H), 1.33 (dtd, J = 13.9, 

12.5, 4.2 Hz, 2H), 1.10 (s, 4H), 0.95 (d, J = 6.8 Hz, 4H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 

199.8, 170.7, 149.2, 124.8, 109.4, 44.0, 42.2, 40.5, 40.4, 39.4, 33.1, 31.7, 20.9, 16.9, 15.0. 

This NMR data is in agreement with the data reported in literature.[11] 

Rf (VCH / VEtOAc = 4 / 1): 0.36. 

HRMS for C15H22O+ (ESI+, TOF) [M+H]+ : m/z calc. 219.1743, found 219.1739. 

 

Oxomyrtenyl acetate, 2m, C12H16O3, CAS: 59555-40-7, M = 208.26 g mol–1. 

According to general protocol GP1, myrtenyl acetate 1m (106 mg, 0.54 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 

4 F), workup, and purification using flash column chromatography, oxomyrtenyl acetate 2m (24 mg, 

0.12 mmol, 21%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.85 (s, 1H), 4.70 (qd, J = 16.6, 1.9 Hz, 2H), 2.85 (dt, J = 9.3, 

5.5 Hz, 1H), 2.67 (td, J = 5.8, 1.8 Hz, 1H), 2.42 (td, J = 5.8, 1.5 Hz, 1H), 2.11 (s, 3H), 1.50 (s, 3H), 

0.99 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 203.1, 170.3, 165.8, 119.6, 64.2, 58.3, 54.4, 

45.5, 40.9, 26.6, 22.2, 20.7. 

This NMR data is in agreement with the data reported in literature.[14] 

Rf (VCH / VEtOAc = 4 / 1): 0.17. 

HRMS for C12H16O3
+ (ESI+, TOF) [M+H]+ : m/z calc. 209.1172, found 209.1168. 

 

 

 

 

Cedrenone, 2n, C15H22O, CAS: 30960-39-5, M = 218.34 g mol-1. 

According to general protocol GP1, (–)-α-cedrene 1n (104.8 mg, 0.51 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 5 equiv. pyridine, 3.5 equiv. t-BuOOH, 1 mA cm–2, 

4 F), workup, and purification using flash column chromatography, cedrenone 2p (22 mg, 

0.10 mmol, 20%) was obtained as yellow oil. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.63 (s, 1H), 2.32 (d, J = 3.9 Hz, 1H), 2.01 – 1.88 (m, 6H), 1.75 

(d, J = 4.1 Hz, 5H), 1.54 – 1.42 (m, 1H), 1.30 (d, J = 6.9 Hz, 3H), 1.13 (s, 3H), 1.00 (s, 3H). 13C{1H} 

NMR (CDCl3, 101 MHz) δ [ppm] = 204.0, 165.6, 125.8, 65.8, 59.3, 58.4, 45.0, 44.2, 42.7, 39.6, 28.1, 

27.3, 26.8, 25.4, 15.4. 

This NMR data is in agreement with the data reported in literature.[11] 

Rf (VCH / VEtOAc = 4 / 1): 0.40. 

HRMS for C15H22O+ (ESI+, TOF) [M+H]+ : m/z calc. 219.1743, found 219.1742. 

 

 

 

5.2. Steroidal Substrates 

 

7-Ketocholesterol, 4a, C27H44O2, CAS: 566-28-9, M = 400.65 g mol–1. 

According to general protocol GP1, cholesterol 3a (195 mg, 0.51 mmol) was employed as substrate. 

After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 6 F), 

workup, and purification using reversed-phase flash column chromatography, 7-ketocholesterol 4a 

(126 mg, 0.32 mmol, 63%) was obtained as colorless solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.65 – 5.54 (m, 1H), 3.57 (s, 2H), 2.49 – 2.09 (m, 7H), 2.04 – 

1.67 (m, 10H), 1.64 – 0.71 (m, 68H), 0.61 (s, 6H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 202.6, 

166.1, 125.8, 77.4, 70.1, 54.8, 50.0, 49.9, 45.3, 43.1, 41.8, 39.4, 38.7, 38.3, 36.4, 36.2, 35.7, 31.0, 

28.5, 27.9, 26.3, 23.8, 22.8, 22.6, 21.2, 18.9, 17.3, 11.9. This NMR data is in agreement with the data 

reported in literature.[15] Rf (VCH / VEtOAc = 1 / 1): 0.50. HRMS for C27H44O2
+ (ESI+, TOF) [M+H]+ : m/z 

calc. 401.3414, found 401.3401. 
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7-Ketocholesteryl acetate, 4b, C29H46O3, CAS: 809-51-8, M = 442.68 g mol–1. 

According to general protocol GP1, cholesteryl acetate 3b (214 mg, 0.50 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 

6 F), workup, and purification using flash column chromatography, 7-ketocholesteryl acetate 4b 

(148 mg, 0.33 mmol, 67%) was obtained as yellow solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.70 (d, J = 1.8 Hz, 1H), 4.71 (s, 1H), 2.59 – 2.34 (m, 3H), 2.28 

– 2.18 (m, 1H), 2.05 (s, 3H), 2.03 – 1.84 (m, 5H), 1.76 – 1.22 (m, 16H), 1.20 (s, 3H), 1.18 – 0.95 (m, 

9H), 0.91 (d, J = 6.5 Hz, 3H), 0.86 (dd, J = 6.6, 2.0 Hz, 8H), 0.68 (s, 3H). 13C{1H} NMR (CDCl3, 

101 MHz) δ [ppm] =  202.1, 170.4, 164.0, 126.8, 72.4, 54.9, 50.1, 49.9, 45.5, 43.2, 39.6, 38.8, 38.4, 

37.9, 36.3, 36.1, 35.9, 28.7, 28.1, 27.5, 26.4, 24.0, 22.9, 22.7, 21.4, 21.3, 19.0, 17.4, 12.1. This NMR 

data is in agreement with the data reported in literature.[11] Rf (VCH / VEtOAc = 4 / 1): 0.47. 

HRMS for C27H42O+ (ESI+, TOF) [M+H]+ : m/z calc. 383.3308, found 383.3304. 

 

7-Ketocholesteryl benzoate, 4c, C34H48O3, CAS: 6997-41-7, M = 504.76 g mol–1. 

According to general protocol GP1, cholesteryl benzoate 3c (251 mg, 0.53 mmol) was employed 

as substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA 

cm– 2, 6 F), workup, and purification using flash column chromatography, 7-ketocholesteryl 

benzoate 4c (68 mg, 0.14 mmol, 26%) was obtained as yellow solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] =  8.04 (d, J = 7.0 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 

7.7 Hz, 2H), 5.75 (d, J = 1.7 Hz, 1H), 4.97 (tt, J = 11.3, 4.9 Hz, 1H), 1.25 (d, J = 3.0 Hz, 36H), 0.86 

(dd, J = 6.6, 1.9 Hz, 9H), 0.69 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 202.2, 165.9, 164.0, 

133.2, 130.4, 129.7, 128.5, 127.0, 72.9, 54.9, 50.1, 50.0, 45.6, 43.3, 39.6, 38.8, 38.5, 38.0, 36.3, 

36.2, 35.9, 29.8, 28.7, 28.1, 27.6, 27.1, 26.5, 24.0, 23.0, 22.7, 21.3, 19.0, 17.5, 12.1. This NMR data 

is in agreement with the data reported in literature.[11] Rf (VCH / VEtOAc = 4 / 1): 0.68. HRMS for C25H44O+ 

(ESI+, TOF) [M+Na]+ : m/z calc. 383.3308, found 383.3301. 

 

7-Ketodiosgenin acetate, 4d, C29H42O5, CAS: 30155-20-5, M = 470.64 g mol–1. 

According to general protocol GP1, diosgenin acetate 3d (230 mg, 0.54 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 

6 F), workup, and purification using flash column chromatography, 7- ketodiosgenin acetate 4d 

(113 mg, 0.24 mmol, 45%) was obtained as colorless solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.69 (d, J = 1.8 Hz, 1H), 4.80 – 4.27 (m, 4H), 3.51 – 3.22 (m, 

5H), 2.93 – 2.77 (m, 2H), 2.65 – 2.19 (m, 8H), 2.03 (s, 13H), 1.21 (s, 7H), 0.77 (d, J = 2.1 Hz, 13H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 201.5, 170.4, 164.2, 126.6, 109.3, 81.0, 72.3, 66.9, 61.2, 

49.8, 49.6, 45.0, 41.7, 41.1, 38.8, 38.6, 37.9, 36.1, 33.8, 31.6, 30.4, 28.9, 27.4, 21.4, 21.0, 17.4, 17.2, 

16.5, 14.8. This NMR data is in agreement with the data reported in literature.[11] Rf (VCH / VEtOAc =  

1 / 1): 0.90. HRMS for C29H42O5
+ (ESI+, TOF) [M+H]+ : m/z calc. 471.3105, found 471.3098. 

 

7-Keto-β-sitosterol, 4e, C29H48O2, CAS: 2034-74-4, M = 428.70 g mol–1. 

According to general protocol GP1, β-sitosterol 3e (217 mg, 0.52 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 

6 F), workup, and purification using flash column chromatography, 7-keto-β-sitosterol 4e (101 mg, 

0.24 mmol, 45%) was obtained as colorless solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.68 (d, J = 1.8 Hz, 1H), 3.66 (td, J = 11.2, 5.6 Hz, 1H), 2.57 – 

1.75 (m, 15H), 1.71 – 1.43 (m, 9H), 1.19 (s, 28H), 0.92 (d, J = 6.4 Hz, 7H), 0.87 – 0.72 (m, 15H), 

0.67 (s, 4H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 202.6, 165.4, 126.2, 70.6, 54.8, 50.1, 50.0, 

45.9, 45.5, 43.2, 41.9, 38.8, 38.4, 36.5, 36.2, 34.1, 31.3, 29.2, 28.7, 26.5, 26.2, 23.2, 21.3, 19.9, 19.2, 

19.1, 17.4, 12.1. This NMR data is in agreement with the data reported in literature.[16] Rf (VCH / VEtOAc 

= 1 / 1): 0.45.HRMS for C29H48O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 429.3727, found 429.3722. 

 

7-Ketostigmasteryl acetate, 4f, C31H48O3, CAS: 33028-07-8, M = 468.71 g mol–1. 

According to general protocol GP1, stigmasteryl acetate 3f (231 mg, 0.51 mmol) was employed as 

substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 

6 F), workup, and purification using flash column chromatography, 7-ketostigmasteryl acetate 4f 

(190 mg, 0.41 mmol, 80%) was obtained as colorless solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.69 (d, J = 1.8 Hz, 1H), 5.17 (dd, J = 15.2, 8.6 Hz, 1H), 5.01 

(dd, J = 15.2, 8.7 Hz, 1H), 4.77 – 4.64 (m, 1H), 2.60 – 2.32 (m, 4H), 2.23 (t, J = 11.1 Hz, 1H), 2.05 

(s, 9H), 1.82 – 0.73 (m, 45H), 0.69 (s, 5H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 202.0, 170.4, 

164.0, 138.2, 129.6, 126.8, 72.3, 54.8, 51.3, 50.1, 49.9, 45.5, 43.1, 40.4, 38.7, 38.5, 37.9, 36.1, 32.0, 

29.2, 27.5, 26.5, 25.5, 21.6, 21.4, 21.3, 21.2, 19.1, 17.4, 12.4, 12.3. This NMR data is in agreement 

with the data reported in literature.[17] Rf (VCH / VEtOAc = 1 / 1): 0.95. HRMS for C31H48O3
+ (ESI+, TOF) 

[M+H]+ : m/z calc. 469.3676, found 469.3653. 
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7-Ketopregnenolone acetate, 4g, C23H32O4, CAS: 6748-09-0, M = 372.51 g mol–1. 

According to general protocol GP1, pregnenolone acetate 3g (186 mg, 0.52 mmol) was employed 

as substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–

2, 6 F), workup, and purification using flash column chromatography, 7- ketopregnenolone acetate 

4g (117 mg, 0.31 mmol, 61%) was obtained as colorless solid 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.68 (s, 1H), 4.68 (s, 1H), 2.45 (s, 4H), 2.27 – 2.19 (m, 1H), 

2.06 (d, J = 31.1 Hz, 12H), 1.82 – 1.20 (m, 11H), 1.18 (s, 3H), 0.62 (s, 3H). 13C{1H} NMR (CDCl3, 

101 MHz) δ [ppm] = 209.7, 201.2, 170.3, 164.2, 126.5, 72.1, 62.3, 50.0, 49.7, 45.3, 44.4, 38.4, 37.8, 

37.7, 36.1, 31.7, 27.4, 26.5, 23.6, 21.3, 21.1, 17.3, 13.3. This NMR data is in agreement with the data 

reported in literature.[11] Rf (VCH / VEtOAc = 1 / 1): 0.75. HRMS for C23H32O4
+ (ESI+, TOF) [M+NH4]+ : 

m/z calc. 390.2639, found 390.2643. 

 

7-Ketodehydroepiandrosterone acetate, 4h, C21H28O4, CAS: 1449-61-2, M = 344.45 g mol–1. 

According to general protocol GP1, dehydroepiandrosterone acetate (DHEA acetate) 3h (165 mg, 

0.50 mmol) was employed as substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 

equiv. t- BuOOH, 10 mA cm–2, 6 F), workup, and purification using flash column chromatography, 

7- ketodehydroepiandrosterone acetate 4h (115 mg, 0.33 mmol, 67%) was obtained as colorless 

solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.69 (s, 1H), 4.66 (td, J = 11.6, 5.6 Hz, 1H), 2.80 – 2.70 (m, 

1H), 2.58 – 2.30 (m, 4H), 1.99 (s, 7H), 1.83 – 1.45 (m, 8H), 1.18 (s, 5H), 0.83 (s, 3H). 13C{1H} NMR 

(CDCl3, 101 MHz) δ [ppm] = 220.1, 200.7, 170.2, 164.8, 126.5, 71.9, 49.9, 47.8, 45.7, 44.3, 38.4, 

37.8, 35.9, 35.6, 30.7, 27.3, 24.1, 21.2, 20.5, 17.4, 13.7. This NMR data is in agreement with the data 

reported in literature.[11] Rf (VCH / VEtOAc = 1 / 1): 0.70. HRMS for C21H28O4
+ (ESI+, TOF) [M+H]+ : m/z 

calc. 345.2060, found 345.2045. 

 

7-Ketomethandriol, 4i, C20H30O3, CAS: 115248-77-6, M = 318.46 g mol–1. 

According to general protocol GP1, methandriol (methylandrostenediol) 3i (156 mg, 0.51 mmol) 

was employed as substrate. After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. 

t- BuOOH, 10 mA cm–2, 6 F), workup, and purification using flash column chromatography, 

7- ketomethandriol 4i (52 mg, 0.16 mmol, 32%) was obtained as colorless solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.65 (s, 1H), 3.70 – 3.52 (m, 1H), 2.54 – 2.21 (m, 5H), 2.10 – 

1.30 (m, 16H), 1.18 (d, J = 3.8 Hz, 11H), 1.01 (d, J = 27.3 Hz, 1H), 0.83 (s, 4H). 13C{1H} NMR (CDCl3, 

101 MHz) δ [ppm] = 202.4, 166.1, 125.8, 81.0, 77.4, 70.3, 49.9, 46.2, 45.9, 44.4, 42.0, 39.0, 38.5, 

36.5, 31.1, 30.8, 25.7, 20.9, 17.4, 14.1. Rf (VCH / VEtOAc = 1 / 1): 0.18. 

HRMS for C20H30O3
+ (ESI+, TOF) [M+H]+ : m/z calc. 319.2268, found 319.2265. 

 

Norethisterone (3-ketolynestrenol), 4j, C20H26O2, CAS: 68-22-4, M = 298.40 g mol–1. 

According to general protocol GP1, lynestrenol 3j (151 mg, 0.53 mmol) was employed as substrate. 

After electrolysis (solvent: butanone, 10 equiv. pyridine, 10 equiv. t-BuOOH, 10 mA cm–2, 6 F), 

workup, and purification using flash column chromatography, norethisterone 4j (26 mg, 0.09 mmol, 

17%) was obtained as colorless solid. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.82 (s, 1H), 2.56 (s, 1H), 2.51 – 1.45 (m, 21H), 1.42 – 1.18 

(m, 5H), 1.07 (tdd, J = 13.3, 11.6, 4.0 Hz, 1H), 0.89 (s, 5H). 13C{1H} NMR (CDCl3, 101 MHz) 

δ [ppm] = 200.1, 166.8, 124.7, 87.4, 79.7, 74.2, 49.2, 49.2, 47.0, 42.6, 41.1, 38.9, 36.6, 35.6, 32.5, 

30.8, 26.7, 26.3, 23.0, 12.8. This NMR data is in agreement with the data reported in literature.[18] 

Rf (VCH / VEtOAc = 1 / 1): 0.75. HRMS for C20H26O2
+ (ESI+, TOF) [M+H]+ : m/z calc. 299.2006, found 

299.2001. 
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6. Analytical Data of Starting Materials 

6.1. Terpenoid Substrates 

 

β-Isophorone, 1a, C9H14O, CAS: 471-01-2, M = 138.21 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.72 (s, 1H), 2.04 (s, 4H), 1.80 (s, 3H), 0.89 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.7, 160.3, 125.2, 50.6, 45.0, 33.4, 28.1, 24.4. 

Rf (VCH / VEtOAc = 4 / 1): 0.14. 

 

α-Isophorone, 1a’, C9H14O, CAS: 78-59-1, M = 138.21 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.74 (s, 1H), 2.06 (s, 4H), 1.81 (s, 3H), 0.91 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.7, 160.3, 125.3, 50.6, 45.1, 33.4, 28.2, 24.4. 

Rf (VCH / VEtOAc = 9 / 1): 0.25. 

 

2,6,6-Trimethyl-2-cyclohexen-1-one, 1a’’, C9H14O, CAS: 20013-73-4, M = 138.21 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.37 (s, 1H), 2.06 (dtq, J = 8.2, 4.0, 2.0 Hz, 2H), 1.54 (t, J = 6.1 Hz, 2H), 

1.47 (q, J = 1.8 Hz, 3H), 0.81 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 203.9, 143.1, 133.2, 40.7, 36.3, 23.9, 22.6, 16.0. 

Rf (VCH / VEtOAc = 9 / 1): 0.20. 

 

(+)-α-Pinene, 1b, C10H16, CAS: 7785-70-8, M = 136.23 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.22 (dt, J = 3.1, 1.5 Hz, 1H), 2.37 (dt, J = 8.5, 5.6 Hz, 1H), 2.32 – 2.15 

(m, 2H), 2.10 (ttd, J = 5.9, 2.9, 1.3 Hz, 1H), 1.97 (td, J = 5.8, 1.5 Hz, 1H), 1.69 (q, J = 2.1 Hz, 3H), 1.30 (s, 3H), 

1.20 (d, J = 8.5 Hz, 1H), 0.88 (s, 3H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 144.6, 116.3, 47.3, 41.0, 38.2, 31.7, 31.5, 26.6, 23.2, 21.0. 

Rf (VCH / VEtOAc = 9 / 1): 0.58. 

 

(+)-Limonene, 1c, C10H16, CAS: 5989-27-5, M = 136.23 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.41 (s, 1H), 4.72 (s, 2H), 2.17 – 1.85 (m, 5H), 1.81 (ddq, J = 12.7, 4.9, 

2.3 Hz, 1H), 1.74 (s, 3H), 1.66 (s, 3H), 1.56 – 1.42 (m, 1H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 150.3, 133.8, 120.8, 108.5, 41.2, 31.0, 30.7, 28.1, 23.6, 20.9. 

Rf (VCH / VEtOAc = 9 / 1): 0.60 

 

α-Ionone, 1d, C13H20O, CAS: 127-41-3, M = 192.30 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.55 (dd, J = 15.8, 9.7 Hz, 1H), 5.98 (d, J = 16.6 Hz, 1H), 5.43 (s, 1H), 

2.26 – 2.20 (m, 1H), 2.19 (s, 3H), 1.98 (dqq, J = 11.3, 4.0, 2.1 Hz, 2H), 1.50 (q, J = 1.9 Hz, 3H), 1.39 (dt, J = 

13.4, 8.0 Hz, 1H), 1.16 (dt, J = 13.5, 4.4 Hz, 1H), 0.86 (s, 3H), 0.79 (s, 3H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 198.4, 149.0, 132.3, 131.9, 122.6, 54.2, 32.5, 31.2, 27.8, 26.9, 26.8, 

23.0, 22.8. 

Rf (VCH / VEtOAc = 4 / 1): 0.62. 

 

Vinyl-α-ionol, 1e, C15H24O, CAS: 352199-94-1, M = 220.35 g mol–1, provided by dsm-firmenich. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.93 (ddd, J = 17.4, 10.6, 2.0 Hz, 1H), 5.51 (s, 1H), 5.46 – 5.32 (m, 2H), 

5.19 (dd, J = 17.3, 1.3 Hz, 1H), 5.00 (dd, J = 10.6, 1.3 Hz, 1H), 2.07 (d, J = 9.3 Hz, 1H), 1.96 (s, 3H), 1.54 (s, 

3H), 1.39 (dt, J = 13.3, 8.1 Hz, 1H), 1.34 (s, 3H), 1.17 – 1.09 (m, 1H), 0.85 (s, 3H), 0.78 (s, 3H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] =  144.5, 137.3, 134.1, 129.5, 121.0, 111.9, 73.3, 54.0, 32.1, 31.6, 

28.1, 27.7, 27.0, 23.1, 23.0. 

Rf (VCH / VEtOAc = 4 / 1): 0.42. 

HRMS for C15H22O+ (ESI+, TOF) [M+H]+ : m/z calc. 221.1900, found 221.1889. 

 

Ethynyl-α-ionol, 1f, C15H22O, no CAS number found, M = 218.34 g mol–1, provided by dsm-firmenich. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.75 (ddd, J = 15.3, 9.5, 1.8 Hz, 1H), 5.59 – 5.51 (m, 1H), 5.39 (s, 1H), 

2.52 (s, 1H), 2.10 (d, J = 9.5 Hz, 1H), 1.97 (ddq, J = 7.4, 3.7, 1.8 Hz, 2H), 1.54 (dd, J = 6.1, 2.3 Hz, 7H), 1.41 

(dt, J = 13.2, 8.0 Hz, 1H), 1.15 (dt, J = 13.3, 5.0 Hz, 1H), 0.87 (s, 3H), 0.80 (d, J = 5.2 Hz, 3H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 135.3, 133.7, 131.2, 121.3, 86.6, 72zu.5, 67.9, 53.5, 32.2, 31.6, 

30.6, 27.6, 27.5, 27.0, 23.1. 

Rf (VCH / VEtOAc = 4 / 1): 0.40. 

HRMS for C15H22
+ (ESI+, TOF) [M+H]+ : m/z calc. 201.1638, found 201.1626. 
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β-Ionone, 1g, C13H20O, CAS: 79-77-6, M = 192.30 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 7.11 (d, J = 16.4 Hz, 1H), 5.95 (d, J = 16.4 Hz, 1H), 2.12 (s, 3H), 1.90 (t, 

J = 6.3 Hz, 2H), 1.60 (s, 3H), 1.50 – 1.42 (m, 2H), 1.35 – 1.29 (m, 2H), 0.91 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 198.1, 142.7, 135.7, 131.3, 39.5, 33.8, 33.3, 28.5, 26.9, 21.5, 18.7. 

Rf (VCH / VEtOAc = 4 / 1): 0.47.  

 

Vinyl-β-ionol, 1h, C15H24O, CAS: 5208-93-5, M = 220.35 g mol–1, provided by dsm-firmenich. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.05 (dd, J = 16.2, 1.1 Hz, 1H), 5.98 (dd, J = 17.4, 10.6 Hz, 1H), 5.51 (d, 

J = 16.2 Hz, 1H), 5.24 (dd, J = 17.3, 1.2 Hz, 1H), 5.04 (dd, J = 10.6, 1.2 Hz, 1H), 1.94 (t, J = 6.4 Hz, 3H), 1.63 

(d, J = 1.0 Hz, 3H), 1.61 – 1.54 (m, 2H), 1.45 – 1.40 (m, 2H), 1.39 (s, 3H), 0.96 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 144.3, 139.0, 136.9, 128.4, 125.8, 112.1, 73.7, 39.4, 34.1, 32.7, 

28.8, 28.1, 21.4, 19.3. 

Rf (VCH / VEtOAc = 4 / 1): 0.45. 

HRMS for C15H22
+ (ESI+, TOF) [M+H]+ : m/z calc. 203.1794, found 203.1786. 

 

Ethynyl-β-ionol, 1i, C15H22O, no CAS number found, 218.34 g mol–1, provided by dsm-firmenich. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.41 (dd, J = 15.9, 1.1 Hz, 1H), 5.55 (d, J = 15.9 Hz, 1H), 2.58 (s, 1H), 

2.00 – 1.93 (m, 2H), 1.66 (d, J = 1.1 Hz, 3H), 1.60 (s, 6H), 1.48 – 1.41 (m, 2H), 0.99 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 136.7, 136.3, 129.3, 127.7, 86.4, 72.9, 68.3, 39.5, 34.2, 32.8, 30.5, 

28.8, 28.8, 21.4, 19.3. 

Rf (VCH / VEtOAc = 4 / 1): 0.45. 

HRMS for C15H22O+ (ESI+, TOF) [M+H]+ : m/z calc. 219.1743, found 219.1738. 

 

β-Damascone, 1j, C13H20O, CAS: 35044-68-9, 192.30 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.69 (dq, J = 15.7, 6.9 Hz, 1H), 6.11 (dd, J = 15.7, 1.7 Hz, 1H), 1.95 (t, J 

= 6.9 Hz, 2H), 1.88 (dd, J = 6.9, 1.7 Hz, 3H), 1.66 (s, 2H), 1.48 (s, 3H), 1.46 – 1.40 (m, 2H), 0.99 (s, 6H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 202.3, 145.9, 140.3, 134.7, 130.5, 38.9, 33.5, 31.2, 28.9, 21.4, 19.0, 

18.4. 

Rf (VCH / VEtOAc = 4 / 1): 0.73. 

 

α-Cetone, 1k, C14H22O, CAS: 127-51-5, M = 206.32 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 6.34 (dd, J = 11.1, 1.4 Hz, 1H), 5.39 (s, 1H), 2.59 (d, J = 11.1 Hz, 1H), 

2.24 (s, 3H), 2.00 (s, 2H), 1.78 (d, J = 1.5 Hz, 3H), 1.47 (d, J = 2.0 Hz, 4H), 1.24 – 1.15 (m, 1H), 0.87 (s, 3H), 

0.76 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 199.9, 145.0, 137.9, 133.2, 122.0, 50.2, 32.8, 31.8, 

27.2, 27.0, 25.6, 23.0, 22.8, 11.7. 

Rf (VCH / VEtOAc = 4 / 1): 0.73. 

 

(+)-Valencene, 1l, C15H24, CAS: 4630-07-3, M = 204.35 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.33 (m, 1H), 4.69 (s, 2H), 2.45 – 2.15 (m, 3H), 2.15 – 1.80 (m, 6H), 1.80 

– 1.65 (m, 6H), 1.65 – 1.50 (m, 1H), 1.50 – 1.30 (m, 4H), 1.30 – 1.05 (m, 2H), 1.05  – 0.80 (m, 8H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 150.8, 143.2, 120.3, 108.4, 45.1, 41.2, 41.1, 38.0, 33.3, 32.8, 27.3, 

26.1, 21.0, 18.6, 15.8. 

Rf (VCH / VEtOAc = 4 / 1): 0.89. 

 

(1R)-Myrtenyl acetate, 1m, C12H18O2, CAS: 35670-93-0, M = 194.27 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.51 (m, 1H), 4.40 (q, J = 12.6 Hz, 2H), 2.35 (dt, J = 8.7, 5.6 Hz, 1H), 

2.31 – 2.14 (m, 2H), 2.06 (dd, J = 5.6, 1.6 Hz, 2H), 2.00 (s, 3H), 1.24 (s, 3H), 1.13 (d, J = 8.7 Hz, 1H), 0.77 (s, 

3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 171.1, 143.0, 121.4, 67.1, 43.6, 40.7, 38.0, 31.5, 31.3, 26.1, 

21.0, 21.0. 

Rf (VCH / VEtOAc = 4 / 1): 0.71. 

 

 

(–)-α-Cedrene, 1n, C15H24, CAS: 469-61-4, M = 204.35 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.23 (s, 1H), 2.21 – 2.14 (m, 1H), 1.9 – 1.5 (m, 10H), 1.44 – 1.32 (m, 

3H), 1.03 (s, 3H), 0.96 (s, 3H), 0.85 (d, J = 7.2 Hz, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 140.7, 119.4, 

59.1, 55.0, 54.0, 48.3, 41.6, 40.8, 39.0, 36.2, 27.8, 25.7, 25.0, 24.9, 15.6. 

Rf (VCH / VEtOAc = 4 / 1): 0.93. 
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6.2. Steroidal Substrates 

The steroid-derived starting materials are numbered 3a to 3j, and the corresponding allylic oxidation products 4a to 4j. 

 

Cholesterol, 3a, C27H46O, CAS: 57-88-5, M = 386.70 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.32 (d, J = 5.5 Hz, 1H), 3.57 – 3.41 (m, 1H), 2.33 – 2.16 (m, 

2H), 2.14 (s, 1H), 1.97 (m, 2H), 1.81 (m, 3H), 1.61 – 1.02 (m, 19H), 0.99 (s, 5H), 0.90 (d, J = 6.5 Hz, 

4H), 0.85 (dd, J = 6.6, 1.8 Hz, 6H), 0.66 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 140.9, 

121.7, 71.8, 56.9, 56.3, 50.2, 42.4, 39.9, 39.6, 37.4, 36.6, 36.3, 35.9, 32.0, 31.7, 28.3, 28.1, 24.4, 

24.0, 22.9, 22.7, 21.2, 19.5, 18.8, 12.0. 

Rf (VCH / VEtOAc =4 / 1): 0.34. 

 

Cholesteryl acetate, 3b, C29H48O2, CAS: 604-35-3, M = 428.70 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.33 (s, 1H), 4.57 (s, 1H), 2.29 (s, 2H), 1.98 (s, 4H), 1.86 – 1.74 

(m, 3H), 0.98 (s, 25H), 0.88 (d, J = 6.5 Hz, 3H), 0.83 (dd, J = 6.6, 1.8 Hz, 6H), 0.64 (s, 3H). 

13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 170.3, 139.6, 122.6, 73.9, 56.7, 56.2, 50.1, 42.3, 39.8, 39.6, 

38.2, 37.1, 36.6, 36.3, 35.9, 31.9, 31.9, 28.3, 28.0, 27.8, 24.3, 23.9, 22.9, 22.6, 21.4, 21.1, 19.3, 18.8, 

11.9. 

Rf (VCH / VEtOAc = 98 / 2): 0.19. 

 

Cholesteryl benzoate, 3c, C34H50O2, CAS: 604-32-0, M = 490.80 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 8.05 (d, J = 7.0 Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.43 (t, 

J = 7.6 Hz, 2H), 5.43 (d, J = 2.8 Hz, 1H), 4.87 (ddt, J = 16.3, 8.2, 4.5 Hz, 1H), 2.47 (d, J = 7.0 Hz, 2H), 

2.08 – 1.08 (m, 24H), 1.07 (s, 3H), 1.06 – 0.95 (m, 4H), 0.93 (d, J = 6.5 Hz, 3H), 0.88 (dd, J = 6.6, 

1.8 Hz, 6H), 0.70 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 166.1, 139.8, 132.8, 131.0, 129.7, 

128.4, 122.9, 74.7, 56.8, 56.3, 50.2, 42.5, 39.9, 39.7, 38.4, 37.2, 36.8, 36.3, 35.9, 32.1, 32.0, 28.4, 

28.2, 28.0, 24.4, 24.0, 23.0, 22.7, 21.2, 19.5, 18.9, 12.0. 

Rf (VCH / VEtOAc = 98 / 2): 0.38. 

 

Diosgenin acetate, 3d, C29H44O4, CAS: 1061-54-7, M = 456.70 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.36 (d, J = 5.2 Hz, 1H), 4.66 – 4.51 (m, 1H), 4.39 (q, J = 7.6 Hz, 

1H), 3.46 (m,‍1H), 3.36 (t, J = 10.9 Hz, 1H), 2.36 – 2.24 (m, 2H), 2.02 (s, 3H), 1.02 (s, 3H), 0.96 (d, 

J = 6.9 Hz, 4H), 0.77 (t, J = 3.2 Hz, 6H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 170.6, 139.8, 

122.5, 109.4, 80.9z, 74.0, 66.9, 62.2, 56.5, 50.0, 41.7, 40.4, 39.8, 38.2, 37.1, 36.8, 32.2, 32.0, 31.5, 

30.4, 28.9, 27.9, 21.5, 20.9, 19.4, 17.3, 16.4, 14.6. 

Rf (VCH / VEtOAc = 4 / 1): 0.74. 

 

β-Sitosterol, 3e, C29H50O, CAS: 83-46-5, M = 414.70 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.34 (d, J = 5.4 Hz, 1H), 3.51 (tdd, J = 11.1, 5.2, 4.0 Hz, 1H), 

2.33 – 2.16 (m, 2H), 2.05 – 1.74 (m, 8H), 1.74 – 1.39 (m, 9H), 1.39 – 1.01 (m, 15H), 1.00 (s, 4H), 0.98 

– 0.94 (m, 2H), 0.91 (d, J = 6.7 Hz, 5H), 0.87 – 0.72 (m, 11H), 0.67 (s, 3H), 0.64 (s, 1H). 13C{1H} NMR 

(CDCl3, 101 MHz) δ [ppm] = 140.9, 121.8, 71.9, 56.9, 56.2, 50.2, 45.9, 42.4, 42.4, 39.9, 37.4, 36.6, 

36.3, 34.0, 32.0, 32.0, 31.7, 29.3, 28.4, 26.2, 24.4, 23.2, 21.2, 20.0, 19.5, 19.2, 18.9, 12.1, 12.0. 

Rf (VCH / VEtOAc = 4 / 1): 0.30. 

 

Stigmasteryl acetate, 3f, C31H50O2, CAS: 4651-48-3, M = 454.70 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.36 (d, J = 3.3 Hz, 1H), 5.15 (dd, J = 15.1, 8.6 Hz, 1H), 5.01 

(dd, J = 15.1, 8.6 Hz, 1H), 4.60 (m, 1H), 2.31 (d, J = 7.1 Hz, 2H), 2.02 (s, 6H), 1.90 – 1.80 (m, 2H), 

1.77 – 1.64 (m, 1H), 1.64 – 1.34 (m, 10H), 1.34 – 1.07 (m, 6H), 1.01 (t, J = 3.3 Hz, 9H), 0.88 – 0.74 

(m, 10H), 0.69 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 170.6, 139.8, 138.5, 129.4, 122.8, 

74.1, 56.9, 56.1, 51.4, 50.2, 42.3, 40.7, 39.8, 38.3, 37.1, 36.7, 32.0, 32.0, 29.1, 27.9, 25.6, 24.5, 21.6, 

21.4, 21.2, 21.1, 19.4, 19.1, 12.4, 12.2. 

Rf (VCH / VEtOAc = 98 / 2): 0.22. 
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Pregnenolone acetate, 3g, C23H34O3, CAS: 1778-02-5, M = 358.5 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.34 (d, J = 5.2 Hz, 1H), 4.63 – 4.50 (m, 1H), 2.50 (t, J = 8.9 Hz, 

1H), 2.33 – 2.21 (m, 2H), 2.18 – 2.11 (m, 1H), 2.09 (s, 3H), 1.99 (s, 3H), 1.94 (m, 1H), 1.88 – 1.78 

(m, 2H), 1.72 – 1.36 (m, 8H), 1.26 – 1.05 (m, 3H), 0.98 (s, 4H), 0.59 (s, 3H). 13C{1H} NMR (CDCl3, 

101 MHz) δ [ppm] = 209.5, 170.5, 139.7, 122.4, 73.9, 63.7, 56.9, 49.9, 44.0, 38.8, 38.1, 37.0, 36.6, 

31.9, 31.8, 31.6, 27.8, 24.5, 22.9, 21.5, 21.1, 19.4, 13.3. 

Rf (VCH / VEtOAc = 98 / 2): 0.22. 

 

Dehydroepiandrosterone acetate, 3h, C21H30O3, CAS: 853-23-6, M = 330.50 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.38 (d, J = 5.4 Hz, 1H), 4.58 (m, 1H), 2.43 (m, 1H), 2.38 – 2.23 

(m, 2H), 2.14 – 2.03 (m, 2H), 2.01 (s, 3H), 1.97 – 1.78 (m, 4H), 1.70 – 1.39 (m, 6H), 1.32 – 1.20 (m, 

2H), 1.07 – 1.18 (m, 1H), 1.02 (s, 3H), 0.86 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 221.1, 

170.6, 140.0, 1z21.9, z73.8, 51.8, 50.2, 47.6, 38.1, 37.0, 36.8, 35.9, 31.5, 31.5, 30.8, 27.8, 22.z0, 

21.5, 20.4, 19.4, 13.6. 

Rf (VCH / VEtOAc = 4 / 1): 0.25. 

 

Methylandrostenediol, 3i, C20H32O2, CAS: 521-10-8, M = 304.50 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.35 (d, J = 4.9 Hz, 1H), 3.51 (m, 1H), 2.35 – 2.17 (m, 2H), 1.99 

(m, 1H), 1.91 – 1.68 (m, 4H), 1.66 – 1.38 (m, 9H), 1.38 – 1.23 (m, 3H), 1.21 (s, 4H), 1.18 – 1.06 (m, 

1H), 1.03 (s, 3H), 0.93 (m, 1H), 0.87 (s, 3H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 141.0, 121.5, 

81.9, 71.9, 51.2, 50.3, 45.4, 42.4, 39.1, 37.4, 36.7, 31.8, 31.8, 31.7, 25.9, 23.5, 20.9, 19.6, 14.0. 

Rf (VCH / VEtOAc = 1 / 1): 0.20. 

 

Lynestrenol, 3j, C20H28O, CAS: 52-76-6, M = 284.40 g mol–1. 

1H NMR (CDCl3, 400 MHz) δ [ppm] = 5.38 (s, 1H), 2.55 (s, 1H), 2.32 – 2.15 (m, 2H), 2.05 – 1.83 (m, 

7H), 1.80 – 1.62 (m, 5H), 1.61 – 1.44 (m, 2H), 1.42 – 1.02 (m, 5H), 0.87 (s, 4H), 0.69 (dtd, J = 11.9, 

10.4, 4.1 Hz, 1H). 13C{1H} NMR (CDCl3, 101 MHz) δ [ppm] = 140.4, 120.1, 87.7, 80.1, 74.0, 50.0, 

49.6, 47.1, 42.1, 41.7, 39.0, 35.6, 32.8, 31.8, 28.9, 26.1, 25.6, 23.1, 22.2, 12.9. 

Rf (VCH / VEtOAc = 1 / 1): 0.66. 
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7. NMR Spectra of Allylic Oxidation Products 

7.1. 4-Oxo-isophorone 

 

Figure S5. 1H NMR spectrum (400 MHz) of product 2a: 4-oxo-isophorone. 

 

 
Figure S6. 13C NMR spectrum (101 MHz) of product 2a: 4-oxo-isophorone. 
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Figure S7. COSY spectrum of product 2a: 4-oxo-isophorone. 

 

 
Figure S8. HSQC spectrum of product 2a: 4-oxo-isophorone. 
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Figure S9. HMBC spectrum of product 2a: 4-oxo-isophorone. 

7.2. Verbenone 

 
Figure S10. 1H NMR spectrum (400 MHz) of product 2b: verbenone. 
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Figure S11. 13C NMR spectrum (101 MHz) of product 2b: verbenone. 

 

 
Figure S12. COSY spectrum of product 2b: verbenone. 
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Figure S13. HSQC spectrum of product 2b: verbenone. 

 

 

Figure S14. HMBC spectrum of product 2b: verbenone. 
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7.3. Carvone 

 
Figure S15. 1H NMR spectrum (400 MHz) of product 2c: carvone. 

 

 
Figure S16. 13C NMR spectrum (101 MHz) of product 2c: carvone. 
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Figure S17. COSY spectrum of product 2c: carvone. 

 

 
Figure S18. HSQC spectrum of product 2c: carvone. 
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Figure S19. HMBC spectrum of product 2c: carvone. 

 

7.4. 3-Oxo-α-ionone 

 
Figure S20. 1H NMR spectrum (400 MHz) of product 2d: 3-oxo-α-ionone. 
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Figure S21. 13C NMR spectrum (101 MHz) of product 2d: 3-oxo-α-ionone. 

 

 
Figure S22. COSY spectrum of product 2d: 3-oxo-α-ionone. 
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Figure S23. HSQC spectrum of product 2d: 3-oxo-α-ionone. 

 

 
Figure S24. HMBC spectrum of product 2d: 3-oxo-α-ionone. 
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7.5. 3-Oxo-vinyl-α-ionol 

 
Figure S25. 1H NMR spectrum (400 MHz) of product 2e: 3-oxo-vinyl-α-ionol. 

 

 
Figure S26. 13C NMR spectrum (101 MHz) of product 2e: 3-oxo-vinyl-α-ionol. 
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Figure S27. COSY spectrum of product 2e: 3-oxo-vinyl-α-ionol. 

 

 
Figure S28. HSQC spectrum of product 2e: 3-oxo-vinyl-α-ionol. 
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Figure S29. HMBC spectrum of product 2e: 3-oxo-vinyl-α-ionol. 

7.6. 3-Oxo-ethynyl-β-ionol 

 
Figure S30. 1H NMR spectrum (400 MHz) of product 2f: 3-oxo-ethynyl-β-ionol. 
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Figure S31. 13C NMR spectrum (101 MHz) of product 2f: 3-oxo-ethynyl-β-ionol. 

 

 
Figure S32. COSY spectrum of product 2f: 3-oxo-ethynyl-β-ionol. 
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Figure S33. HSQC spectrum of product 2f: 3-oxo-ethynyl-β-ionol. 

 

 
Figure S34. HMBC spectrum of product 2f: 3-oxo-ethynyl-β-ionol. 
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7.7. 4-Oxo-β-ionone 

 
Figure S35. 1H NMR spectrum (400 MHz) of product 2g: 4-oxo-β-ionone. 

 

 
Figure S36. 13C NMR spectrum (101 MHz) of product 2g: 4-oxo-β-ionone. 
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Figure S37. COSY spectrum of product 2g: 4-oxo-β-ionone. 

 

 
Figure S38. HSQC spectrum of product 2g: 4-oxo-β-ionone. 
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Figure S39. HMBC spectrum of product 2g: 4-oxo-β-ionone. 

7.8. 4-Oxo-vinyl-β-ionol 

 
Figure S40. 1H NMR spectrum (400 MHz) of product 2h: 4-oxo-vinyl-β-ionol. 
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Figure S41. 13C NMR spectrum (101 MHz) of product 2h: 4-oxo-vinyl-β-ionol. 

 

 
Figure S42. COSY spectrum of product 2h: 4-oxo-vinyl-β-ionol. 
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Figure S43. HSQC spectrum of product 2h: 4-oxo-vinyl-β-ionol. 

 

 
Figure S44. HMBC spectrum of product 2h: 4-oxo-vinyl-β-ionol. 
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7.9. 4-Oxo-ethynyl-β-ionol 

 
Figure S45. 1H NMR spectrum (400 MHz) of product 2i: 4-oxo-ethynyl-β-ionol. 

 

 
Figure S46. 13C NMR spectrum (101 MHz) of product 2i: 4-oxo-ethynyl-β-ionol. 
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Figure S47. COSY spectrum of product 2i: 4-oxo-ethynyl-β-ionol. 

 

 
Figure S48. HSQC spectrum of product 2i: 4-oxo-ethynyl-β-ionol. 
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Figure S49. HMBC spectrum of product 2i: 4-oxo-ethynyl-β-ionol. 

7.10. 4-Oxo-β-damascone 

 
Figure S50. 1H NMR spectrum (400 MHz) of product 2j: 4-oxo-β-damascone. 
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Figure S51. 13C NMR spectrum (101 MHz) of product 2j: 4-oxo-β-damascone. 

 

 
Figure S52. COSY spectrum of product 2j: 4-oxo-β-damascone. 
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Figure S53. HSQC spectrum of product 2j: 4-oxo-β-damascone. 

 

 
Figure S54. HMBC spectrum of product 2j: 4-oxo-β-damascone. 
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7.11. 3-Oxo-α-cetone 

 
Figure S55. 1H NMR spectrum (400 MHz) of product 2k: 3-oxo-α-cetone. 

 
Figure S56. 13C NMR spectrum (101 MHz) of product 2k: 3-oxo-α-cetone. 
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Figure S57. COSY spectrum of product 2k: 3-oxo-α-cetone. 

 
Figure S58. HSQC spectrum of product 2k: 3-oxo-α-cetone. 
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Figure S59. HMBC spectrum of product 2k: 3-oxo-α-cetone. 

7.12. Nootkatone 

 
Figure S60. 1H NMR spectrum (400 MHz) of product 2l: nootkatone. 
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Figure S61. 13C NMR spectrum (101 MHz) of product 2l: nootkatone. 

 
Figure S62. COSY spectrum of product 2l: nootkatone. 
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Figure S63. HSQC spectrum of product 2l: nootkatone. 

 
Figure S64. HMBC spectrum of product 2l: nootkatone. 
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7.13. Oxomyrtenyl acetate 

 
Figure S65. 1H NMR spectrum (400 MHz) of product 2m: oxomyrtenyl acetate. 

 
Figure S66. 13C NMR spectrum (101 MHz) of product 2m: oxomyrtenyl acetate. 

383



 

S50 

 

 
Figure S67. COSY spectrum of product 2m: oxomyrtenyl acetate. 

 
Figure S68. HSQC spectrum of product 2m: oxomyrtenyl acetate. 
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Figure S69. HMBC spectrum of product 2m: oxomyrtenyl acetate. 

7.14. Cedrenone 

 
Figure S70. 1H NMR spectrum (400 MHz) of product 2n: cedrenone. 
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Figure S71. 13C NMR spectrum (101 MHz) of product 2n: cedrenone. 

 
Figure S72. COSY spectrum of product 2n: cedrenone.  
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Figure S73. HSQC spectrum of product 2n: cedrenone. 

 
Figure S74. HMBC spectrum of product 2n: cedrenone. 
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7.15. 7-Ketocholesterol 

 
Figure S75. 1H NMR spectrum (400 MHz) of product 4a: 7-ketocholesterol. 

 
Figure S76. 13C NMR spectrum (101 MHz) of product 4a: 7-ketocholesterol. 
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Figure S77. COSY spectrum of product 4a: 7-ketocholesterol. 

 
Figure S78. HSQC spectrum of product 4a: 7-ketocholesterol. 
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Figure S79. HMBC spectrum of product 4a: 7-ketocholesterol. 

7.16. 7-Ketocholesteryl acetate 

 
Figure S80. 1H NMR spectrum (400 MHz) of product 4b: 7-ketocholesteryl acetate. 
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Figure S81. 13C NMR spectrum (101 MHz) of product 4b: 7-ketocholesteryl acetate. 

 
Figure S82. COSY spectrum of product 4b: 7-ketocholesteryl acetate. 
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Figure S83. HSQC spectrum of product 4b: 7-ketocholesteryl acetate. 

 
Figure S84. HMBC spectrum of product 4b: 7-ketocholesteryl acetate. 
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7.17. 7-Ketocholesteryl benzoate 

 
Figure S85. 1H NMR spectrum (400 MHz) of product 4c: 7-ketocholesteryl benzoate. 

 
Figure S86. 13C NMR spectrum (101 MHz) of product 4c: 7-ketocholesteryl benzoate. 
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Figure S87. COSY spectrum of product 4c: 7-ketocholesteryl benzoate. 

 

 
Figure S88. HSQC spectrum of product 4c: 7-ketocholesteryl benzoate. 
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Figure S89. HMBC spectrum of product 4c: 7-ketocholesteryl benzoate. 

7.18. 7-Ketodiosgenin acetate 

 
Figure S90. 1H NMR spectrum (400 MHz) of product 4d: 7-ketodiosgenin acetate. 
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Figure S91. 13C NMR spectrum (101 MHz) of product 4d: 7-ketodiosgenin acetate. 

 

 
Figure S92. COSY spectrum of product 4d: 7-ketodiosgenin acetate. 

 

396



 

S63 

 

 
Figure S93. HSQC spectrum of product 4d: 7-ketodiosgenin acetate. 

 

 
Figure S94. HMBC spectrum of product 4d: 7-ketodiosgenin acetate. 
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7.19. 7-Ketositosterol 

 
Figure S95. 1H NMR spectrum (400 MHz) of product 4e: 7-ketositosterol. 

 
Figure S96. 13C NMR spectrum (101 MHz) of product 4e: 7-ketositosterol. 
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Figure S97. COSY spectrum of product 4e: 7-ketositosterol. 

 

 
Figure S98. HSQC spectrum of product 4e: 7-ketositosterol. 
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Figure S99. HMBC spectrum of product 4e: 7-ketositosterol. 

7.20. 7-Ketostigmasteryl acetate 

 
Figure S100. 1H NMR spectrum (400 MHz) of product 4f: 7-ketostigmasteryl acetate. 
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Figure S101. 13C NMR spectrum (101 MHz) of product 4f: 7-ketostigmasteryl acetate. 

 

 
Figure S102. COSY spectrum of product 4f: 7-ketostigmasteryl acetate. 
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Figure S103. HSQC spectrum of product 4f: 7-ketostigmasteryl acetate. 

 

 
Figure S104. HMBC spectrum of product 4f: 7-ketostigmasteryl acetate. 
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7.21. 7-Ketopregnenolone acetate 

 
Figure S105. 1H NMR spectrum (400 MHz) of product 4g: 7-ketopregnenolone acetate. 

 

 
Figure S106. 13C NMR spectrum (101 MHz) of product 4g: 7-ketopregnenolone acetate. 
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Figure S107. COSY spectrum of product 4g: 7-ketopregnenolone acetate. 

 

 

Figure S108. HSQC spectrum of product 4g: 7-ketopregnenolone acetate. 
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Figure S109. HMBC spectrum of product 4g: 7-ketopregnenolone acetate.  

7.22. 7-Ketodehydroepiandrosterone acetate 

 
Figure S110. 1H NMR spectrum (400 MHz) of product 4h: 7-ketodehydroepiandrosterone acetate. 
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Figure S111. 13C NMR spectrum (101 MHz) of product 4h: 7-ketodehydroepiandrosterone acetate. 

 

 

Figure S112. COSY spectrum of product 4h: 7-ketodehydroepiandrosterone acetate. 
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Figure S113. HSQC spectrum of product 4h: 7-ketodehydroepiandrosterone acetate. 

 

 
Figure S114. HMBC spectrum of product 4h: 7-ketodehydroepiandrosterone acetate. 
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7.23. 7-Ketomethandriol 

 
Figure S115. 1H NMR spectrum (400 MHz) of product 4i: 7-ketomethandriol. 

 

 

Figure S116. 13C NMR spectrum (101 MHz) of product 4i: 7-ketomethandriol. 
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Figure S117. COSY spectrum of product 4i: 7-ketomethandriol. 

 

 

Figure S118. HSQC spectrum of product 4i: 7-ketomethandriol.  
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Figure S119. HMBC spectrum of product 4i: 7-ketomethandriol. 

7.24. 3-Ketolynestrenol 

 
Figure S120. 1H NMR spectrum (400 MHz) of product 4j: 3-ketolynestrenol. 
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Figure S121. 13C NMR spectrum (101 MHz) of product 4j: 3-ketolynestrenol. 

 

 

Figure S122. COSY spectrum of product 4j: 3-ketolynestrenol. 

 

411



 

S78 

 

 
Figure S123. HSQC spectrum of product 4j: 3-ketolynestrenol. 

 

 

Figure S124. HMBC spectrum of product 4j: 3-ketolynestrenol. 
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8. NMR Spectra of Scale-up Reaction 

 
Figure S125. 1H NMR spectrum (400 MHz) of the scale-up reaction using cholesteryl acetate. The allylic oxidation product 

7- ketocholesteryl acetate 4a is 92% pure after one recrystallization from acetonitrile and contains 8% cholesteryl acetate. 

 
Figure S126. 13C NMR spectrum (101 MHz) of the scale-up reaction. 

413



 

S80 

 

 
Figure S127. COSY spectrum of the scale-up reaction. 

 
Figure S128. HSQC spectrum of the scale-up reaction. 
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Figure S129. HMBC spectrum of the scale-up reaction. 

9. NMR Spectra of Commercially Obtained 4-Oxoisophorone 

 
Figure S130: 1H NMR spectrum (400 MHz) of commercially obtained 4-oxoisophorone 2a. 
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Figure S131: 13C NMR spectrum (101 MHz) of commercially obtained 4-oxoisophorone 2a. 

 

 
Figure S132: COSY spectrum of commercially obtained 4-oxoisophorone 2a. 
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Figure S133: HSQC spectrum of commercially obtained 4-oxoisophorone 2a. 

 

 
Figure S134: HMBC spectrum of commercially obtained 4-oxoisophorone 2a. 
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10. NMR Spectra of Starting Materials 

10.1. β-Isophorone 

 
Figure S135. 1H NMR spectrum (400 MHz) of starting material 1a: β-isophorone.

 

Figure S136. 13C NMR spectrum (101 MHz) of starting material 1a: β-isophorone. 
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Figure S137. COSY spectrum of starting material 1a: β-isophorone. 

 

 
Figure S138. HSQC spectrum of starting material 1a: β-isophorone. 
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Figure S139. HMBC spectrum of starting material 1a: β-isophorone. 

10.2. α-Isophorone 

 
Figure S140. 1H NMR spectrum (400 MHz) of starting material 1a': α-isophorone. 
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Figure S141. 13C NMR spectrum (101 MHz) of starting material 1a': α-isophorone. 

 

 
Figure S142. COSY spectrum of starting material 1a': α-isophorone. 
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Figure S143. HSQC spectrum of starting material 1a': α-isophorone. 

 

 
Figure S144. HMBC spectrum of starting material 1a': α-isophorone. 
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10.3. 2,6,6-Trimethyl-2-cyclohex-1-one 

 
Figure S145. 1H NMR spectrum (400 MHz) of starting material 1a’': 2,6,6-trimethyl-2-cyclohex-1-one. 

 
Figure S146. 13C NMR spectrum (101 MHz) of starting material 1a’': 2,6,6-trimethyl-2-cyclohex-1-one. 
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Figure S147. COSY spectrum of starting material 1a’': 2,6,6-trimethyl-2-cyclohex-1-one. 

 

 
Figure S148. HSQC spectrum of starting material 1a’': 2,6,6-trimethyl-2-cyclohex-1-one. 
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Figure S149. HMBC spectrum of starting material 1a’': 2,6,6-trimethyl-2-cyclohex-1-one. 

10.4. (+)-α-Pinene 

 
Figure S150. 1H NMR spectrum (400 MHz) of starting material 1b: (+)-α-pinene. 
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Figure S151. 13C NMR spectrum (101 MHz) of starting material 1b: (+)-α-pinene. 

 

 
Figure S152. COSY spectrum of starting material 1b: (+)-α-pinene. 
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Figure S153. HSQC spectrum of starting material 1b: (+)-α-pinene. 

 

 
Figure S154. HMBC spectrum of starting material 1b: (+)-α-pinene. 
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10.5. (+)-Limonene 

 
Figure S155. 1H NMR spectrum (400 MHz) of starting material 1c: (+)-limonene. 

 
Figure S156. 13C NMR spectrum (101 MHz) of starting material 1c: (+)-limonene. 
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Figure S157. COSY spectrum of starting material 1c: (+)-limonene. 

 

 
Figure S158. HSQC spectrum of starting material 1c: (+)-limonene. 
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Figure S159. HMBC spectrum of starting material 1c: (+)-limonene. 

10.6. α-Ionone 

 
Figure S160. 1H NMR spectrum (400 MHz) of starting material 1d: α-ionone. 
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Figure S161. 13C NMR spectrum (101 MHz) of starting material 1d: α-ionone. 

 

 
Figure S162. COSY spectrum of starting material 1d: α-ionone. 
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Figure S163. HSQC spectrum of starting material 1d: α-ionone. 

 

 
Figure S164. HMBC spectrum of starting material 1d: α-ionone. 
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10.7. Vinyl-α-ionol 

 
Figure S165. 1H NMR spectrum (400 MHz) of starting material 1e: vinyl-α-ionol. 

 
Figure S166. 13C NMR spectrum (101 MHz) of starting material 1e: vinyl-α-ionol. 
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Figure S167. COSY spectrum of starting material 1e: vinyl-α-ionol. 

 

 
Figure S168. HSQC spectrum of starting material 1e: vinyl-α-ionol. 
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Figure S169. HMBC spectrum of starting material 1e: vinyl-α-ionol. 

10.8. Ethynyl-α-ionol 

 
Figure S170. 1H NMR spectrum (400 MHz) of starting material 1f: ethynyl-α-ionol. 
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Figure S171. 13C NMR spectrum (101 MHz) of starting material 1f: ethynyl-α-ionol. 

 

 
Figure S172. COSY spectrum of starting material 1f: ethynyl-α-ionol. 
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Figure S173. HSQC spectrum of starting material 1f: ethynyl-α-ionol. 

 
Figure S174. HMBC spectrum of starting material 1f: ethynyl-α-ionol. 
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10.9. β-Ionone 

 
Figure S175. 1H NMR spectrum (400 MHz) of starting material 1g: β-ionone. 

 
Figure S176. 13C NMR spectrum (101 MHz) of starting material 1g: β-ionone. 
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Figure S177. COSY spectrum of starting material 1g: β-ionone. 

 

 
Figure S178. HSQC spectrum of starting material 1g: β-ionone. 
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Figure S179. HMBC spectrum of starting material 1g: β-ionone. 

10.10. Vinyl-β-ionol 

 
Figure S180. 1H NMR spectrum (400 MHz) of starting material 1h: vinyl-β-ionol. 

 

440



 

S107 

 

 
Figure S181. 13C NMR spectrum (101 MHz) of starting material 1h: vinyl-β-ionol. 

 

 
Figure S182. COSY spectrum of starting material 1h: vinyl-β-ionol. 
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Figure S183. HSQC spectrum of starting material 1h: vinyl-β-ionol. 

 

 
Figure S184. HMBC spectrum of starting material 1h: vinyl-β-ionol. 

442



 

S109 

 

10.11. Ethynyl-β-ionol 

 
Figure S185. 1H NMR spectrum (400 MHz) of starting material 1i: ethynyl-β-ionol. 

 

 
Figure S186. 13C NMR spectrum (101 MHz) of starting material 1i: ethynyl-β-ionol. 

443



 

S110 

 

 
Figure S187. COSY spectrum of starting material 1i: ethynyl-β-ionol. 

 

 
Figure S188. HSQC spectrum of starting material 1i: ethynyl-β-ionol. 
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Figure S189. HMBC spectrum of starting material 1i: ethynyl-β-ionol. 

 

10.12. β-Damascone 

 
Figure S190. 1H NMR spectrum (400 MHz) of starting material 1j: β-damascone. 
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Figure S191. 13C NMR spectrum (101 MHz) of starting material 1j: β-damascone. 

 

 
Figure S192. COSY spectrum of starting material 1j: β-damascone. 
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Figure S193. HSQC spectrum of starting material 1j: β-damascone. 

 

 
Figure S194. HMBC spectrum of starting material 1j: β-damascone. 
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10.13. α-Cetone 

 
Figure S195. 1H NMR spectrum (400 MHz) of starting material 1k: α-cetone. 

 

 
Figure S196. 13C NMR spectrum (101 MHz) of starting material 1k: α-cetone. 
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Figure S197. COSY spectrum of starting material 1k: α-cetone. 

 

 
Figure S198. HSQC spectrum of starting material 1k: α-cetone. 
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Figure S199. HMBC spectrum starting material 1k: α-cetone. 

10.14. (+)-Valencene 

 
Figure S200. 1H NMR spectrum (400 MHz) of starting material 1l: (+)-valencene. 
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Figure S201. 13C NMR spectrum (101 MHz) of starting material 1l: (+)-valencene. 

 
Figure S202. COSY spectrum of starting material 1l: (+)-valencene. 
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Figure S203. HSQC spectrum of starting material 1l: (+)-valencene. 

 
Figure S204. HMBC spectrum of starting material 1l: (+)-valencene. 
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10.15. Myrtenyl acetate 

 
Figure S205. 1H NMR spectrum (400 MHz) of starting material 1m: myrtenyl acetate. 

 

 
Figure S206. 13C NMR spectrum (101 MHz) of starting material 1m: myrtenyl acetate. 
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Figure S207. COSY spectrum of starting material 1m: myrtenyl acetate. 

 
Figure S208. HSQC spectrum of starting material 1m: myrtenyl acetate. 
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Figure S209. HMBC spectrum of starting material 1m: myrtenyl acetate. 

10.16. (–)-α-Cedrene 

 
Figure S210. 1H NMR spectrum (400 MHz) of starting material 1n: (–)-α-cedrene. 
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Figure S211. 13C NMR spectrum (101 MHz) of starting material 1n: (–)-α-cedrene. 

 
Figure S212. COSY spectrum of starting material 1n: (–)-α-cedrene. 
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Figure S213. HSQC spectrum of starting material 1n: (–)-α-cedrene. 

 
Figure S214. HMBC spectrum of starting material 1n: (–)-α-cedrene. 
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10.17. Cholesterol 

 
Figure S215. 1H NMR spectrum (400 MHz) of starting material 3a: cholesterol. 

 
Figure S216. 13C NMR spectrum (101 MHz) of starting material 3a: cholesterol. 
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Figure S217. COSY spectrum of starting material 3a: cholesterol. 

 
Figure S218. HSQC spectrum of starting material 3a: cholesterol. 
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Figure S219. HMBC spectrum of starting material 3a: cholesterol. 

10.18. Cholesteryl acetate 

 
Figure S220. 1H NMR spectrum (400 MHz) of starting material 3b: cholesteryl acetate. 
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Figure S221. 13C NMR spectrum (101 MHz) of starting material 3b: cholesteryl acetate. 

 

 
Figure S222. COSY spectrum of starting material 3b: cholesteryl acetate. 
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Figure S223. HSQC spectrum of starting material 3b: cholesteryl acetate. 

 
Figure S224. HSQC spectrum of starting material 3b: cholesteryl acetate. 
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10.19. Cholesteryl benzoate 

 
Figure S225. 1H NMR spectrum (400 MHz) of starting material 3c: cholesteryl benzoate. 

 
Figure S226. 13C NMR spectrum (101 MHz) of starting material 3c: cholesteryl benzoate. 
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Figure S227. COSY spectrum of starting material 3c: cholesteryl benzoate. 

 
Figure S228. HSQC spectrum of starting material 3c: cholesteryl benzoate. 
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Figure S229. HMBC spectrum of starting material 3c: cholesteryl benzoate. 

10.20. Diosgenin acetate 

 
Figure S230. 1H NMR spectrum (400 MHz) of starting material 3d: diosgenin acetate. 
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Figure S231. 13C NMR spectrum (101 MHz) of starting material 3d: diosgenin acetate. 

 
Figure S232. COSY spectrum of starting material 3d: diosgenin acetate. 
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Figure S233. HSQC spectrum of starting material 3d: diosgenin acetate. 

 
Figure S234. HMBC spectrum of starting material 3d: diosgenin acetate. 
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10.21. β-Sitosterol 

 
Figure S235. 1H NMR spectrum (400 MHz) of starting material 3e: β-sitosterol. 

 
Figure S236. 13C NMR spectrum (101 MHz) of starting material 3e: β-sitosterol. 
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Figure S237. COSY spectrum of starting material 3e: β-sitosterol. 

 
Figure S238. HSQC spectrum of starting material 3e: β-sitosterol. 
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Figure S239. HMBC spectrum of starting material 3e: β-sitosterol. 

10.22. Stigmasteryl acetate 

 
Figure S240. 1H NMR spectrum (400 MHz) of starting material 3f: stigmasteryl acetate. 
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Figure S241. 13C NMR spectrum (101 MHz) of starting material 3f: stigmasteryl acetate. 

 
Figure S242. COSY spectrum of starting material 3f: stigmasteryl acetate. 
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Figure S243. HSQC spectrum of starting material 3f: stigmasteryl acetate. 

 
Figure S244. HMBC spectrum of starting material 3f: stigmasteryl acetate. 

 

472



 

S139 

 

10.23. Pregnenolone acetate 

 
Figure S245. 1H NMR spectrum (400 MHz) of starting material 3g: pregnenolone acetate. 

 
Figure S246. 13C NMR spectrum (101 MHz) of starting material 3g: pregnenolone acetate. 
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Figure S247. COSY spectrum of starting material 3g: pregnenolone acetate. 

 
Figure S248. HSQC spectrum of starting material 3g: pregnenolone acetate. 
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Figure S249. HMBC spectrum of starting material 3g: pregnenolone acetate. 

10.24. Dehydroepiandrosterone (DHEA) acetate 

 
Figure S250. 1H NMR spectrum (400 MHz) of starting material 3h: dehydroepiandrosterone (DHEA) acetate. 
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Figure S251. 13C NMR spectrum (101 MHz) of starting material 3h: dehydroepiandrosterone (DHEA) acetate. 

 
Figure S252. COSY of starting material 3h: dehydroepiandrosterone (DHEA) acetate. 
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Figure S253. HSQC spectrum of starting material 3h: dehydroepiandrosterone (DHEA) acetate. 

 
Figure S254. HMBC spectrum of starting material 3h: dehydroepiandrosterone (DHEA) acetate. 
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10.25. Methylandrostenediol 

 
Figure S255. 1H NMR spectrum (400 MHz) of starting material 3i: methylandrostenediol. 

 
Figure S256. 13C NMR spectrum (101 MHz) of starting material 3i: methylandrostenediol. 

 

478



 

S145 

 

 
Figure S257. COSY spectrum of starting material 3i: methylandrostenediol. 

 
Figure S258. HSQC spectrum of starting material 3i: methylandrostenediol. 
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Figure S259. HMBC spectrum of starting material 3i: methylandrostenediol. 

10.26. Lynestrenol 

 
Figure S260. 1H NMR spectrum (400 MHz) of starting material 3j: lynestrenol. 
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Figure S261. 13C NMR spectrum (101 MHz) of starting material 3j: lynestrenol. 

 
Figure S262. COSY spectrum of starting material 3j: lynestrenol. 
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Figure S263. HSQC spectrum of starting material 3j: lynestrenol. 

 
Figure S264. HMBC spectrum of starting material 3j: lynestrenol. 
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11. Cyclic Voltammetry (CV) 

 
Figure S 265. Cyclic Voltammetry (CV) measurements of various combinations of substances. As mentioned in the main 

manuscript, it can be seen that the potential of t-BuOOH in the presence of pyridine is lower than the potential of t-BuOOH, 

making it more susceptible to oxidation. Each measurement was carried out in a solution of NEt4BF4 (0.1 mol L–1) in MeCN with 

the substrate(s) in concentration of 0.01 mol L–1. 
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General aspects 

 General Information 

If not stated otherwise, all reactions were performed at ambient conditions and chemicals in analytical grade were used as purchased 

without further purification. Cyclohexane and ethyl acetate used for column chromatography were purchased in HPLC grade. 

Acetonitrile was commercially obtained in LCMS grade. These solvents were used without further treatment. The IUPAC 

nomenclature for the substances was checked using OPSIN parser.1 

 Instruments and Analytical Methods 

Chromatography 

Thin layer chromatography (TLC) for reaction monitoring was performed using DC Kieselgel 60 F254 on aluminium plates (Merck 

KGaA, Darmstadt, Germany). A UV lamp (λ = 254 nm, UV-4 S/L, Herolab GmbH Laborgeräte, Wiesloch, Germany) and potassium 

permanganate solution (3 g KMnO4, 20 g K2CO3, 5 mL NaOH (5%), 300 mL H2O) were used for staining of TLC plates. Preparative 

column chromatography was performed manually on 100-200 mesh silica gel.  

 

Gas Chromatography coupled with Mass Spectrometry (GC/MS) 

Analysis of crude reaction mixtures and purified products were performed using a GCMS QP2010SE (Shimadzu, Kyoto, Japan) 

equipped with an electron ionization (EI) source and a quadrupole mass analyzer. A quartz capillary column HI-5MS (Avantor VWR, 

Radnor, USA) with the following specification was used: length of 30 m, inner diameter of 0.25 mm and a stationary phase 

[(5%- phenyl)-dimethylsiloxane] of 0.25 μm thickness. Helium was used as carrier gas with a constant velocity of 30 cm/s. The GC 

temperature ramp started at 50 °C (holding for 1 min) and heated to 300 °C (holding for 4.71 min) with a temperature ramp of 

17.5 °C/min (total program time: 20.0 min). Measurements were performed at an injector temperature of 270 °C and a temperature 

of the EI source of 250 °C.  

 

Nuclear Magnetic Resonance (NMR) Spectroscopy 
1H NMR and 13C{1H} NMR spectra were recorded at 25°C on a Bruker AVANCE III HD 400 MHz NMR spectrometer with a Bruker 

Prodigy probe (Bruker BioSpin GmbH, Rheinstetten, Germany) using CDCl3 or DMSO as deuterated solvent. All chemical shifts are 

reported in δ-scale as parts per million [ppm] (multiplicity, coupling constant J, number of protons), relative to the solvent residual 

peaks as the internal standard.2 Coupling constants J are given in Hertz [Hz]. The following abbreviations were used to describe the 

signals: s (singlet), d (doublet), t (triplet), q (quartet), pent (pentet), sext (sextet), hept (heptet), m (multiplet), br (broad signal). The 

spectra obtained were evaluated with MestReNova 14 (Mestrelab Research S.L., Spain).  

 

High Resolution Mass Spectrometry 

Mass spectra via electrospray-ionization (ESI+) were recorded using a Q Exactive™ mass spectrometer (Thermo Fischer Scientific™, 

Waltham, USA). Mass spectra via electron-ionization (EI) were recorded using a Q Exactive™ GC Orbitrap™ GC-MS/MS (Thermo 

Fischer Scientific™, Waltham, USA) equipped with an XTI-5 column (Restek GmbH, Bad Homburg v. d. Höhe, Deutschland). 

 

Cyclic Voltammetry (CV) Measurements 

Cyclic voltammetry was performed using a Metrohm 663 VA Stand equipped with an Autolab type III potentiostat (Metrohm AG, 

Herisau, Switzerland). WE: glassy carbon electrode (d = 2 mm); CE: glassy carbon rod; RE: Ag/AgNO3; Scan rate v = 100 mV/s. 

Electrolyte: NBu4BF4 (0.1 mol/L) in acetonitrile; c(substrate) = 10 mmol/L; V = 5 mL. All solutions have been deoxygenated by 

bubbling with argon for 10 min prior to measurement. Electrodes have been thoroughly rinsed before and after each measurement 

with acetone and acetonitrile. The glassy carbon working electrode was polished with alumina paste (1 μm followed by 0.1 μm) and 

sonicated for 5 min each in between measurements. All data is displayed against the half-wave potential of ferrocene/ferrocenium 

redox couple (FcH/FcH+; –0.10 V vs. Ag/AgNO3) as internal reference. Oxidation potentials are marked and displayed as the half-

wave potential of the respective peak.3 

 Electrochemical Setup 

Galvanostat (DC power supply) 

Electrochemical reactions were carried out using a multichannel galvanostat HMP4040 programmable power supply (4 channels per 

device; max. electric current per channel: 10 A; max. power per channel: 160 W; total output power per device: 384 W; upper terminal 

voltage limit per channel: 32 V; Rohde & Schwarz GmbH & Co. KG, Munich, Germany).  

 

 

Screening and small-scale batch-type reactions 

Screening reactions were carried out in undivided/quasi-dived Teflon™ cells with a volume of 5 mL equipped with two electrodes and 

a round, cross-shaped stirring bar. The described system is commercially available as IKA Screening System Package (IKA™ Werke 

GmbH & Co. KG, Staufen, Germany). Detailed description of these cells are reported in the literature.4 
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Figure S1: Undivided screening setup as available from IKA equipped with glassy carbon as anode and platinum as cathode (left) 

and undivided cell equipped with platinum foil and glassy carbon (right).5 

 

The screening was carried out using various electrode materials (electrode size: 7 cm × 1 cm × 0.3 cm). Graphite electrodes were 

sanded using sandpaper of grit size 600, followed by grit size 1000, and cleaned with acetonitrile prior to use. BDD electrodes were 

electrochemically treated as anode (j = 50 mA/cm2) in 20% (v/v) sulfuric acid for 10 min before use. The anodes were immersed 

1.8 cm into the electrolyte. This resulted in a geometric active electrode area of 1.8 cm2.  

 

Table S1: Electrode materials, specification, and supplier. 

Entry Electrode Material Specification Supplier 

1 Boron-doped diamond (BDD) 15 µm BDD on silicon carrier material CONDIAS GmbH, Itzehoe, Germany 

2 Glassy Carbon Sigradur G HTW, Thierhaupten, Germany 

3 Graphite highly isostatic, V2100 SGL Carbon, Bonn, Germany 

4 Graphite foil (Sigraflex™) F02012Z SGL Carbon, Meitingen, Germany 

5 Platinum 99.9% Pt ÖGUSSA, Vienna, Austria. 

 

 

 

Scale-up 

The scale-up experiment was performed in a double-walled undivided glass cell with no thermostat attached, with a volume of 100 mL 

equipped with a PTFE stopper and sleeve, electrodes, electrode holders and a cross-shaped stirring bar. The cell is commercially 

available via HWS Labortechnik (Mainz, Germany) as Sigma-Aldrich within the SynLectro™ series. The electrolysis was carried out 

using a TDK-Lambda Z+ series (TDK-Lambda UK Limited, Devon, United Kingdom) as power supply. The glassy carbon anode was 

held in place using a PTFE support frame. Its dimensions were 6 cm × 2 cm × 0.02 cm and was half submerged into the solution. 

This resulted in an active electrode area of 6 cm2. As cathode, a platinum foil (3 x 2 cm) was used and placed in front of the anode 

by a PTFE support frame. The interelectrode gap is 0.5 cm. The stoppers and electrode holders are available from Sigma-Aldrich 

within the SynLectro™ series. 
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Figure S2: 100 mL undivided cell with glassy carbon anode and platinum cathode and electrode holders used for the scale-up. 

Experimental Procedures 

 General protocol for the synthesis of sulfonic anhydrides and their derivatives (GP1) 

Caution! Methanesulfonic acid (CAS 75-75-2) and methanesulfonic anhydride (CAS 7143-01-3) are highly corrosive and cause 

severe skin burns and eye damage! They must be handled with extreme care! 

 

The reactions are carried out using the undivided Teflon™ cells with a glassy carbon anode and a platinum foil as a cathode as 

described in the section before. 

 

Electrolyte: An undivided Teflon™ cell is filled with a sulfonic acid (3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (0.5 mmol, 

0.15 equiv.), and acetonitrile (5 mL).  

 

The lid including a prefixed glassy carbon anode and a platinum cathode is attached to the cell, the electric current is set accordingly 

so that a current density of 75 mA/cm2 is reached (172 mA with the setup described herein) and the amount of applied charge is set 

to 3 F (1143 C for 3.54 mmol of starting material). The electrolysis is carried out at room temperature under constant stirring (900 rpm) 

for ca. 1 h 50 min. After completion of the electrolysis, 5 equiv. of an amine (2a, 2b, 2c, 2f, 2g, 4a-k) or 2 equiv. of triethylamine and 

2 equiv. of amine (2d, 2e) or 2 equiv. of triethylamine and 2 equiv. of an alcohol (3a-f) are added to the reaction mixture in the same 

reaction vessel and the solution is stirred overnight. The solvent is then removed under vacuum and the residue is dissolved in ethyl 

acetate, washed two times with aqueous HCl (1 mol/L, 2x10 mL), two times with saturated aqueous NaHCO3 solution (2x10 mL) and 

one time with brine (1x10 mL). The organic layer is then dried over MgSO4, filtered and concentrated under vacuum. The crude was 

then purified via column chromatography using cyclohexane and ethyl acetate. 

 General protocol for the optimization of reaction conditions (GP2)  

The reactions are carried out using the undivided Teflon™ cells with a PTFE lid including the anode and a cathode as described in the 

section before. 

 

Electrolyte: An undivided Teflon™ cell is filled with methanesulfonic acid (3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate 

(0.5 mmol, 0.15 equiv.), and acetonitrile (5 mL). 

 

The lid including the electrodes is attached to the cell, the electric current and amount of applied charge are set to the desired values, 

and the electrolysis was carried out at room temperature under constant stirring (900 rpm). After completion, 1,3,5-trichlorobenzene 

(60 mg) is added to the reaction mixture as an internal standard.2 The solution is stirred for 5 min at room temperature and an aliquot 

(ca. 0.5 mL) is taken for qNMR measurement (1H NMR, 400 MHz). The yield is calculated using the six protons of the product 2a (   

Figure S3). 
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Figure S3: Typical 1H NMR spectrum in CD3CN of a reaction mixture used for quantification of product 2a.2 

 

 General protocol for scale-up 

The reaction is carried out using the undivided glass cell with a glassy carbon anode and a platinum foil as a cathode as described in 

the section above. 

 

Electrolyte: The glass cell is filled with methanesulfonic acid (1, 2.25 mL, 35.4 mmol, 1 equiv.), NBu4SCN (1.8 g, 5 mmol, 0.15 equiv.), 

and acetonitrile (50 mL). 

 

The stopper including the electrodes and electrode holders is attached to the cell and connected to the power supply. The electric 

current is set accordingly so that a current density of 75 mA/cm2 is reached (345 mA with the setup described herein) and the amount 

of applied charge is set to 3 F (corresponds to 11430 C when using 35.4 mmol of starting material). The electrolysis is carried out at 

room temperature under constant stirring (500 rpm) for ca. 9 h 35 min. After completion of the electrolysis, NMR yield was determined 

as described in GP1: 1,3,5-trichlorobenzene (600 mg) are dissolved in the reaction mixture. The solution was stirred for 5 min at room 

temperature and an aliquot (ca. 0.5 mL) was taken for qNMR measurement (1H NMR, 400 MHz). 

 

Spectroscopic data of the compound matched the one obtained from the small-scale reaction described in section “NMR Spectra”. 
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Optimization 

Optimization of the reaction conditions was carried out by using a linear screening approach.4 Methanesulfonic acid (MsOH) was 

used as a test substrate according to GP2. Yields were determined by 1H NMR spectroscopy in CD3CN via the addition of 

1,3,5- trichlorobenzene (60 mg) as an internal standard after the end of electrolysis.2 

 

 
 

Initial experiments were carried out in an undivided Teflon™ cell with a planar glassy carbon anode and cathode (Table S2), with 

KSCN as supporting electrolyte.  

 

Table S2: First experiments. 

Entry Anode Cathode Yield (1H NMR) 

1 Graphite plate Graphite plate 0% 

2 Graphite plate Stainless-steel plate 0% 

3 Glassy carbon Glassy carbon 11% 

Conditions (GP2): KSCN (0.5 mmol, 0.15 equiv., 0.1 M), MeCN, j = 50 mA cm–2, 2 F, r.t., 5 mm interelectrode gap, 900 rpm. 

 

Next, the current density was screened (Table S3). 75 mA cm–2 gave the best results, and screening was continued with this 

parameter. This is also beneficial because a higher current density decreases the electrolysis time. 

 

Table S3: Screening of current densities. 

 
Conditions (GP2): KSCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), (+)GC||GC(-),  MeCN, 2 F, r.t., 5 mm interelectrode gap, 900 rpm. 

 

Screening of various interelectrode gaps (Table S4) showed no improvement to the previously used conditions, so the optimization 

was continued with 5 mm. 

 

Table S4: Screening of interelectrode gap. 

 
Conditions (GP2): KSCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), (+)GC||GC(–),  j = 75 mA cm–2, MeCN, 2 F, r.t, 900 rpm. 
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Table S5: Screening of cathode materials. 

 
Conditions (GP2): KSCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), j = 75 mA cm–2, GC anode, MeCN, 2 F, r.t., interelectrode gap 5 mm, 900 rpm. 

GC: glassy carbon, RVC: reticulated vitreous carbon foam, BDD: boron-doped diamond.  

  

 

 

Table S6: Screening of anode materials. 

 
Conditions (GP2): KSCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), j = 75 mA cm–2, MeCN, Pt cathode, 2 F, r.t., interelectrode gap 5 mm, 900 rpm. 

 

 

 

Table S7: Screening of supporting electrolytes. 

 
Conditions (GP2): supporting electrolyte (0.5 mmol, 0.15 equiv., 0.1 mol/L), j = 75 mA cm–2 , (+)GC||Pt(–), MeCN, 2 F, r.t., interelectrode gap 5 mm, 900 rpm. 

EMIMSCN: 1-Ethyl-3-methylimidazolium thiocyanate. 
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Table S8: Screening of starting material concentrations. 

 
Conditions (GP2): NBu4SCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), (+)GC||Pt(–),  j = 75 mA cm–2 MeCN, 2 F, r.t., interelectrode gap 5 mm, 900 rpm. 

 

 

 

Table S9: Screening of solvents. 

 
Conditions (GP2): NBu4SCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), j = 75 mA cm–2, (+)GC||Pt(–), 2 F, r.t., interelectrode gap 5 mm, 900 rpm. 

DMSO: dimethyl sulfoxide, DMF: dimethyl formamide, DMC: dimethyl carbonate, PC: propylene carbonate, MeCN: acetonitrile. 

 

 

Table S10: Screening of the amount of applied charge. 

 
Conditions (GP2): NBu4SCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), j = 75 mA cm–2, MeCN, (+)GC||Pt(–), r.t., interelectrode gap 5 mm, 900 rpm. 

 

 

 

 

 

 

 

 

 

 

493



 

S10 

 

 

Table S11: Screening of concentrations of the supporting electrolyte NBu4SCN. 

 
Conditions (GP2): NBu4SCN, j = 75 mA cm–2, MeCN, 3 F, (+)GC||Pt(–), r.t., interelectrode gap 5 mm, 900 rpm. 

 

 

 

Table S12: Screening of temperatures. 

 
Conditions (GP2): NBu4SCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), j = 75 mA cm–2, MeCN, 3 F, (+)GC||Pt(–), interelectrode gap 5 mm, 900 rpm. 

 

 

Table S13: Final optimized reaction conditions. 

c(SM) 

Supporting 

Electrolyte 

(SE) 

c(SE) j [mA cm–2] 

Cathode 

Material 

Anode 

Material 

 

T Q [F] 
Yield 1a 

(1H NMR) 

0.7 NBu4SCN 0.1 75 Pt GC r.t. 3 74% 

 

Control Experiments 

Several control experiments (Table S14) were performed using the optimized conditions (Table S13). 

 

Table S14:  Control experiments. 

Entry Deviation from the standard conditions[a] Yield (1H NMR) 

1 No electricity; stirred for 1.5 h at room temperature 0% 

2 No SCN supporting electrolyte (0.1 mol/L NBu4PF6 added for conductivity) 0% 

 

[a]: Conditions (GP2): NBu4SCN (0.5 mmol, 0.15 equiv., 0.1 mol/L), j = 75 mA cm–2, MeCN, 3 F, (+)GC||Pt(–), r.t., interelectrode gap 5 mm, 900 rpm. 
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Cyclovoltammetry Studies 

To investigate the interaction between the thiocyanate anion and methanesulfonic acid, we carried out cyclic voltammetry (CV) 

studies. When tetrabutylammonium thiocyanate was the only component in a solution in acetonitrile, a non-reversible oxidation peak 

was observed at +1.45 V (Figure S3, blue curve), indicating the oxidation of the SCN– anion. A subsequent scan of the same solution 

decreased the oxidation peak, confirming that the oxidized species was neither fully consumed nor sequestered by another 

component. In contrast, upon the addition of methanesulfonic acid (MsOH), the first scan exhibited a broader oxidation peak at 

+1.45 V with a decreased current response, suggesting rapid trapping of the oxidation product by MsOH (Figure S3, orange curve). 

In the second scan, the oxidation peak was no longer detected, providing further evidence that the oxidized thiocyanate species had 

been effectively sequestered by MsOH. 

 

 
Figure S4: Cyclic voltammogram of 0.1 mol/L NBu4SCN in MeCN (orange curve), addition of methanesulfonic acid 0.06 mol/L (blue 

curve), Ag+/Ag reference electrode (RE), glassy carbon as working electrode (WE) and counter electrode (CE). All CV 

measurements were carried out under argon atmosphere. Each CV measurement was referenced against ferrocene. Oxidation 

potentials are marked and displayed as the half-wave potential of the respective peak (IUPAC convention). Scan has been taken in 

this direction: 0 V → +2.5 V → –0.5 V → 0 V. 
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Figure S5: Cyclic voltammogram of 0.1 mol/L NBu4PF6 in MeCN (gray curve), addition of methanesulfonic acid 0.07 mol/L (red 

curve). CV of NBu4SCN 10 mM in NBu4PF6 (blue curve), addition of methanesulfonic acid 70 mM (green curve).  Ag+/Ag reference 

electrode (RE), glassy carbon as working electrode (WE) and counter electrode (CE). All CV measurements were carried out under 

argon atmosphere. Each CV measurement was referenced against ferrocene. Oxidation potentials are marked and displayed as 

the half-wave potential of the respective peak (IUPAC convention). Scan has been taken in this direction: 0 V → +2.0 V → –0.5 V 

→ 0 V. 
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 Figure S6: Cyclic voltammogram of 0.1 mol/L NBu4PF6 in MeCN (gray curve), addition of methanesulfonic acid 0.07 mol/L 

(red curve). CV of methanesulfonic anhydride 10 mM in NBu4PF6 (blue curve), addition of methanesulfonic acid 70 mM (green 

curve).  Ag+/Ag reference electrode (RE), glassy carbon as working electrode (WE) and counter electrode (CE). All CV 

measurements were carried out under argon atmosphere. Each CV measurement was referenced against ferrocene. Oxidation 

potentials are marked and displayed as the half-wave potential of the respective peak (IUPAC convention). Scan has been taken in 

this direction: 0 V → +2.0 V → –0.5 V → 0 V. 
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Compound Characterization 

 1-(Methylsulfonyl)pyrrolidine (2a) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and pyrrolidine (17.7 mmol, 1.5 mL, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 2a (181 mg, 1.2 mmol, 

64%) was obtained as a yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ = 3.31 (t, J = 6.8 Hz, 4H, 2-H), 2.80 (s, 3H, 1-H), 1.99 – 1.86 (m, 4H, 3-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 48.0, 34.6, 25.8 ppm. 
This NMR data agrees with the data previously reported in literature.6 

 

 N-Phenyl methanesulfonamide (2b) 

According to GP1, methanesulfonic acid (MsOH) 340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and aniline (17.7 mmol, 1.6 mL, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 2b (170 mg, 1 mmol, 

56%) was obtained as a yellow oil.  

 
1H NMR (400 MHz, DMSO) δ = 9.73 (s, 1H, 2-H), 7.40 – 7.26 (m, 2H, Ar-H), 7.26 – 7.16 (m, 2H, Ar-H), 7.15 – 

7.04 (m, 1H, Ar-H), 2.97 (s, 3H, 1-H) ppm. 
13C{1H} NMR (101 MHz, DMSO) δ = 138.4, 129.4, 123.9, 119.8, 39.2 ppm. 
This NMR data agrees with the data previously reported in literature.7 

 

 

 4-(Methylsulfonyl)morpholine (2c) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and morpholine (17.7 mmol, 1.5 mL, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 2c (174 mg, 

1.05 mmol, 60%) was obtained as a yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ = 3.83 – 3.75 (m, 4H, 2-H), 3.25 – 3.17 (m, 4H, 3-H), 2.79 (s, 3H, 1-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 66.3, 45.9, 34.1, 29.7 ppm. 

 

 

 

 1-(Methylsulfonyl)imidazole (2d) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and imidazole (17.7 mmol, 1.2 g, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 1/1 → 3/7), the desired product 2d (160 mg, 1.1 mmol, 

63%) was obtained as a white solid. 

 

 
1H NMR (400 MHz, CDCl3) δ = 7.96 (m, 1H, 4-H), 7.32 (m, 1H, 2-H), 7.16 (m, 1H, 3-H), 3.27 (s, 3H, 1-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 136.6, 131.7, 117.4, 43.8 ppm. 
This NMR data agrees with the data previously reported in literature.9 

 

 

 1-(Methylsulfonyl)indole (2e) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), triethylamine (1.5 mL, 10.6 mmol, 3 equiv.) and indole (7.08 mmol, 828 mg, 2 equiv.) were 

employed. The electrolysis was carried out using 3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 1/1 

→ 4/6), the desired product 2e (140 mg, 0.71 mmol, 41%) was obtained as a viscous colorless oil. 
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1H NMR (400 MHz, CDCl3) δ = 7.85 (dq, J = 8.3, 0.9 Hz, 1H, 7-H), 7.61 – 7.52 (m, 1H, 4-H), 7.37 (d, J = 3.7 Hz, 
1H, 6-H), 7.30 (ddd, J = 8.4, 7.1, 1.4 Hz, 1H, 2-H), 7.26 – 7.20 (m, 1H, 5-H), 6.64 (dd, J = 3.7, 0.9 Hz, 1H, 3-H), 
3.02 (s, 3H, 1-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 134.7, 130.5, 125.9, 124.7, 123.4, 121.5, 112.8, 108.7, 40.5 ppm. 
This NMR data agrees with the data previously reported in literature.10 

 

 N-Butyl methanesulfonamide (2f) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and 1-butylamine (17.7 mmol, 1.7 mL, 5 equiv.) were employed. The electrolysis was carried out 

using 3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 2f (171 mg, 

1.13 mmol, 64%) was obtained as a colorless oil. 

 
1H NMR (400 MHz, CDCl3) δ = 4.74 (s, 1H, 2-H), 3.09 (t, J = 7.1 Hz, 2H, 3-H), 2.93 (s, 3H, 1-H), 1.59 – 1.47 
(m, 2H, 4-H), 1.43 – 1.29 (m, 2H, 5-H), 0.91 (t, J = 7.3 Hz, 3H, 6-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 43.1, 40.1, 32.1, 19.8, 13.7 ppm. 
This NMR data agrees with the data previously reported in literature.11 

 

 N-Ethyl-N-methyl methanesulfonamide (2g) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and methyl ethyl amine (17.7 mmol, 1.5 mL, 5 equiv.) were employed. The electrolysis was carried 

out using 3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 2g (135 mg, 

0.99 mmol, 56%) was obtained as colorless oil. 

 
1H NMR (400 MHz, CDCl3) δ = 3.23 (q, J = 7.1 Hz, 2H), 2.85 (s, 3H), 2.79 (s, 3H), 1.22 (t, J = 7.2 Hz, 3H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 44.8, 35.8, 33.9, 13.3 ppm. 

HRMS (EI, m/z): [M]+ = calcd. For C4H11NO2S+ : 137.050501, found: 137.050500. 

 

 O-Phenyl methanesulfonate (3a) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), triethylamine (1.5 mL, 10.6 mmol, 3 equiv.) and phenol (7.08 mmol, 665 mg, 5 equiv.) were 

employed. The electrolysis was carried out using 3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 

→ 7/3), the desired product 3a (115 mg, 0.66 mmol, 50%) was obtained as a white crystalline solid. 

 

 
1H NMR (400 MHz, CDCl3) δ = 7.39 – 7.30 (m, 2H, 3-H), 7.28 – 7.17 (m, 3H, 2-4H), 3.05 (s, 3H, 1-H) ppm. 

This NMR data agrees with the data previously reported in literature.12 
13C{1H} NMR (101 MHz, CDCl3) δ = 149.33, 130.1, 127.5, 122.0, 37.3 ppm 

 

 

 O-Butyl methanesulfonate (3b) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), triethylamine (1.5 mL, 10.6 mmol, 3 equiv.) and 1-butanol (7.08 mmol, 0.65 mL, 2 equiv.) were 

employed. The electrolysis was carried out using 3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 

→ 8/2), the desired product 3b (177 mg, 1.16 mmol, 66%) was obtained as a pale yellow oil. 

 

 
1H NMR (400 MHz, CDCl3) δ = 4.17 (t, J = 6.5 Hz, 2H, 2-H), 2.94 (s, 3H, 1-H), 1.67 (ddt, J = 8.9, 7.9, 6.5 Hz, 
2H, 3-H), 1.45 – 1.27 (m, 2H, 4-H), 0.89 (t, J = 7.4 Hz, 3H, 5-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 70.0, 37.4, 31.2, 18.8, 13.6.ppm. 
This NMR data agrees with the data previously reported in literature.13 
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 O-Cyclohexyl methanesulfonate (3c) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), triethylamine (1.5 mL, 10.6 mmol, 3 equiv.) and cyclohexanol (7.08 mmol, 0.74 mL, 2 equiv.) were 

employed. The electrolysis was carried out using 3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 

→ 8/2), the desired product 3c (182 mg, 1.03 mmol, 58%) was obtained as a clear oil 

 

 
1H NMR (400 MHz, CDCl3) δ = 4.68 (tt, J = 9.1, 3.9 Hz, 1H, 2-H), 2.99 (s, 3H, , 1-H), 2.03 – 1.91 (m, 2H, CyHex-
H), 1.83 – 1.71 (m, 2H, CyHex-H), 1.69 – 1.57 (m, 2H, CyHex-H), 1.57 – 1.47 (m, 1H, CyHex-H), 1.46 – 1.14 (m, 
4H, CyHex-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 81.5, 38.9, 32.8, 24.9, 23.6 ppm. 
This NMR data agrees with the data previously reported in literature.13 

 Cyclohex-3-en-1-yl methanesulfonate (3d) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), triethylamine (1.5 mL, 10.6 mmol, 3 equiv.) and cyclohexen-3-ol (7.08 mmol, 0 86 mL, 2 equiv.) were 

employed. The electrolysis was carried out using 3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 

→ 8/2), the desired product 3d (202 mg, 1.15 mmol, 65%) was obtained as a colorless oil. 

 

 
1H NMR (400 MHz, CDCl3) δ = 5.70 (ddt, J = 7.3, 3.5, 1.8 Hz, 1H, 3-H), 5.61 – 5.52 (m, 1H, 4-H), 4.96 (tq, J = 8.8, 
3.2 Hz, 1H, 2-H), 3.02 (s, 3H, 1-H), 2.57 – 2.44 (m, 1H, CyHex-H), 2.40 – 2.10 (m, 3H, CyHex-H), 2.09 – 1.85 
(m, 2H, CyHex-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 127.0, 122.8, 78.2, 38.9, 31.8, 28.5, 23.2 ppm. 
HRMS (ESI, m/z): [M+Na]+ = calcd. For C7H13O3SNa+ : 199.03994, found: 199.03999 

 

 1,1-Dimethylethyl-4-((methylsulfonyl)oxy)piperidine-1-carboxylate (3e) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), triethylamine (1.5 mL, 10.6 mmol, 3 equiv.) and 1-Boc-4-hydroxypiperidine (7.08 mmol, 1.4 g, 

2 equiv.) were employed. The electrolysis was carried out using 3 F. After purification by column chromatography (cyclohexane/ethyl 

acetate = 9/1 → 6/4), the desired product 3e (331 mg, 1.18 mmol, 67%) was obtained as an off-white solid. 

 

 
1H NMR (400 MHz, CDCl3) δ = 4.88 (tt, J = 7.8, 3.8 Hz, 1H, 2-H), 3.70 (ddd, J = 13.8, 7.0, 4.0 Hz, 2H, 3-
H), 3.30 (ddd, J = 13.7, 8.1, 3.8 Hz, 2H, 5-H), 3.03 (s, 3H, 1-H), 1.96 (ddt, J = 10.9, 7.3, 3.9 Hz, 2H, 4-H), 
1.81 (dtd, J = 12.3, 7.9, 4.0 Hz, 2H, 6-H), 1.46 (s, 9H, 7-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 154.7, 80.1, 77.8, 39.0, 31.8, 28.5 ppm. 
This NMR data agrees with the data previously reported in literature.14 

 

 

 

 Methyl (S)-2-((methylsulfonyl)oxy)propanoate (3f) 

According to GP1, methanesulfonic acid (MsOH) (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), triethylamine (1.5 mL, 10.6 mmol, 3 equiv.) and (–)methyl ʟ-lactate (7.08 mmol, 0.74 mL, 2 equiv.) 

were employed. The electrolysis was carried out using 3 F. After purification by column chromatography (cyclohexane/ethyl acetate 

= 9/1 → 8/2), the desired product 3f (201 mg, 1.11 mmol, 63%) was obtained as a clear oil. 

 

 
1H NMR (400 MHz, CDCl3) δ = 5.14 (q, J = 7.0 Hz, 1H, 3-H), 3.80 (s, 3H, 4-H), 3.15 (s, 3H, 1-H), 1.62 (d, J = 7.0 Hz, 
3H, 2-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 170.1, 74.2, 53.0, 39.3, 18.5 ppm.  
This NMR data agrees with the data previously reported in literature.15 

 

 1-(Phenylsulfonyl)pyrrolidine (4a) 

According to GP1, benzenesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) (180 mg, 

0.5 mmol, 0.15 equiv.), and pyrrolidine (17.7 mmol, 1.5 mL, 5 equiv.) were employed. The electrolysis was carried out using 3 F. After 

purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4a (82 mg, 0.39 mmol, 22%) 

was obtained as a pale yellow viscous foam. 

500



 

S17 

 

 

 

 
1H NMR (400 MHz, CDCl3) δ = 7.87 – 7.81 (m, 2H, 1-H), 7.64 – 7.57 (m, 1H, 3-H), 7.56 – 7.49 (m, 2H, 2-
H), 3.31 – 3.19 (m, 4H, 4-H), 1.82 – 1.70 (m, 4H, 5-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 137.1, 132.7, 129.1, 127.6, 48.1, 25.4 ppm. 
This NMR data agrees with the data previously reported in literature.6,8,16 

 1-Tosyl pyrrolidine (4b) 

According to GP1, p-toluensulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) (180 mg, 

0.5 mmol, 0.15 equiv.), and pyrrolidine (17.7 mmol, 1.5 mL, 5 equiv.) were employed. The electrolysis was carried out using 3 F. After 

purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4b (31 mg, 0.14 mmol, 8%) was 

obtained as a pale yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ = 7.72 (d, J = 8.3 Hz, 2H, 3-H), 7.32 (d, J = 8.0 Hz, 2H, 2-H), 3.29 – 3.18 (m, 

4H, 4-H), 2.43 (s, 3H, 1-H), 1.80 – 1.70 (m, 4H, 5-H) ppm. 
13C NMR couldn’t be measured because of the low quantity resulted in bad signal to noise ration in the 

spectrum 

This NMR data agrees with the data previously reported in literature.6,17 

 

 1-((4-Bromophenyl)sulfonyl)pyrrolidine (4c) 

According to GP1, 4-bromobenzenesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and pyrrolidine (17.7 mmol, 1.5 mL, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4c (56 mg, 0.19 mmol, 

11%) was obtained as a brown oil. 

 
1H NMR (400 MHz, CDCl3) δ = 7.72 – 7.60 (m, 4H, Ar-H), 3.27 – 3.16 (m, 4H, 1-H), 1.82 – 1.69 (m, 4H, 2-
H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 136.1, 132.4, 129.0, 127.6, 48.0, 25.3 ppm. 
This NMR data agrees with the data previously reported in literature.6,8 

 

 1-((4-Chlorophenyl)sulfonyl)pyrrolidine (4d) 

According to GP1, 4-chlorobenzenesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and pyrrolidine (17.7 mmol, 1.5 mL, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4d (65 mg, 0.26 mmol, 

15%) was obtained as a pale yellow oil. 

 

 
1H NMR (400 MHz, CDCl3) δ = 7.81 – 7.74 (m, 2H, 2-H), 7.54 – 7.48 (m, 2H, 1-H), 3.30 – 3.19 (m, 4H, 3-
H), 1.85 – 1.72 (m, 4H, 4-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 139.2, 135.7, 129.5, 129.0, 48.1, 25.4 ppm. 
This NMR data agrees with the data previously reported in literature.6,8 

 

 1-((4-Methoxyphenyl)sulfonyl)pyrrolidine (4e) 

According to GP1, 4-methoxybenzenesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and pyrrolidine (17.7 mmol, 1.5 mL, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4e (123 mg, 

0.51 mmol, 29%) was obtained as a pale yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ = 7.84 – 7.75 (m, 2H, 3-H), 7.06 – 6.97 (m, 2H, 2-H), 3.90 (s, 3H, 1-H), 3.34 
– 3.18 (m, 4H, 4-H), 1.86 – 1.72 (m, 4H, 5-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 162.9, 129.6, 128.8, 114.1, 55.6, 47.9, 25.2 ppm. 
This NMR data agrees with the data previously reported in literature.18 
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 N-Phenyl ethanesulfonamide (4f) 

According to GP1, ethanesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) (180 mg, 

0.5 mmol, 0.15 equiv.), and aniline (17.7 mmol, 1.6 mL, 5 equiv.) were employed. The electrolysis was carried out using 3 F. After 

purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 7/3), the desired product 4f (199 mg, 1.08 mmol, 61%) 

was obtained as a colorless viscous oil. 

 

 
1H NMR (400 MHz, CDCl3) δ = 7.41 – 7.33 (m, 2H, 3-H), 7.30 – 7.22 (m, 2H, 4-H), 7.19 (td, J = 7.3, 1.2 Hz, 
1H, 5-H), 6.82 (s, 1H, 6-H), 3.16 (q, J = 7.4 Hz, 2H, 2-H), 1.40 (t, J = 7.4 Hz, 3H, 1-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 137.0, 129.8, 125.3, 120.6, 46.0, 8.3 ppm. 
This NMR data agrees with the data previously reported in literature.19 

 

 

 N-Phenyl propanesulfonamide (4g) 

According to GP1, propanesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) (180 mg, 

0.5 mmol, 0.15 equiv.), and aniline (17.7 mmol, 1.6 mL, 5 equiv.) were employed. The electrolysis was carried out using 3 F. After 

purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4g (193 mg, 0.97 mmol, 55%) 

was obtained as a yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ = 7.27 (dd, J = 8.5, 7.3 Hz, 2H, 5-H), 7.18 – 7.02 (m, 3H, 6-7-H), 6.69 (s, 
1H, 4-H), 3.08 – 2.93 (m, 2H, 3-H), 1.88 – 1.71 (m, 2H, 2-H), 0.95 (t, J = 7.4 Hz, 3H, 1-H) ppm. 

This NMR data agrees with the data previously reported in literature.20 
13C{1H} NMR (101 MHz, CDCl3) δ = 136.9, 129.7, 125.1, 120.4, 53.4, 17.3, 12.9 ppm. 

 

 N-Phenyl-2,2,2-trifluoroethanesulfonamide (4h) 

According to GP1, 2,2,2-trifluoroethanesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and aniline (17.7 mmol, 1.6 mL, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4h (215 mg, 

0.90 mmol, 51%) was obtained as a colorless oil. 

 

 
1H NMR (400 MHz, CDCl3) δ = 7.33 (dd, J = 8.7, 7.0 Hz, 2H, 2-H), 7.20 (ddd, J = 8.4, 7.3, 2.0 Hz, 3H, 3-4-
H), 6.74 (s, 1H, 5-H), 3.73 (q, J = 8.9 Hz, 2H, 1-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 134.9, 129.8, 126.5, 122.6, 121.7, 119.8, 52.3, 52.0, 51.7, 51.3 ppm. 
19F NMR (376 MHz, CDCl3) δ = -62.27 ppm. 

HRMS (ESI, m/z): [M+H]+ = calcd. For C8H9F3NO2S+ : 240.0301, found: 240.0304 

 

 4-Cyano-N-phenylbenzenesulfonamide (4i) 

According to GP1, 4-cyanobenzenesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) 

(180 mg, 0.5 mmol, 0.15 equiv.), and aniline (17.7 mmol, 1.6 mL, 5 equiv.) were employed. The electrolysis was carried out using 

3 F. After purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4i (100 mg, 0.39 mmol, 

22%) was obtained as an off-white foam. 

 

 
1H NMR (400 MHz, CDCl3) δ = 7.84 – 7.74 (m, 2H, 2-H), 7.66 (d, J = 8.5 Hz, 2H, 1-H), 7.20 (dd, J = 
6.7, 1.4 Hz, 2H, 4-H), 7.16 – 7.07 (m, 1H, 6-H), 7.03 – 6.96 (m, 2H, 5-H), 6.78 (s, 1H, 3-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 143.3, 135.5, 133.0, 129.8, 128.0, 126.6, 122.5, 117.3, 116.9 
ppm. 
This NMR data agrees with the data previously reported in literature.21 

 N-Phenyl 1-methylethanesulfonamide (4j) 

According to GP1, isopropanesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) (180 mg, 

0.5 mmol, 0.15 equiv.), and aniline (17.7 mmol, 1.6 mL, 5 equiv.) were employed. The electrolysis was carried out using 3 F. After 

purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4j (225 mg, 1.13 mmol, 64%) 

was obtained as a yellow oil. 
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1H NMR (400 MHz, CDCl3) δ = 7.30 – 7.23 (m, 2H, 4-H), 7.18 – 7.12 (m, 2H, 5-H), 7.09 (td, J = 7.3, 1.3 Hz, 
1H, 6-H), 3.23 (hept, J = 6.8 Hz, 1H, 2-H), 1.33 (d, J = 6.9 Hz, 6H, 1-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 137.0, 129.7, 125.0, 120.3, 52.5, 16.5 ppm. 
This NMR data agrees with the data previously reported in literature.22 

 

 N-Phenyl phenylmethanesulfonamide (4k) 

According to GP1, phenylmethanesulfonic acid (340 mg, 3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate (NBu4SCN) (180 mg, 

0.5 mmol, 0.15 equiv.), and aniline (17.7 mmol, 1.6 mL, 5 equiv.) were employed. The electrolysis was carried out using 3 F. After 

purification by column chromatography (cyclohexane/ethyl acetate = 9/1 → 6/4), the desired product 4k (65 mg, 0.26 mmol, 15%) 

was obtained as a dark oil. 

 
1H NMR (400 MHz, CDCl3) δ = 7.37 (ddd, J = 7.2, 5.0, 3.8 Hz, 5H, Ar-H), 7.31 – 7.24 (m, 2H, Ar-H), 
7.23 – 7.14 (m, 3H, Ar-H), 6.60 – 6.46 (m, 1H, 2-H), 4.35 (s, 2H, 1-H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ = 137.1, 131.0, 129.8, 129.1, 129.0, 128. 7, 125.0, 120.0, 57.6, 
27.1 ppm. 
This NMR data agrees with the data previously reported in literature.23 

 

 Limitations of the Scope/Unsuccessful Substrates  

The following substrates were also employed, but the desired products could not be isolated in sufficient quantities.  

 

 

 
 

Figure S7 : Unsuccessful substrates. 
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Figure S8: Proposed mechanism and 1H-NMR spectrum of the ipso-substitution side products. 
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NMR Spectra 

 

 
Figure S9: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2a. 

 

 

 
Figure S10: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 2a. 
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Figure S11: 1H NMR spectrum (400 MHz, 25 °C, DMSO-d6) of 2b. 

 

 

 
Figure S12: 13C{1H} NMR spectrum (101 MHz, 25 °C, DMSO-d6) of 2b. 
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Figure S13: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2c. 

 

 

 
 

Figure S14: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 2c. 
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Figure S15: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2d. 

 

 

 
Figure S16: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 2d. 
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Figure S17: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2e. 

 

 

 
Figure S18: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 2e. 
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Figure S19: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2f. 

 

 

 
Figure S20: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 2f. 
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Figure S21: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2g. 

 

 

 
Figure S22: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 2g. 
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Figure S23: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 3a. 

 

 

 
 

Figure S24: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 3a. 
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Figure S25: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 3b. 

 

 

 
Figure S26: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 3b. 
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Figure S27: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 3c. 

 

 

 
Figure S28: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 3c. 
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Figure S29: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 3d. 

 

 

 
Figure S30: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 3d. 
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Figure S31: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 3e. 

 

 

 
Figure S32: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 3e. 
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Figure S33: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 3f. 

 

 

 
Figure S34: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 3f. 
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Figure S35: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4a. 

 

 

 
Figure S36: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4a. 
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Figure S37: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4b. 

 

 

 
Figure S38: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4c. 
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Figure S39: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4c. 

 

 

 
Figure S40: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4d. 
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Figure S41: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4d. 

 

 

 
Figure S42: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4e. 
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Figure S43: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4e. 

 

 

 
Figure S44: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4f. 
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Figure S45: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4f. 

 

 

 
Figure S46: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4g. 
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Figure S47: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4g. 

 

 

 
Figure S48: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4h. 
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Figure S49: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4h. 

 

 

 
Figure S50: 19F NMR (376 MHz, 25 °C, CDCl3) of 4h. 
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Figure S51: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4i. 

 

 

 
Figure S52: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4i. 
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Figure S53: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4j. 

 

 

 
Figure S54: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4j. 
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Figure S55: 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 4k. 

 

 

 
Figure S56: 13C{1H} NMR spectrum (101 MHz, 25 °C, CDCl3) of 4k. 
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Mass Spectra 

 
Figure S57: Mass Spectrum of product 2g. 

 

 

 
Figure S58: Mass Spectrum of product 3d. 
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Radical Trapping Experiment 

 

Procedure: 

The reaction was carried out using the undivided Teflon™ cells with a PTFE lid including the anode and a cathode as described in the 

General procedure GP2. 

 

Electrolyte: An undivided Teflon™ cell is filled with methanesulfonic acid (3.54 mmol, 1 equiv.), tetrabutylammonium thiocyanate 

(0.5 mmol, 0.15 equiv.), 2,2,6,6-Tetramethylpiperidinyloxyl (TEMPO, 1.77 mmol, 1 equiv.) and acetonitrile (5 mL). 

 

The lid including the electrodes is attached to the cell, the electric current and amount of applied charge are set to 172 mA (75 mA 

cm-2), 3 F and the electrolysis was carried out at room temperature under constant stirring (900 rpm). After completion, the reaction 

mixture has been analyzed via GC-MS. No species other than TEMPO itself could be observed. 

 

Figure S59: Result of the radical trapping experiment with TEMPO: No species other than TEMPO could be observed in GCMS. 
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