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Abstract 

The aim of this dissertation was the electrochemical synthesis of various heterocycles featuring an 

endocyclic or exocyclic N,O-bond. The conventional synthesis of these motifs is usually carried out using 

equimolar amounts of redox-active and hazardous reagents via multistep processes, resulting in a poor 

atom economy and large amounts of waste. Organic electrosynthesis provides a modern methodology 

that can avoid the use of over-stoichiometric amounts of reagents and consequently diminish the 

amount of waste generated. Furthermore, the use of carbon-based electrodes and green solvents 

allows for a sustainable process design. Isoxazolines and isoxazoles were prepared from easily 

accessible aldoximes in a homogeneous or biphasic system. Conversion of the aldoximes to the 

corresponding nitrile oxides was achieved in-situ, either via direct anodic oxidation or by application of 

simple alkali halides as mediators. Subsequent (3+2) cycloaddition with a dipolarophile yields the 

targeted isoxazolines and isoxazoles. The sustainability of this methodology was demonstrated in the 

single-phase system by recovery of the solvent. The intrinsically sustainable nature of the biphasic 

system was demonstrated by a highly simplified purification procedure and the recovery of the 

dipolarophile used in excess. 

The selective reduction of nitro arenes and subsequent cyclo-condensation allows for the selective 

synthesis of heterocycles with corresponding exocyclic N,O-bond. This method was used to synthesize 

quinoline N-oxides and 4-hydroxybenz-1,4-oxazinones. Furthermore, the 1-hydroxyquinazolin-4-ones 

and the 4-hydroxybenzo-1,2,4-thiadiazine-1,1-dioxides, which have not yet been reported in literature, 

were obtained analogously. The significance of this process was underlined by a broad scope. The 

applicability of this versatile tool in organic synthesis was demonstrated for each of these structural 

motifs on gram scale. Moreover, the reaction mechanism of the reduction of nitro arenes with 

subsequent cyclo-condensation was investigated using cyclic voltammetry. Compared to conventional 

reductions of nitro groups, neither stoichiometric amounts of reducing agents nor the use of precious 

transition metal catalysts were required. Moreover, the application of carbon-based electrodes and 

green solvents contributed further to fulfilling the principles of green chemistry. 
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Kurzzusammenfassung 
 

Das Ziel der vorliegenden Dissertation war die elektrochemische Synthese verschiedenster 

Heterozyklen, welche über eine endozyklische oder exozyklische N,O-Bindung verfügen. Die 

konventionelle Synthese dieser Strukturmotive erfolgt zumeist unter Verwendung äquimolarer 

Mengen redox-aktiver und gefährlicher Reagenzien über mehrstufigen Prozesse, was in einer geringen 

Atomökonomie und großen Abfallmengen resultiert. Die organische Elektrosynthese liefert der 

modernen, organischen Chemie eine wichtige Methodik, welche die Nutzung überstöchiometrischer 

Mengen an Reagenzien vermeiden kann und in Folge die Abfallmengen verringert. Weiterhin erlaubt 

die Verwendung von kohlenstoffbasierten Elektroden und grünen Lösungsmitteln eine nachhaltige 

Prozessführung. 

Isoxazoline und Isoxazole wurden im Zuge dessen ausgehend von leicht zugänglichen Aldoximen in 

einem einphasigen oder einem zweiphasigen Verfahren dargestellt. Die Umsetzung der Aldoxime zu 

den entsprechenden Nitriloxiden erfolgte in situ, entweder durch direkte anodische Oxidation oder 

durch Verwendung einfacher Alkalihalogenide als Mediatoren. Das Nitriloxid reagiert anschließend in 

einer (3+2) Cycloaddition mit einem Dipolarophil zu den entsprechenden Isoxazolinen und Isoxazolen. 

Die Nachhaltigkeit dieser Methodik wurde im einphasigen System mittels der Wiedergewinnung des 

Lösungsmittels gezeigt. Die intrinsisch nachhaltige Natur des zweiphasigen Systems wurde durch ein 

stark vereinfachtes Aufreinigungsverfahren und Wiedergewinnen des Dipolarophils demonstriert. 

Die selektive Reduktion von Nitroaromaten und anschließende Cyclokondensation erlaubt die gezielte 

Synthese von Heterozyklen mit entsprechender exozyklischen N,O-Bindung. Diese Methodik wurde zur 

Synthese der literaturbekannten Chinolin-N-oxide und 4-Hydroxybenz-1,4-oxazinone genutzt. 

Weiterhin wurden die literaturunbekannten 1-Hydroxychinazolin-4-one und die 4-Hydroxybenzo-1,2,4-

thiadiazin-1,1-dioxide analog erhalten. Die Vielseitigkeit dieses Verfahrens wurde durch ein breites 

Produktspektrum demonstriert. Die Anwendbarkeit als Werkzeug in der organischen Synthese wurde 

für jedes dieser Strukturmotive im Gramm-Maßstab gezeigt. Zudem wurden mechanistische Studien 

zur Reduktion von Nitroaromaten mit anschließender Cyclokondensation mit Hilfe der 

Cyclovoltammetrie durchgeführt. Verglichen mit herkömmlichen Reduktionen von Nitrogruppen, 

kamen weder stöchiometrische Mengen von Reduktionsmittel noch die Verwendung von 

kostenintensiven Übergangsmetall-katalysatoren zum Einsatz. Zudem zeichnen sich die entwickelten 

Synthesestrategien durch die Nutzung von kohlenstoffbasierten Elektroden und grünen Lösungsmitteln 

aus, wodurch weitere Aspekte der grünen Chemie erfüllt wurden. 
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1 Introduction 

1.1 Electrochemistry as a Sustainable Key Technology 

As society is facing a global environmental crisis, sustainability became a crucial aspect and a major 

challenge for modern chemical process development.[1] To circumvent the use of hazardous chemicals, 

scarce resources, and inefficient processes the application of efficient and environmentally friendly 

technologies must be ensured. Furthermore, questionable supply chains in the manufacturing of 

everyday products must be avoided.[2,3] The goals of modern and sustainable chemistry have been 

summarized by P. Anastas and N. Eghbali as the 12 principles of Green Chemistry.[4] 

 

Figure 1: Contribution of electrochemistry to sustainable synthesis. 

Electrochemical transformations fulfill aspects of these twelve principles and enable the development 

of innovative and sustainable supply chains to produce key chemicals (Figure 1).[5,6] Typically, traditional 

chemical processes use hazardous chemicals, equimolar amounts of redox-active reagents, and 

generate large amounts of waste.[7,8] In addition, these strategies often require multi-step processes. 

Electricity generated from renewable energy sources, as an inherently safe reagent, can serve as a 

surrogate for classical redox-active reagents, providing a clean alternative that avoids large amounts of 

waste and hazardous chemicals.[5,9–12] Moreover, electrochemistry can allow for synthetic shortcuts, 

enabling selective access to highly functionalized products.[13] Reactive intermediates are generated 

in-situ, bypassing their handling, and making the production of several products less harmful to humans 

and the environment. Therefore, electro-organic synthesis can be considered as an important tool for 

the design of modern and sustainable industrial processes.[14,15–17] 
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1.2 The History of Electro-organic Synthesis: From Lab-Scale to 

Industry 

Electrochemical transformations have been investigated for several decades and the interest in the 

field of electro-organic synthesis continues growing (Scheme 1).[18] Organic electrosynthesis is based 

on the principles of electrolysis established by M. Faraday in 1834.[19] The first electro-organic synthesis 

was reported by H. Kolbe in 1848,[20] describing the decarboxylative coupling of alkali carboxylates to 

the corresponding alkanes by anodic oxidation.[21] In 1898, F. Haber established a simple protocol for 

the conversion of nitrobenzene to phenylhydroxylamine and related products.[22] The basis for the 

modern analysis of redox systems was developed by J. Heyroský during his research targeting the 

development of the polarography in 1922.[23] 

 

Scheme 1: The history of the electro-organic synthesis. Adapted with permission from [24]. Copyright 2021 American Chemical 
Society. 

J. H. Simons published the first fluorination of functionalized hydrocarbons in 1949 using hydrogen 

fluoride.[25] The reduction of nitro arenes by H. Lund resulted in the first electrochemical synthesis of 

quinoline N-oxides in 1969.[26] The anodic functionalization of amines was established by T. Shono in 

1981 allowing for C–C bond formation in the α-position.[27] In 1986, E. Steckhan described the concept 

of indirect electro-organic synthesis, which uses a mediator acting as a redox-active platform in the 

transformation of compounds.[28] In the late 1980’s the anodic oxidation of alkenes and subsequent 

cyclization was achieved by Moeller et al. and allowed for a direct C–C bond formation.[29] The oxidative 

generation of carbocations at low temperatures, first described in 1999 by J. Yoshida, represents a 

unique technique for the functionalization of amides.[30] The direct anodic arene coupling described by 

S. R. Waldvogel and the decarboxylative coupling using redox-active esters developed by P. S. Baran 

contributed to modern methods in the electrochemical C–C bond formation in the early 2010’s.[31] The 

application of O-centered radicals like TEMPO in oxidations was further described by S. Stahl in the late 

2010’s.[32,33] Electrocatalytic C–H activation by transition metals established by Ackermann et al. is a 

rising field of interest and allows for a wide range of late-stage functionalization in complex 

molecules.[33] 
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1.2.2 Electrode Materials and Modes of Operation 

Overall, practicality is an important aspect to consider when choosing an electrode material. It should 

be easily accessible, inexpensive and ideally non-toxic to prevent product contamination with toxic 

residues. Furthermore, a suitable electrode material should enable highly selective and efficient 

synthetic transformations.[48,49] 

 

Scheme 4: Electrode materials sorted by their potential for hydrogen evolution reaction or oxygen evolution reaction. Adapted 
from [49]; Copyright 2020 Wiley-VCH GmbH, Weinheim. 

The overpotential of an electrochemical reaction describes the potential difference of the 

thermodynamic redox potential and the experimentally determined potential. This overpotential can 

be described as a sum of individual potentials of the microscopic and macroscopic reaction processes.[50] 

The electron transfer from/to the electrode to/from a substrate or mediator occurs as a heterogeneous 

process resulting in a large influence of the electrode material on the outcome of the reaction.[49] The 

electrode materials can be sorted according to their overpotential for oxygen evolution (OER) and 

hydrogen evolution (HER) (Scheme 4). For setting up an electrochemical reaction, it is crucial to select 

electrode materials that match with the targeted reactivities. For example, to perform an 

electrochemical reduction of a substrate, the employed cathode material should feature a high 

overpotential for HER. Considering the overpotential for hydrogen evolution, the most used electrode 

materials for reductive electrochemical reactions are carbon-based, such as glassy carbon or boron-

doped diamond and metals like mercury or lead. The high overpotential for hydrogen evolution of lead 

or mercury as electrode material is often used for electrochemical reduction reactions or 

polarography.[51,52] Since mercury affects the environment negatively and is highly toxic, the use as 

electrode material must be avoided.[51,52] The slightly decreased toxicity and low price of lead makes it 

ideal for electrochemical reductions as shown in many examples.[53] The corrosion of lead electrodes 

could be inhibited by the addition of organic diammonium salts which also serve as supporting 

electrolyte.[54] The low mechanical stability of lead can be circumvented by using leaded bronzes which 

are commonly alloys of lead, copper and tin in different ratios.[55] The applicability of leaded bronzes as 

lead surrogate was demonstrated for example on electrochemical dehalogenation and carbon dioxide 
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reduction.[56,57] However, complete avoidance of trace metal contamination of the product should be 

considered when choosing a suitable electrode material.[49] Carbon-based electrode materials like 

graphite, glassy carbon (GC) or boron-doped diamond (BDD) allow for an omission of trace metal 

contamination enhancing the sustainability of electrochemical transformations.[58–60] The simplest 

carbon-based material is graphite. It features a wide potential window, is chemically nearly inert and 

low in cost.[58,61]. The carbon atoms in glassy carbon are almost all sp2-hybridized, contributing to the 

unique properties of this material.[62] Additionally, the surface of glassy carbon can be further 

functionalized to modify the electrochemical properties.[63] Diamond is a carbon allotrope of high 

robustness, thermally conductive and an electrical insulator.[64] However, the electrical properties of 

diamond can be modified by doping with boron or nitrogen. The incorporation of boron results in boron-

doped diamond (BDD), which exhibits excellent electrochemical properties and chemical resistance.[59] 

Based on these outstanding attributes of BDD it is used as electrode material in waste-water treatment 

and electro-organic synthesis.[65] Furthermore, boron-doped diamond electrodes are manufactured by 

chemical vapor deposition of methane and diborane on a support material like silicon, niobium or 

titanium.[59] Using methane generated from environmentally friendly sources like bio-gas contributes to 

the sustainability of BDD. 

 

Scheme 5: Modes of operation of electrodes in organic electrosynthesis: A inert electrode, B active electrode or C mediated 
electrolysis.[43] 

The choice of the ideal electrode material further depends on the mode of operation it is intended to 

be used in. The simplest mode of operation is the inert electrode, enabling a heterogeneous electron 

transfer to the substrate (Scheme 5, A). Therefore, the outcome of the reaction is solely dependent on 

the electrode potential.[10,43] The formation of an electro-catalytic layer on the surface of the electrode 

is described as an active electrode (Scheme 5, B).[43] The active species of this layer is formed and 

regenerated in-situ and is less dependent on the applied potential. Prominent examples of active 

electrodes are nickel oxide hydroxide on nickel in alkaline systems used in various oxidation reactions, 

molybdenum anodes in fluorinated alcohols for various aryl-aryl couplings and lead dioxide on lead in 

acidic media for the treatment of waste water.[66] Indirect electrolysis involves activation of a redox 

mediator at the electrode, which then reacts with the substrate (Scheme 5, C).[43] The mediator is 

regenerated at the electrode, enabling its use in catalytic amount. This method offers increased 

selectivity and milder electrolysis conditions by using narrower potential windows. Prominent examples 

are the TEMPO-mediated alcohol oxidations.[67] 
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1.2.3 Types of Electrolysis Cells 

 

Figure 2: Different cell types used in organic electrosynthesis from left to right: undivided set-up (A), quasi-divided set-up (B) 
and divided set-up (C).[43,44,46,68] 

Besides the impact of the electrode material on the overall reaction the cell set-up can be crucial for 

electrochemical transformations.[43] The undivided set-up represents the simplest electrolytic cell 

(Figure 2, A).[43,44,46,68] Anodic oxidation and cathodic reduction occur in one single compartment. In 

some cases, the missing separation of the anodic and cathodic reaction might result in undesired side 

reactions. This requires the separation of the anodic and cathodic reaction to suppress overoxidation or 

-reduction of the product. One possibility to circumvent side reactions while maintaining the undivided 

set-up is the quasi-divided approach (Figure 2, B).[43,44,46,68] Application of a wire or rod as counter 

electrode results in a tremendously decreased electrode surface area. Thus, the diffusion to the 

electrode, and therefore the conversion, is limited to highly mobile and concentrated species such as 

solvents.[16,43,44,46,68] Strict separation of anodic oxidation and the cathodic reduction can be achieved  in 

a divided cell.[16,43,44,46,68] These electrolytic cells, often described as H-type cells, provide compartment 

separation by a separator material. The most common separators are porous ceramics and glass or 

polymeric and functionalized materials.[16,43,44,46,68] In general, porous materials made of glass or 

ceramics inhibit the mixing of the catholyte and the anolyte on a short time scale. However, the 

electrochemical reaction requires the transport of ions between the two compartments, causing the 

transfer of some substrate and product as a result of a concentration gradient.[16,43,44,46,68] The 

application of functionalized membrane materials like Nafion™ can bypass the undesired transfer of 

species due to their ion specific permeability.[16,43,44,46,68] A major drawback of the divided cell set-up is 

the higher complexity of the system and the increased cell voltage as a result of the higher 

resistance.[16,43,44,46,68] 
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1.2.4 Electrosynthesis in Biphasic Systems 

Most electrochemical transformations are performed in a homogeneous system where all reactants 

are dissolved in a corresponding solvent (mixture). However, these reactions are lacking selectivity in 

some cases. Furthermore, the downstream processing of the reaction mixtures in organic 

electrosynthesis is a main challenge for developing sustainable methods.[3,5,7,12,13,17] As most of the 

electrochemical conversions involve the use of supporting electrolytes or other additives, an effective 

work-up procedure is mandatory for recycling the majority of components added to the reaction.[69] 

Performing electrolytic conversions in biphasic solvent systems can address these challenges of 

electrochemical synthesis in an elegant way.[70,71] 

 

Figure 3: Principle of electrochemical reactions in a biphasic system: A thermo-responsive solvent mixture or B biphasic 
reaction at the interphase.[71–75,76,77,78] 

One example of an efficient biphasic system involves the extraction of fluorinated products from the 

organic reaction mixture by application of highly fluorinated solvents.[79] This synthetic strategy was 

employed in several syntheses of heterocycles, their functionalization and amide coupling reactions.[80] 

However, due to the negative environmental impact of perfluorinated compounds their application is 

limited.[81] The thermo-responsive properties of an acetonitrile-cyclohexane mixture enables a unique 

technique which improves the downstream processing of several electrochemical reactions drastically 

(Figure 3, A).[82] While supporting electrolytes are commonly soluble in polar solvents like acetonitrile, 

apolar substrates or products exhibit an increased solubility in apolar solvents like cyclohexane. To 

increase the conductivity of this system, the reaction mixture is heated to form a homogeneous system. 

After the electrolysis, cooling results in phase separation. The product can be easily obtained from the 

cyclohexane layer while the polar acetonitrile layer can be recycled.[73] The applicability of this method 

was demonstrated on a broad variety of electrochemical synthesis like peptide couplings, oxidative 

carbon-carbon bond formations and sulfide modifications.[72,74,75,78] Furthermore, adapting this concept 

for the commonly used Kolbe Electrolysis could resolve some major issues like the passivation of the 

electrode surface or the low conductivity of non-aqueous reaction mixtures.[77] 
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function theory (DFT) (Scheme 17, D). Application of a quaternary ammonium halide salt as mediator 

proved crucial for achieving satisfactory yield. Moreover, HFIP as additive promoted the reaction 

drastically due to its radical stabilizing properties.[136] 

Overall, several protocols for the electrochemical synthesis of isoxazolines and isoxazoles have been 

established. However, most of these protocols use highly complex starting materials or  

could only be give access to a limited scope of isoxazolines or isoxazoles 40. Furthermore, the 

downstream processing of a synthetic protocol needs to be taken into account for scale-up, 

necessitating improvement on the overall set-ups chosen to ensure applicability on technically-relevant 

scale.[140] 
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3 Results and Discussion 

3.1 Electrochemically Initiated 1,3-Dipolar Cycloaddition for the 

Synthesis of Isoxazol(in)es 

3.1.1 1,3-Dipolar Cycloaddition Initiated by Direct Anodic Oxidation of 

Aldoximes 

 
A manuscript was published on this chapter: 

 
 

 Electrochemical Synthesis of Isoxazoles and Isoxazolines via Anodic Oxidation of Oximes, 
ChemElectroChem 2023, 10, e202300434. 
 

 

 
 
 
 
 

 
 

 

Isoxazolines and isoxazoles are widely found in herbicides, pharmaceuticals and functional 

materials.[112,118] Consequently, access to these compounds is of high interest in the field of modern 

organic chemistry. The conventional synthesis often involves a two-step process involving the 

conversion of easily accessible aldoximes to nitrile oxides and subsequent reaction with alkenes or 

alkynes to form the desired isoxazol(in)es. However, this approach uses equimolar amounts of 

hazardous reagents and often harsh reaction conditions.[121–132] Thus, a direct anodic oxidation of 

aldoximes followed by subsequent 1,3-dipolar cycloaddition was targeted based on previous reported 

results. Shono et al. demonstrated the halide-mediated synthesis of nitriles starting from aldoximes by 

anodic oxidation under constant current conditions. To proof the hypothesized formation of nitrile 

oxides as intermediates, styrene was added to the electrolysis as a trapping agent to obtain two 

isoxazolines in poor to moderate yields. Recently, Reid et al. utilized this approach and established a 

protocol for the chloride-mediated synthesis of isoxazolines. Waldvogel et al. developed a halide-free 

domino reaction sequence for the synthesis of nitriles starting from aldoximes.[133,138] Based on these 

results, an approach for the selective and synthesis of isoxazoles and isoxazolines via direct, anodic 

oxidation of aldoximes was envisioned. 
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3.1.2 Iodide-mediated Synthesis of Isoxazol(in)e carboxylates in a Biphasic 

System 

 
A manuscript was published on this chapter: 

 
    

 Biphasic Electrosynthesis of 2-Isoxazol(in)e-3-carboxylates: Reaction 
Optimization from Milli- to Hectogram-Scale, ACS Sustainable Chem. Eng. 2024, 12, 11369–11376. 
 

 

 
 
 
 

 
 
‡The authors contributed equally. 
 

 

The direct electrolytic protocol for the synthesis of isoxazolines was challenging, as only an ex-cell 

approach worked out due to side reactions of the alkenes during electrolysis. To circumvent this 

problem, a biphasic and halide-mediated approach was chosen. This method was previously 

successfully employed in the synthesis of pyrazolines, allowing for application of even highly sensitive 

alkenes in the electrolysis. It was envisioned to extend the protocol to the synthesis of various 

isoxazoline-3-carboxylates, since they are a well-established scaffold in agro-chemicals such as 

Isoxadifen-Ethyl.[112,118] The initial optimization was performed by using ethyl 2-(hydroxyimino)acetate 

87b as test substrate and styrene as dipolarophile in an ethyl acetate:water mixture. Sodium iodide was 

used as mediator in combination with inexpensive and readily available graphite electrodes. The 

current density, the amount of applied charge and the equivalents of dipolarophile were subject to 

optimization by DoE. However, the yield of the corresponding isoxazoline 88b did not exceed 31%. The 

low lipophilicity of the ethyl ester 87b potentially caused diffusion of the intermediary formed nitrile 

oxide into the aqueous layer. The decreased interaction of the nitrile oxide with the styrene in the 

organic layer resulted in degradation of the starting material and the observed unsatisfactory yield. By 

employing butyl 2-(hydroxyimino)acetate 87e under the optimized electrolytic conditions the 

corresponding isoxazoline 88e was obtained in 51%. Afterwards the formation of 88e was subject to 

further optimization. Initially, the influence of the solvent system, electrode materials and the halide 

source were re-investigated. This resulted in a 1:1 mixture of methyl-tert-butylether and water as 

solvent system, BDD as electrode material and sodium iodide as halide source. The second optimization 
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scalability of the reaction was investigated using test substrate 88e. The scale up of the reaction was 

investigated on 25 g scale. However, this proofed challenging and yielded 40% yield 88e in the first 

attempt using a bipolar set-up. Surprisingly, complete conversion of the substrate was already observed 

after a reduced amount of applied charge of 2.5 F. In addition, changing the set-up to alternatingly 

polarized electrodes and increasing the inter-electrode gap to 10 mm yielded 82% of the product 88e. 

This corresponds well to the results obtained on 3.44 mmol scale. The majority of unconverted styrene 

could be recovered by a simple distillation, contributing to the method’s efficiency. Scale-up to hecto-

gram scale was achieved in a continuously stirred tank reactor (CSTR) allowing for the synthesis of up 

to 195 g (53%) of the product 88e. The decreased yield in the deca-gram scale could be a result of a 

less efficient emulsification of both layers. Thus, degradation of the starting materials might occur as a 

consequence of inefficient interaction between the organic and the aqueous phase. 

Overall, the developed method enabled access to a broad scope of highly functionalized and novel 

isoxazoline-3-carboxylates 88 in a simple and efficient biphasic system. The sustainability of the method 

was demonstrated by recovering the unconverted styrene from the reaction mixture. The technical 

relevance of the protocol was shown on up to hecto-gram scale. The crude product already exhibited 

high purity after a simple work-up and was further purified by a simple silica filtration.[235] 
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3.2 Cathodic Reduction of Nitro Arenes for the Synthesis of 

Heterocycles with a N,O-Moiety 

3.2.1 Selective Reduction of Nitroaryl-substituted β-Ketoesters for the 

Synthesis of Quinoline N-Oxides 

 
A manuscript was published on this chapter: 

 
, 

Direct Electrochemical Synthesis of 2,3-Disubstituted Quinoline N-oxides by Cathodic Reduction of 
Nitro Arenes, Chem.Eur. J. 2023, 29, e202203319. 
 

 

 
 
 
 
 

 
 

 
Quinolines and quinoline N-oxides are common and important scaffold in natural products, 

pharmaceuticals, and catalysts. The synthesis of quinoline N-oxides often involves a two-step reaction 

sequence by condensation and subsequent oxidation of the obtained quinoline.[150,152–154,158] However, 

this process involves the use of equimolar quantities of redox-active reagents and generates large 

amounts of waste. Lund et al. presented the first potential-controlled protocol for the direct 

electrochemical synthesis of quinoline N-oxides starting from 2-nitrobenzylidene β-ketocarbonyls.[26] 

However the complex electrolysis set-up and the limited scope restricts this protocol’s application in 

modern organic synthesis. Waldvogel et al. developed the first constant current electrosynthesis of 

quinoline N-oxides in a simple undivided set-up. Readily available 2-nitrocinnamaldehydes were used 

as substrates and the corresponding products were obtained in moderate yields.[105] 

Based on these results, a protocol for highly substituted and diverse quinoline N-oxides was envisioned. 

The initial optimization was performed using ethyl (2-nitrobenzyl)acetoacetate (89l) which was 

obtained in a single step from 2-nitrobenzylbromide and ethyl acetoacetate. Based on previous work, 

BDD was chosen as cathode material due to its high overpotential for hydrogen evolution and glassy 

carbon was used as anode.[49,89,100,101,103,105] Sulfuric acid as additive was employed in a dual role as 

supporting electrolyte and catalyst for promoting the cyclo-condensation of the intermediate. A 

current density of 4.1 mA∙cm-2 and methanol as solvent were chosen and the electrolysis was carried 

out in a simple undivided electrolysis set-up. However, a product mixture of the desired quinoline N-
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3.2.2 Direct Reduction of N-Acylbenzamides for the Synthesis of 

1-Hydroxyquinazolin-4-ones 

 
A manuscript was published on this chapter: 

 
    

, Simple and Scalable 
Electrosynthesis of 1H-1-Hydroxy-quinazolin-4-ones, Chem. Sci. 2023, 14, 2669–2675. 
 

 

 
 

   
 
 

 
 
‡The authors contributed equally. 
 

 

Quinazolin-4-ones are a promising scaffold found in natural products and various drugs like the 

blockbuster API Idelalisib or the hypnotic sedative Methaqualone.[167,169–171,173,174,179,180,183,184,187] 

However, the corresponding 1-hydroxyquinazolin-4-ones have been an unexplored class of N,O-

heterocycles so far, that might exhibit similarly interesting pharmaceutical properties. Furthermore, no 

efficient synthetic route for their selective synthesis has been described in literature. Based on previous 

work, it was envisioned that 1-hydroxyquinazolin-3-ones could be obtained via direct cathodic 

reduction of N-acyl-2-nitrobenzamides. Reaction optimization was performed using N-acetyl-2-

nitrobenzamide (91a) which is easily accessible in a single step from 2-nitrobenzamide. Based on 

previous work, the following reaction conditions were chosen for initial investigation: a glassy carbon 

anode and a BDD cathode were used. The application of carbon-based electrodes instead of metal 

electrodes avoids contamination of the final products with trace metal impurities. As reported before, 

sulfuric acid was used in a double role as supporting electrolyte and additive. The solvent system 

consisted of an environmentally benign mixture of methanol and water. The electrolysis was carried 

out in a simple undivided set-up under constant current conditions. The amount of applied charge of 

4 F was based on the theoretically required amount and the current density of 3.7 mA∙cm-2 was used. 

To our delight, product 92a was already isolated in a very good yield of 91% prior to reaction 

optimization. However, attempts to optimize the reaction further, e. g. variation of the supporting 

electrolyte, the solvent or the electrode materials, failed and no improvement could be achieved with 

regards to yield. Nonetheless, glassy carbon as cathode material gave a comparable yield of 90% which 
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0.03 M. Surprisingly, doubling the concentration of 91a to 0.06 M affected the yield of 92a only slightly 

(83%, 2.19 g). Furthermore, it was demonstrated that the use of a less expensive glassy carbon cathode 

on 0.75 mmol scale resulted in a yield of 89% (118 mg) of the desired product 92a compared to 91% 

yield (120 mg) when using a BDD cathode. This allows for an easier scalability of the reaction due to the 

greater availability of glassy carbon compared to BDD. CV studies were conducted to give insides into 

the mechanism of this reaction. The cyclic voltammetry studies supported the hypothesized 

mechanism of a stepwise reduction of the nitro arene, which was also observed for the previous 

electrochemical synthesis of quinoline N-oxides. 

In summary, a simple yet selective protocol for the synthesis of 1-hydroxyquinazolin-4-ones 92 was 

developed. The simplest electrochemical set-up was used in combination with carbon-based electrode 

materials and environmentally benign solvents. The synthesis showed excellent scalability in up to 

multi-gram scale and a broad scope of 27 examples in up to 92% yield was presented. Furthermore, 

the method’s application potential was demonstrated by the synthesis of drug- and natural product 

derivatives.[237] 
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3.2.3 Selective and Scalable Synthesis of the Novel Class of 

4H-4-Hydroxybenzo[e]-1,2,4-thiadiazine-1,1-dioxides 

 
A manuscript was published on this chapter: 

 
     

, Highly Selective, Scalable Electrosynthesis of 4H-4-
Hydroxybenzo[e]-1,2,4-thiadiazine-1,1-dioxides, Cell Rep. Phys. Sci. 2024, 5, 101927. 
 

 

 
 
 

 
 

 
‡The authors contributed equally. 
 

 

Following the synthesis of 1-hydroxyquinazolin-3-ones, it was envisioned that 4-hydroxybenzo[e]-1,2,4-

thiadiazine-1,1-dioxides could be obtained in a similar manner. The corresponding deoxygenated 

benzo[e]-1,2,4-thiadiazine-1,1-dioxides are an established motif found in blockbuster pharmaceuticals 

and drug candidates.[200,201,203,205,206,210,215] However, the 4-hydroxybenzo[e]-1,2,4-thiadiazine-1,1-

dioxides have so far been described only once as a side product.[218] As previously reported, the 

electrochemical reduction of easily accessible nitro arenes offers a sustainable and simple synthetic 

strategy for access to these compounds. The optimization was performed using N-acyl-2-

nitrobenzenesulfonamide 93a in a concentration of 0.03 M, using methanol as solvent and sulfuric acid 

as supporting electrolyte. Based on previous studies, the following initial reaction conditions were 

chosen: A glassy carbon anode and a BDD cathode, a current density of 8.2 mA∙cm-2 and the theoretical 

amount of applied charge of 4 F. Hence, product 94a was obtained in a yield of 36%. The most 

significant increase in yield was achieved while performing the electrolysis in a divided cell, using a 

simple glass frit as separator. Product 94a was obtained in yields of in 71–78% yield at current densities 

of 2.0–10.4 mA∙cm-2. Finally, by using 0.5 M ammonium formate as supporting electrolyte and 1.0 M 

trifluoroacetic acid (TFA) as additive in the cathode compartment, the product 94a was obtained in an 

isolated yield of 97% using a current density of 3.7 mA∙cm-2. The addition of TFA proved crucial for 

promoting the cyclo-condensation, since otherwise solely the intermediary formed hydroxylamine was 

detected by LC-MS. After optimization of the electrolytic conditions, the scope of the reaction was 

investigated (Scheme 32). 
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motifs. An example is difluoromethyl-substituted 94o which was isolated in 43% yield. The low yield 

can be explained by formation of the deacetylated sulfonamide which was detected as the only 

byproduct via LC-MS. When applying conditions A, aryl-substituted derivatives 94q and 94r were only 

converted to the corresponding only hydroxylamines. Nonetheless, the cyclization could be enforced 

by adding 2.0 M TFA to the electrolysis and treating the reaction mixture with microwave radiation post-

electrolysis to obtain the corresponding products 94q and 94r in 34% and 22% yield, respectively. 

However, by applying the electrolytic protocol B using 0.5 M sulfuric acid as supporting electrolyte, the 

products 94q and 94r were isolated in 79% and 85% yield. Access to the corresponding 3-(2-furyl) 

derivative 94t was achieved in the same manner (61% yield), while this compound was not accessible 

by the electrolytic protocol A. Even 94an, bearing a stereocenter was isolated in 68% yield and no 

racemization was observed despite the acidic reaction conditions. 

Next, the impact of the variation of the nitro arene was investigated. The electron-rich derivatives  

94u–w were isolated in 77%–83% yield. Furthermore, the electron-poor halo-substituted compounds 

94x–ad could be obtained in up to 91% yield. Additionally, carbonyl functions 94ae–ag, phosponic acid 

esters 94ah, heterocycles 94ap and 94aq and N-acylsulfonamides 94aj were tolerated and isolated in 

yields of up to 89%, underlining the high selectivity of this electrolytic protocol. 94a and 94z were used 

for studying the scalability towards technically relevant scale. To our delight both products were 

obtained in 92% (94a, 1.76 g) and 91% (94z, 2.01 g) yield. The purification of the crude products was 

achieved by a simple crystallization. To our delight, the outstanding yields could be maintained over a 

wide concentration range from 0.03 M – 0.06 M for the synthesis of 94a, underlining the reaction’s 

robustness. 

A reaction mechanism was proposed based on previous considerations as well as CV-studies. 

Additionally, the effects of different TFA concentrations were investigated, demonstrating a shift 

towards increased positive redox potentials with increasing TFA concentrations promoting the 

reduction of the nitro motif. The corresponding products showed no oxidation or reduction under the 

reaction conditions. A comparison of electrolytic conditions A and B for the synthesis of 94q showed 

that sulfuric acid results in increased positive reduction potentials compared to TFA, which further 

enhances the reduction of the nitro group. 

In summary, a simple and selective electrolytic protocol was developed, granting direct access to the 

novel class of 4-hydroxybenzo[e]-1,2,4-thiadiazine-1,1 dioxides. The method featured a great 

functional group tolerance and allowed for the synthesis of these compounds in up to multi-gram scale. 

Thus, this synthetic protocol could pave the path for the direct electrochemical synthesis of medicinally-

relevant compounds.[238] 
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3.2.4 Cathodic Reduction of Nitro Phenoxyacetic Acids for the Synthesis of 

2H,4H-4-Hydroxybenzo[b]-1,4-oxazin-3-ones 

 
A manuscript was published on this chapter: 

 
 

, Simple electrochemical synthesis of cyclic hydroxamic acids 
by reduction of nitroarenes, Chem. Commun. 2024, 60, 7065-7068. 
 

 

 
 
 
 
 

 
 

 

2H,4H-4-Hydroxybenzo[b]-1,4-oxazin-3-ones are widely found in several plants as natural herbicides 

and exhibit antibiotic and herbicidal properties.[167,219,221–227]Their common synthesis involves the use 

of noble metals or equimolar amounts of reactants for the reduction of (2-nitrophenoxy)acetic acids, 

resulting in large amounts of waste. Tallec et al. described the synthesis of two exemplary compounds 

in a constant potential electrolysis, requiring a complex set-up with a toxic mercury cathode.[231,232] 

However, the toxicity of mercury electrodes poses a danger to humans and the environment. Overall, 

this protocol cannot be translated to a preparative technique and large-scale production of highly active 

compounds. Based on sustainable considerations, a simple, electrochemical approach was envisioned 

for the direct and scalable synthesis of 2H,4H-4-hydroxybenzo[b]-1,4-oxazin-3-ones. Solely electrical 

current should be employed as an inherently safe and sustainable reducing agent. Initially, methyl (2-

nitrophenoxy)acetate was chosen as standard substrate which is easily accessible in one step from 

inexpensive 2-nitrophenol and methyl 2-bromoacetate. The reaction conditions were chosen based on 

previous work: a current density of 3.7 mA∙cm-2, the theoretical amount of applied charge of 4 F, 0.5 M 

sulfuric acid in methanol as solvent and supporting electrolyte and a substrate concentration of 0.04 M. 

The electrolysis was carried out under constant current conditions in a simple undivided set-up at room 

temperature and the product 96a was obtained in a yield of 31%. By increasing the current density to 

5.2 mA∙cm-2 the yield was further increased to 51%. Surprisingly, using the less electrophilic (2-

nitrophenoxy)acetic acid 95a instead of the corresponding methyl ester as substrate, yielded 47% of 

96a at a current density of 3.7 mA∙cm-2. The yield was further increased to 70% NMR yield of 96a by 

lowering the substrate concentration to 0.03 M and decreasing the temperature to 10 °C to inhibit side 

reactions during electrolysis. 96a was subsequently isolated in 60% yield. 
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mA Milliampere NMR Nuclear Magnetic 
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A-2.5 Supporting Information: Highly Selective Scalable 

Electrosynthesis of 4-Hydroxybenzo[e]-1,2,4-thiadiazine-
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A-2.6 Supporting Information: Simple Electrochemical Synthesis of 

Cyclic Hydroxamic Acids by Reduction of Nitro Arenes 
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A-2.7 Book Chapter: Electrochemical Heterocyclic Ring Formation 

Reactions by Making C-N and N-N Bonds 
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